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Among the mechanisms by which the Ras oncogene induces cellular transformation, Ras activates the
mitogen-activated protein kinase (MAPK or ERK) cascade and a related cascade leading to activation of Jun
kinase (JNK or SAPK). JNK is additionally regulated by the Ras-related G proteins Rac and Cdc42. Ras also
regulates the actin cytoskeleton through an incompletely elucidated Rac-dependent mechanism. A candidate
for the physiological effector for both JNK and actin regulation by Rac and Cdc42 is the serine/threonine
kinase Pak (p65°“%). We show here that expression of a catalytically inactive mutant Pak, Pak1®*°°, inhibits
Ras transformation of Rat-1 fibroblasts but not of NIH 3T3 cells. Typically, 90 to 95% fewer transformed
colonies were observed in cotransfection assays with Rat-1 cells. Pak1%*°® did not inhibit transformation by the
Raf oncogene, indicating that inhibition was specific for Ras. Furthermore, Rat-1 cell lines expressing Pak1®>*°
were highly resistant to Ras transformation, while cells expressing wild-type Pakl were efficiently transformed
by Ras. Pak1™33186:R299 " 4 mutant that fails to bind either Rac or Cdc42, also inhibited Ras transformation.
Rac and Ras activation of JNK was inhibited by Pak1¥**° but not by Pak1™3318¢:R29 Rag activation of ERK
was inhibited by both Pak1%*** and Pak1“3>186-R2%° while neither mutant inhibited Raf activation of ERK.
These results suggest that Pakl interacts with components essential for Ras transformation and that inhibition
can be uncoupled from JNK but not ERK signaling.

Mutations in the small G protein Ras are found in about
20% of tumors, making the Ras oncogene one of the onco-
genes most frequently associated with human cancers. Ras
plays a key role in regulating cellular proliferation and differ-
entiation. This is accomplished by mediating at least two dif-
ferent pathways. The first involves the stimulation of mitogen-
activated protein kinase (MAPK) cascades which convey
signals from the plasma membrane to the nucleus to regulate
transcription (4, 18, 33, 37). The second pathway involves reg-
ulation of the actin cytoskeleton and results in membrane
ruffling (5, 19).

Components of the MAPK cascade are well characterized.
Growth factor receptors recruit to the membrane the Ras
guanine nucleotide exchange factor, SOS, which then activates
Ras via nucleotide exchange. Once activated, Ras binds and
activates the Raf-1 protein kinase, which in turn phosphory-
lates and activates the MEK kinases, MEK1 and MEK2. The
MEK kinases phosphorylate and activate the MAPK ERK1
and ERK2, which then phosphorylate and activate transcrip-
tion factors leading to immediate-early gene expression (15,
22, 37). Oncogenic Ras differs from wild-type Ras by point
mutations that reduce its intrinsic GTPase activity. This causes
the mutant Ras to be predominantly GTP bound, hence acti-
vating it without growth factor stimulation of nucleotide ex-
change (6).

Ras regulation of the actin cytoskeleton does not require the
interaction with Raf, since mutant Ras proteins that fail to
interact with Raf still induce cytoskeletal changes (26). Al-
though the cytoskeletal pathways have not been fully defined,
they require the coordinated action of Ras-related small G
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proteins from the Rho family, i.e., Cdc42, Rac (Racl and
Rac2), and Rho (RhoA, RhoB, and RhoC). Cdc42, Rac, and
Rho each induce specific actin structures when microinjected
into Swiss 3T3 fibroblasts. Cdc42 induces microspikes and
filopodia, Rac causes membrane ruffling, and Rho induces
stress fibers and focal adhesions. Microinjection of Ras protein
induces membrane ruffling, and the ruffling is blocked by dom-
inant-negative mutations in Rac, indicating that Ras regulation
of the actin cytoskeleton is mediated by Rac. The actin cy-
toskeletal events can be further ordered into a cascade of
Cdc42 activating Rac followed by Rac activating Rho (41).

Members of the Rho family also regulate transcription
through a another MAPK cascade similar to the ERK cascade
(10, 39, 40). Rac and Cdc42 bind and activate a protein kinase
called Pak, and Pak then activates a cascade that has not been
completely defined but is likely to consist of MEK kinase, SEK,
and then Jun kinase (JNK) or the related p38 kinase (2, 16, 35,
45, 56, 57). JNK phosphorylates transcription factors such as
c-Jun. In many cell lines Ras also activates JNK (21). Ras
activation of JNK is inhibited by dominant-negative mutations
of Rac and Cdc42, suggesting that Rac and Cdc42 mediate Ras
activation of JNK (39).

Several lines of research suggest that Rac and Rho are
essential for Ras transformation. Dominant-negative muta-
tions of Rac inhibit Ras transformation, and GTPase-deficient
Rac and Rho can both weakly transform fibroblasts. Further-
more, activated Rac and Rho both can dramatically stimulate
transformation by partially activated Raf mutants (46, 47).
Several oncogenes, including the Ost, Dbl, and Tiam-1 onco-
genes, are guanine nucleotide exchange factors specific for
Rho family members (48). These observations demonstrate
that although the Rho family members are not often found
activated in tumors, they can transform cells and in many cases
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FIG. 1. Characterization of the Pak mutants used in this study. Myc-tagged
Pak1 and the indicated mutants were transfected into COS cells and then assayed
for kinase activity and Rac and Cdc42 binding. (A) Top, kinase activities of
different Pak mutants. Activity was measured by immunoprecipitating with the
anti-Myc tag antibody 9E10 and incubating precipitates with, where indicated,
GST-Cdc42 or GST-Racl with myelin basic protein (MBP) as a substrate. Re-
actions were started by addition of labeled ATP, and then the mixtures were
incubated for 10 min at 22°C as described in Materials and Methods. Bottom,
map of Pakl showing the PBD, kinase domain, and mutations used in this study.
(B) Cdc42 and Rac binding. Cdc42 and Rac binding to Pak1 and Pak1%2%° was
measured by mixing ~50 pg of extract from the transfected cells as indicated
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cooperate with the Ras/Raf signaling pathway to transform
cells.

The Pak family of protein kinases are regulated by GTP-
bound Rac and Cdc42 and are candidates for effectors that
mediate both actin and JNK signaling (32, 35, 51). Three Pak
kinases, Pakl, Pak2, and Pak3, have been found in mammals.
All are related to the STE20 gene of the yeast Saccharomyces
cerevisiae, which is regulated by a Cdc42 homolog (3, 30, 36, 43,
49). GTP-bound Rac and Cdc42 both stimulate kinase activity
through direct binding to a conserved region near the N ter-
minus of Pak called the p21 binding domain (PBD). Regions
homologous to the PBD are found in other proteins that bind
Rac and Cdc42 in vitro, such as Ste20 (8). We report here that
expression of a catalytically inactive Pakl kinase inhibits Ras
transformation in Rat-1 fibroblast cells. Surprisingly, a func-
tional PBD was not required for Ras inhibition, indicating that
this inhibition was not due to sequestration of Rac and Cdc42.

MATERIALS AND METHODS

Plasmids. cDNA expression plasmids utilizing the cytomegalovirus (CMV)
promoter to express Myc-tagged Pakl and Pak1R®?°) based on the plasmid
pCMV6M (a modified version of pPCMV5), have been described elsewhere (52).
Pak 183186 and Pak1M83180.R29 were constructed by using a unique-site-elimi-
nation mutagenesis protocol to introduce the desired mutations (12). Human
H-ras and K-ras4B (K-ras) expression systems that utilize pZIP-NeoSV(x)1, a
retrovirus vector (neomycin resistant), were a gift from C. Der (42). Expression
of the inserted gene is regulated from the Moloney long terminal repeat pro-
moter. v-raf expression plasmids were described elsewhere (28). Glutathione
S-transferase-Racl (GST-Racl) and GST-Cdc42 bacterial expression vectors
based on the plasmid pGEX-2T were generous gifts from R. Cerione and S.
Bagrodia.

Cell culture and transformation assays. Rat-1 cells were from the Merck
collection of strains and have been described elsewhere (28). NIH 3T3 cells were
obtained from the American Type Culture Collection, Rockville, Md. Rat-1 cells
and NIH 3T3 cells were grown in high-glucose (4.5 g/liter) Mediatech Dulbecco’s
modified Eagle medium (DMEM) (Fisher Scientific, Pittsburgh, Pa.) supple-
mented with 10% fetal bovine serum (Sigma, St. Louis, Mo.), penicillin (100
U/ml), and streptomycin (100 mg/ml) and kept at 37°C in 5% CO,-95% air.
DNA transfections were performed by the calcium phosphate precipitation tech-
nique. Twenty micrograms of total DNA (10 pg of each test DNA and, when
single plasmids were tested, 10 wg of plasmid pUC19) were briefly mixed with 0.5
ml of 0.25 M CaCl, and 0.5 ml of 2X N,N-bis (2-hydroxethyl)-2-aminoethane-
sulfonic acid (BES)-buffered saline and incubated for 10 to 20 min at room
temperature. The mixture was then added dropwise to a 25 to 50% confluent,
freshly fed 100-mm-diameter dish of cells, swirled gently, and incubated for 18 to
24 h at 37°C in 5% CO,. Cells were washed twice with growth medium, refed,
incubated for 24 to 48 h, and then split 1:5 into 100-mm-diameter dishes.
Posttransfection cultures were fed twice a week with fresh growth medium. Cell
foci were scored 14 to 18 days posttransfection by fixing the cells in a 10% acetic
acid-10% methanol solution and staining the dishes with 0.4% crystal violet in
10% ethanol. Soft-agar assays were performed as described previously (11).
Posttransfection cells (10%) were plated on 60-mm-diameter dishes. After 12 to
15 days, colonies were examined under a Nikon DIAPhot microscope with phase
contrast.

To establish stable Rat-1 cell lines expressing Pak1, Pak1R2%%, Pak]'83186.R299
and Pak1'#318¢ each construct was cotransfected with pPCDNA3 into Rat-1 cells.
The transfected cells were selected in growth medium containing 400 pg of G418
(Geneticin; GIBCO/BRL, Grand Island, N.Y.) per ml. Protein expression levels
were determined by Western blot (immunoblot) analysis of G418-selected cell
lysates by using the anti-Myc tag monoclonal antibody 9E10 (Calbiochem, Cam-
bridge, Mass.) with the procedure outlined in the enhanced chemiluminescence
kit (Amersham, Arlington Heights, IlL.).

Transfection efficiency assays were performed by transfecting Rat-1 cells with
the Pak and Ras plasmids to be tested along with pRSV-B-gal (a generous gift
from Randy Pittman). At 48 h after transfection, cultured cells were rinsed with
phosphate-buffered saline (PBS) and then fixed in PBS containing 2% formal-
dehyde and 0.2% glutaraldehyde for 5 min at 4°C. The cells were then washed
with PBS and overlaid with a histochemical reaction mixture containing 1 mg of

with ~50 pg of purified GST-Cdc42 or GST-Rac bound to either GTP or
GDP-BS and glutathione beads. (C) Cdc42 and Rac binding to PBD mutants.
Similar results were obtained in three independent experiments. The same ex-
tracts were used in panels A, B, and C. The numbers on the left in panels B and
C are molecular masses in kilodaltons.
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FIG. 2. (A) Effect of Pakl and Pak1®?*° on K-ras transformation in focus assays. Rat-1 fibroblasts were transfected with 10 pg of the indicated plasmids and stained
with crystal violet to visualize foci as described in Materials and Methods. Similar results were obtained in more than 10 independent experiments. (B) Effect of Pak1
and Pak1R?% on Raf transformation. Similar results were obtained in more than three independent experiments. (C) Effect of Pak®?°” on Ras EJ transformation of
NIH 3T3 cells. Cells were transfected with, where indicated, 10 pg of Ras and 10 pg of PakR??%°. The total amount of DNA was brought to 20 pg with carrier DNA.
(D) Western blots of Pak, Raf, and Ras expression. Rat-1 cells were cotransfected with K-ras or v-raf and the various Pak1 expression plasmids. Extracts were prepared,
and 50 pg of each was run on a 12% gel and tested on a Western blot probed with anti-K-ras (antibody F234; Santa Cruz Biotechnology Inc., Santa Cruz, Calif.),

anti-Pak (the anti-Myc epitope antibody 9E10), or anti-Raf-1 (antibody C12; Santa Cruz Biotechnology). Detection was performed by enhanced chemiluminescence.
Similar results were obtained in two independent experiments.
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5-bromo-4-chloro-3-indolyl-B-galactosidase (X-Gal) per ml, 5 mM potassium
ferricyanide, and 2 mM MgCl, in PBS. After being incubated for 18 to 24 h, the
cells were then rinsed with PBS and fixed in PBS containing 2% formaldehyde
and 0.2% glutaraldehyde for 15 min. Cells were examined under a microscope
and scored positive for LacZ if they turned blue. Transfection efficiencies ranged
from 5 to 10% and were not affected by any of the plasmids used in this study.

Rac and Cdc42 binding and kinase assays. Biochemical assays for Pakl were
performed with extracts from COS cells transfected with Pak plasmids. Lipo-
fectamine-mediated transient transfections of COS-7 cells were performed ac-
cording to the manufacturer’s protocol (Life Technologies, Inc., Gaithersburg,
Md.). At 18 to 24 h prior to transfection 2 X 10° to 3 X 10° COS cells were plated
on 35-mm-diameter dishes. A total of 1.5 wg of DNA and 10 pl of Lipofectamine
reagent were added to the plates containing 1 ml of DMEM (in the absence of
serum). After 5 h, 1 ml of DMEM containing 20% fetal bovine serum was added.
After 18 to 24 h, the medium was replaced with fresh DMEM containing 10%
fetal bovine serum. At 48 to 72 h after addition of DNA, transfected COS cells
were washed with cold PBS and lysed in 40 mM HEPES (pH 7.4)-1% Nonidet
P-40-100 mM NaCl-1 mM EDTA-25 mM NaF-1 mM sodium orthovana-
date-10 pg of leupeptin per ml-10 pg of aprotinin per ml and centrifuged at
12,000 X g for 25 min at 4°C (3). Protein concentrations ranged from 5.3 to 7.2
mg/ml.

Pak kinase assays were performed with immunoprecipitates from COS cells as
follows. Extracts were incubated with antibody 9E10 and protein A beads for 2 h
at 4°C. Precipitates were washed three times with lysis buffer. Immunoprecipi-
tates were washed twice in 2X phosphorylation buffer (10 mM MgCl,, 40 mM
HEPES, pH 7.4) and, where indicated, incubated with soluble GTP-bound GST-
Cdc42, GST-Racl (~5 pg of protein), and 5 pg of myelin basic protein (Sigma)
for 5 min on ice. Kinase assays were initiated by the addition of 10 wCi of
[y-**P]JATP (3,000 Ci/mmol) and 20 pM ATP (final concentration) followed by
incubation for 10 min at 22°C (3). Reactions were stopped by the addition of 2x
sodium dodecyl sulfate (SDS) sample buffer, the mixtures were heated to 95°C,
and the products were resolved by SDS-polyacrylamide gel electrophoresis (12%
gel) and visualized by autoradiography.

To perform Rac and Cdc42 binding assays, 50 pg of purified GST-Cdc42 or
GST-Racl was incubated with lysis buffer for 15 min at room temperature to
release any nucleotide, washed with lysis buffer, incubated with 1 mM GDP-BS
[guanosine-5'-O-(2-thiodiphosphate)] or GTP in lysis buffer with 10 mM MgCl,
for 30 min at room temperature, and then washed with lysis buffer with 10 mM
MgCl, to remove unbound nucleotides. Next, the proteins were incubated with
10 pl of COS cell lysates and glutathione beads supplemented with 10 mM
MgCl, for 1.5 h at 4°C (3). Precipitates were washed three times with lysis buffer
containing 10 mM MgCl,. Bound proteins were eluted in SDS sample buffer,
subjected to SDS-12% polyacrylamide gel electrophoresis, Western blotted, and
probed for Pakl with anti-Myc epitope monoclonal antibody 9E10.

JNK and MAPK/ERK assays. Transfections of Rat-1 cells were performed
similarly to those for the transformation assays described above. Five micrograms
of total DNA (1 pg of hemagglutinin-JNK1 [HA-JNK1], HA-ERK1, or HA-p38
and 2 pg of each test DNA; when single plasmids were tested, 2 pg of pUC19
plasmid) was mixed with 0.125 ml of 0.25 M CaCl, and 0.125 ml of 2X BES-
buffered saline and incubated for 10 to 20 min at room temperature. The mixture
was then added dropwise to a 50 to 60% confluent and freshly fed 35-mm-
diameter dish of cells, mixed gently, and incubated for 18-24 h. The cells were
then washed twice with growth medium, refed, and incubated for 24 to 48 h.
Next, transfected Rat-1 cells were washed two times with cold PBS, lysed in lysis
buffer, and centrifuged at 12,000 X g for 30 min at 4°C. Extracts were incubated
with HA-antibody (12CAS) and protein A beads for 3 to 3.5 h at 4°C. Precipitates
were washed three times with lysis buffer and two times with 2X phosphorylation
buffer. The precipitates were then incubated with 5 wg of GST—c-Jun (for Jun
kinase), myelin basic protein (for ERK), or GST-ATF?2 (for p38 kinase), 10 pCi
of [y->*P]ATP (3,000 Ci/mmol), and 20 .M ATP (final concentration) at 30°C
for 30 min. Mixtures were washed three times with lysis buffer and two times with
2X phosphorylation buffer. Reactions were stopped by adding 2X SDS sample
buffer and heating to 95°C. All experiments were performed at least twice with
similar results.

RESULTS

We utilized four Myc-tagged Pak mutants in the studies
described here. The first was Pak1%%°°, carrying a mutation
which converts lysine 299 to arginine and renders the enzyme
catalytically inactive (52, 57). This was confirmed by perform-
ing kinase assays on extracts from COS cells transfected with
the expression vectors (Fig. 1A). While anti-Pak immunopre-
cipitates from Pakl-transfected cells efficiently phosphorylated
myelin basic protein, no kinase activity was detected in cells
transfected with Pak1®%°°, Expression was confirmed by prob-
ing Western blots with antibody 9E10, which recognizes the
Myc tag on the amino terminus (Fig. 1B and C). Another
mutant tested was Pak1™8>18 which has leucines substituted
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FIG. 3. Effect of Pakl and Pak1®?*” on K-ras transformation in soft-agar
assays. Cells were transfected as described in the legend to Fig. 1 and then plated
on soft agar. (A to F) Representative microscopic views of colonies. (G) Quan-
tification of the soft-agar assays. Error bars indicate standard deviations. Similar
results were seen in more than five independent experiments.

for highly conserved histidines in the Cdc42 and Rac binding
domain. This mutant failed to bind either Cdc42 or Rac. Bind-
ing assays were performed by precipitating with the appropri-
ate Rac- or Cdc42-GST fusion protein and Western blotting
the precipitates for Pakl with antibody 9E10 (Fig. 1B and C).
Pak183186 a]50 failed to bind either Rac or Cdc42 in overlay
assays and the yeast two-hybrid assay (data not shown). Other
mutant proteins shown in Fig. 1 are discussed below.
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FIG. 4. Stable expression of Pakl in Rat-1 cells. Rat-1 cells were cotrans-
fected with pCDNA and the various Pakl expression plasmids. G418-resistant
colonies were isolated, expanded into cell lines, and tested as described below.
(A) Western blot of 10 pl of extracts from Rat-1 cells probed with antibody 9E10,
which recognizes the Myc tag on the Pak1 constructs. Pak1 is seen as an ~65-kDa
band. Numbers on the left are molecular masses in kilodaltons. (B) Growth
rates of stable cell lines and an H-ras-transformed cell line. (C) Growth of cells
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Kinase-deficient Pak inhibits Ras transformation. To test
the role of Pak in Ras transformation, we performed cotrans-
fection experiments with human K-ras and Rat-1 fibroblasts.
As expected, when we fixed the cells 14 to 18 days later and
stained them with crystal violet, we observed more than 100
foci in the plates transfected with K-ras alone. However, when
we included the Pak1®?% expression plasmid in the transfec-
tions, we observed about 90% fewer foci in the plates (Fig.
2A). Wild-type Pak1 or the vector plasmid did not inhibit K-ras
transformation. To test whether Pak1®?°° was a nonspecific
inhibitor of transformation of Rat-1 cells, we performed co-
transfection experiments with v-Raf (Fig. 2B). We found that
Pak1®?%? did not inhibit Raf transformation. Interestingly, the
inhibition was specific for Rat-1 cells, as no inhibition was
observed when NIH 3T3 cells were substituted for Rat-1 cells
(Fig. 2C). To test whether Pak altered levels of Ras or Raf
expression, we prepared extracts from transfected cells and
performed Western blotting for Ras, Raf, and Pak. None of
the mutant Paks affected expression of either Ras or Raf (Fig.
2D). Therefore, Pak1®?%? specifically inhibits Ras transforma-
tion of Rat-1 cells without affecting transformation by Raf or
affecting Ras expression.

We also measured transformation by assessing growth on
soft agar after cotransfection with K-ras and Pakl plasmids.
We observed numerous colonies on soft agar plates with K-ras
transfections, and, as seen in the focus assays, we observed very
few colonies when cells were cotransfected with Pak1%%°° (Fig.
3). Furthermore, most of the rare colonies seen in the presence
of Pak1®**° were substantially smaller than those seen with
K-ras alone. As with the focus assays, no inhibition was ob-
served when wild-type Pakl was substituted for the mutant
Pak1%%°? or when NIH 3T3 cells were tested instead of Rat-1
cells (data not shown for NIH 3T3 cells). Typically, when equal
concentrations of K-ras and Pak1??°° DNA were transfected
into cells, transformation was inhibited by about 90% in focus
assays and by about 95% in soft-agar assays (Fig. 3G). We
found that Pak1®?%? inhibited transformation by both K-ras
and H-ras but not by Raf (data not shown for H-ras).

We further addressed the interaction between Ras, Raf, and
Pak by using stable cell lines that expressed Pak1 and Pak1%2%°,
We cotransfected Rat-1 cells with the plasmid pCDNA3 and
selected Geneticin (G418)-resistant cell lines. We tested ex-
pression of the wild-type and mutant Pak proteins by probing
a Western blot for a Myc tag fused to the N terminus of Pak
(Fig. 4A) and found that the stable cell lines each expressed a
novel 65-kDa protein at comparable levels. Pakl expression
caused a small stimulation of the growth rate, while Pak1%2?
expression caused a small inhibition of the growth rate, but
these differences were within the margin of error of the exper-
iment (Fig. 4B). None of the cell lines expressing the Pakl
mutants proliferated in 1% serum or on soft agar (Fig. 4C)
(data not shown for soft agar). Stable expression of Pakl and
Pak1®?%? affected the morphology of cells. Pakl-expressing
cells were elongated, while Pak1%%°°-expressing cells lost the
spindle shape characteristic of fibroblasts (Fig. SA to C).
Pak1-8386 and Pak1-83186-R299 3150 caused changes in cellu-
lar morphology, but to a smaller extent (Fig. 5D and E).

Upon establishing the cell lines for stable expression, we
tested them in Ras transformation assays by using both focus
assays and soft-agar colony assays. As predicted from the co-

in 1% serum. Similar results were obtained in more than two independent
experiments. Symbols: O, Rat-1-Pcmv; ©, Rat-1-Pakl; O, Rat-1-Pak1®%%; A,
Rat-1-Pak1"83L86:R299. (7 Rat-1-Pzeo; @, Rat-1-H-ras.
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FIG. 5. Micrographs of Rat-1 cells expressing Pakl and Pakl mutants.

transfection experiments, we found that cells expressing Pak1
were transformed as efficiently as control cells, while cells
expressing Pak1%?%? were highly resistant to K-as transforma-
tion (Fig. 6). In a dose-response experiment, we determined
that about 10 to 100 times as much K-ras was required to
transform the Pak1®**°-expressing cells as was required to
transform Rat-1 cells or Rat-1 cells expressing wild-type Pakl.
Similar dose-response curves were obtained in both focus for-
mation (Fig. 6A) and soft-agar (Fig. 6B) assays. As expected
from the focus assays described above, all cell lines were effi-
ciently transformed by Raf (6C). Expression of wild-type and
mutant Pakl proteins did not affect transfection efficiencies
(data not shown).

A functional Cdc42 and Rac binding domain is not required
for Ras inhibition. Since Rac is essential for Ras transforma-
tion, it was possible that the dominant-negative Pakl mutant
inhibited Ras transformation by sequestering Rac or Cdc42
into an inactive complex. To address this mechanism, we tested
a Pakl mutant that fails to bind either Cdc42 or Rac and is also
defective in kinase activity. The mutant, Pak]™83186:-R299 haq
substitutions of leucines for conserved histidines at positions
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83 and 86, along with the original R299 in the kinase domain
(Fig. 1). The new mutations lie within the PBD, a region which
is necessary and sufficient for both Rac and Cdc42 binding.
Western blots of extracts from transfected COS cells con-
firmed expression at levels comparable to those for other mu-
tants, and no Rac or Cdc42 binding was detected when mea-
sured directly (Fig. 1C). We found that the Pak]'-83186-R299
mutant was as potent in Ras inhibition as the original Pak®*
(Fig. 3). In dose-response experiments, cells expressing
Pak1"83186:R299 were as resistant to K-ras transformation as
cells expressing Pak1%%°? (Fig. 6). We also tested Pak1™8315¢,
which expressed a hyperactive kinase that was not further
stimulated by Rac or Cdc42 (Fig. 1A). Mutations within other
conserved residues in the PBD of Pak3 also cause hyperactivity
(2). No effect of Pak1™**8¢ on K-ras or Raf transformation
was observed, suggesting that, despite its essential role in Ras
transformation, constitutively active Pakl does not appear to
be an oncogene product, nor does it cooperate with Ras or Raf
in transforming cells (data not shown).

Ras inhibition is uncoupled from JNK but not MAPK sig-
naling. In order to address whether the signaling pathways of
Rac and Ras were affected by Pak, we measured the effect of
Pak on JNK and MAPK activation in Rat-1 cells. We cotrans-
fected an HA-tagged JNK with Rac and the various Pak con-
structs described above, immunoprecipitated JNK with the HA
antibody, and measured phosphorylation of a GST-Jun fusion
protein (Fig. 7A). The activated Rac™®* stimulated JNK activ-
ity almost 40-fold, as did the activated Pak1“3>%¢ relative
to results with the vector control (Fig. 7A, lanes 3, 7, and
8). No stimulation was observed with Pakl, Pak1®*%°, or
Pak1"83186:R299 (Fig 7A| lanes 1, 2, and 9). To test whether
the mutant Paks inhibited activation by Rac, we cotransfected
them with Rac™®'. We observed no changes when the active
Pakl constructs (Pakl and Pak1L83’L86g were cotransfected
with Rac™®!. We found that the Pak1%*°° construct inhibited
JNK activation by ~75%, while no inhibition was observed
with the Pakl1™8>18¢-R29 construct (Fig. 7A, lanes 5 and 6).
Similar levels of activation were also observed when p38 kinase
was tested in place of JNK (Fig. 7D) and when COS-7 cells
were used in place of Rat-1 cells (data not shown). Similarly,
we found that Pak1®%°?, but not Pak1™8318¢-R29 ‘inhibited Ras
activation of JNK (Fig. 7B). No stimulation of JNK by Raf was
observed (Fig. 7C). These observations support a Ras-to-Rac-
to-Pak/p38 activation model and suggest that JNK inhibition is
not obligatory for Pak mutants to inhibit Ras transformation.

To measure if Pakl interacted with the MAPK/ERK path-
way, we cotransfected Rat-1 cells with HA-tagged ERK1, K-
ras, and the various Pak constructs described above, immuno-
precipitated ERK1 with the HA antibody, and measured
phosphorylation of myelin basic protein (Fig. 8). K-ras stimu-
lated ERK1 activity about 35-fold relative to that with the
vector control (Fig. 8A, lanes 8 and 9). No stimulation was
observed with Pakl, Pak1®?% Pak183L86 or Pak]L83:L86.:R299,
either alone or in the presence of Rac™®* (Fig. 8A, lanes 1 to
7, and B, lanes 1 and 2). To test whether the mutant Paks
inhibited activation by Ras, we cotransfected them with K-ras.
We observed no changes when the active Pakl constructs
(Pakl and Pak1“*3"%%) were cotransfected with K-ras (Fig. 8B,
lanes 3 and 5). We found that the Pak1?°° construct inhibited
ERK activation by about 50% and that Pak1™>M86R299 350
inhibited ERK activation to a similar extent (Fig. 8B, lanes 4
and 6). We also observed similar levels of activity when exper-
iments were performed with COS-7 cells (data not shown). To
test whether these mutants also inhibited Raf activation, we
determined their effects on Raf activation of ERK. None of the
Pak constructs inhibited Raf activation of ERK (Fig. 8C).
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These observations suggest that the dominant-negative Pakl
mutants may inhibit Ras transformation by interfering with the
MAPK/ERK cascade.

DISCUSSION

We have demonstrated that Pakl interacts with an essential
component of the Ras signaling pathway in addition to Rac
and Cdc42. A catalytically inactive Pakl mutant inhibited Ras
transformation of Rat-1 fibroblasts in both focus assays and
soft-agar assays, two well-established assays for Ras transfor-
mation. Neither wild-type Pakl nor a hyperactive mutant
transformed cells, nor did either significantly affect the trans-
formation frequencies of Ras or Raf. To extend these studies,
we have begun surveying cell lines to determine which ones are
sensitive to Pak™*? inhibition. We found that Pak®*°° had no
effect on Ras transformation of NIH 3T3 cells but did inhibit
Ras transformation of a rat Schwann cell line (reference 44
and unpublished observations). Thus, dominant-negative Pak1
does not inhibit Ras in all cells, but nevertheless, our observa-
tions here are not unique to Rat-1 cells.

The major Ras signaling pathway in most organisms is the
MAPK cascade (37). Since only Pakl mutants that inhibit Ras
activation of MAPK inhibit transformation, our studies sup-
port a role for MAPK inhibition as relevant for Pakl inhibi-
tion. Pak172°? inhibits both JNK activation and MAPK activa-
tion, but since Pak1%83-180:R299 inhibits transformation without
inhibiting JNK or p38 activation, our studies suggest that JNK
inhibition is not necessary for Ras inhibition. Interestingly,
we have not been able to measure activation of MAPK by
Pak18318¢ which activates JNK to about the same extent as
Rac™®'. We also have not detected any evidence of cell trans-
formation by Pak1™8*18¢ ¢ither by itself or in cooperation with
Ras, Rac, or Raf. Thus, despite very strong inhibition of Ras

Rat-1-Pak1
Rat-1-Pak 1R299
Rat-1-Pak1.83L86,R299
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200 B

Colonies/Plate

K-ras (ug)

FIG. 6. Ras transformation of stable cell lines. The indicated quantities of
K-ras were transfected into the stable cell lines, and transformation was scored
in focus assays (A) and soft-agar colony assays (B). (C) Raf transformation of
Rat-1 cells expressing Pak1 mutants. Colonies were counted if they were ~50 um
or larger for Ras transformations or ~20 um or larger for Raf transformations.
No differences in transfection efficiencies between the stable cell lines and the
parent Rat-1 cells were detected. Similar results were obtained in more than
three independent experiments.

transformation, constitutively active Pak is not an oncogene
product. Several possibilities may explain these observations.
Pak may bind essential components without activating them;
alternatively, Pak may be required for Ras activation of MAPK
signaling but not be present in limiting quantities. Evidence
for saturating levels of Pak in cells is suggested by the obser-
vation that maximum levels of JNK and p38 activation are
obtained with Rac'®! alone; cotransfection of Rac™®' with
Pakl or Pak1™%*%¢ does not further stimulate JNK or p38
(Fig. 7). Additionally, activation of MAPK via Pak may require
translocation as well as enzymatic activation; recently, activa-
tion of the platelet-derived growth factor receptor was shown
to recruit the adapter protein Nck to the membrane through an
SH2 domain binding site. Nck, in turn bound and activated
Pak through one of its SH3 domains translocating the com-
plex to the membrane. Interestingly, both JNK/p38 and
MAPK were activated by Pak translocation (17, 34). Thus,
translocation of Pak may be important for activation of
MAPK, which could explain why the hyperactive kinase
Pak18318% does not activate MAPK. Roles for Rho, Rac, and
Cdc42 have also been suggested in MAPK signaling because,
although none will activate MAPK alone, all will synergize with
an activated Raf to activate MAPK (16). Our data is consistent
with this receptor-Nck-Rac-Pak-MAPK pathway playing an
essential role in Ras transformation.

Expression of Pak1%?°? or the N-terminal half of Pak inhib-
its Rac and Cdc42 activation of JNK in cotransfection exper-
iments (39, 57) (Fig. 7). Additionally, the N-terminal half of
Pak inhibits ERK activation (16). The mechanism of inhibition
was proposed to be through sequestering of Rac and Cdc42 via
the PBD. These same mutants also inhibit JNK activation,
which prevented determination of whether JNK signaling was
required. Our studies confirm that mutant Paks inhibit both
ERK and JNK. Furthermore, they suggest that Rac/Cdc42
sequestering is only required for JNK inhibition; neither Rac/
Cdc42 sequestering nor JNK inhibition is required for ERK
inhibition.

The Ras-Raf-MEK-ERK signaling pathway has been estab-
lished in many cell types, but other routes to transformation
occur in most cells, and in some cells the alternate pathways
may predominate over the Ras-Raf pathway. Cells in which
Ras signaling is largely Raf independent include a certain line
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FIG. 7. Effect of Pak mutants on JNK1 and p38 activation. Rat-1 cells were cotransfected with either HA-JNK (A, B, and C) or HA-p38 (D) and the plasmids

encoding the proteins shown. Fold, fold increase in substrate phosphorylation over that occurring in the Pcmvo6 lanes, as determined through phosphorimager analysis.
At the bottom of each panel is a Western blot showing expression of HA-JNK or HA-p38, as indicated.

of NIH 3T3 fibroblasts, rat intestinal epithelial cells, and
Wistar rat thyroid cells (1, 27, 42). In each of these cell types
Ras transduces mitogenic signals independent of Raf activa-
tion. Since our Rat-1 cells can be transformed by both Ras and
Raf (Fig. 2 and 6), they are not Raf independent. Yet since
they are sensitive to Pak inhibition, there may be a major role
for Raf-independent transformation. The growing number of
experimental systems in which Ras transformation is uncou-
pled from Raf activation suggests that the components of Ras
alternate pathways are possible targets for novel antineoplastic
drugs.

The possibility that INK is involved in mediating an alter-

nate Ras transformation signal is supported by the observa-
tions that Rac stimulates JNK and that dominant-negative Rac
mutants inhibit Ras transformation. However, several groups
recently constructed Rac mutants that failed to interact with
PAK and subsequently failed to activate INK (25, 29, 55). Both
groups found that their mutant Rac proteins still transformed
cells and caused membrane ruffling. Thus, Pak and JNK acti-
vation are not required for Rac transformation. To address the
role of JNK in Ras transformation, Clark et al. tested a dom-
inant-negative mutant of SEK and found that it inhibited JNK
activation and Ras transformation but not Ras activation of
MAPK, suggesting a critical role for JNK in Ras transforma-
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tion (9). Thus, while JNK activation may not be essential for
Rac transformation, it appears to be essential for Ras trans-
formation. Although we correlate MAPK and not JNK inhibi-
tion with the dominant-negative Pak mutants, our work does
not necessarily exclude JNK from an essential role in Ras
transformation, since Pak1%?°?, the only mutant that inhibited
JNK activation, also inhibited ERK activation. This prevented
us from using Pak mutants to address the role of INK exclusive
of MAPK.

The mechanism by which Ras communicates to Pak presum-
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ably utilizes an effector that is activated by GTP-bound Ras,
but the relevant protein has yet to be identified. Raf is a strong
candidate for the relevant effector, since all mutants that in-
hibited Ras transformation also inhibited MAPK activation. If
Raf is indeed the site of inhibition, the inhibition is bypassed by
the activating mutant, v-Raf. Other potential Ras effectors that
Pak dominant-negative mutants might interfere with include
Ral GDS, Rinl, and phosphatidylinositol-3-OH kinase, all of
which bind Ras-GTP (20, 23, 38, 50). Another potential target
is p190 Rho GAP, because it associates with Ras GAP, an
association proposed to mediate Ras activation of JNK (9, 53).
The effects that the dominant-negative Pak mutant have on cell
shape (Fig. 5) suggest that the actin cytoskeleton may also be
involved in Pak’s inhibition of Ras transformation (52).

Our observation that a kinase-deficient PBD mutant Pak
still inhibits Ras transformation suggests that Pak interacts
with the Ras signaling pathway independent of Cdc42 and Rac
sequestering via the PBD. Two mechanisms may account for
these observations: (i) multiple binding sites for Rac and
Cdc42 on Pakl and (ii) novel interactions between Pak and
other proteins required for Ras signaling.

Raf is an example of a small G-protein effector with multiple
binding sites. Two sites on Raf bind Ras, the first is apparently
the primary binding site, while the second is a cryptic site that
is unmasked only after Ras binds the first site (7, 14, 24, 58).
Although we cannot detect Rac or Cdc42 binding to
Pak1™8%186 and Pak1™83186-R299 there is still a possibility that
multiple binding sites for Rac and Cdc42 exist on Pakl. A
recent study using chimeras between Rac and Rho found that
two sites on Rac were required for Pak binding and membrane
ruffling. The first site (amino acids 30 to 40) is equivalent to the
major effector region on Ras, while the second region (amino
acids 143 to 175) does not correspond to a known effector
region of Ras (13). Since there are two effector regions for Pak
on Rac, there may well be multiple binding sites on Pak for
Rac and Cdc42. However, since we did not detect any Rac or
Cdc42 binding by the L83 L86 mutant, it is likely that the
primary Rac binding site on Pak is the PBD. If a second Rac
binding site exists, it does not support significant binding by
itself.

Another mechanism by which Pak may inhibit Ras is by
sequestering other proteins, distinct from Rac and Cdc42, that
are essential for Ras transformation. Such factors may interact
with the kinase domain in the C terminus, causing, in the case
of Pak1%83 1-86- R299 4 nonproductive interaction. A dominant-
negative Raf mutant that fails to bind Ras, which probably acts
by sequestering the downstream MEK kinase, has also been
constructed (7, 54). Similarly, Pak1™83- -86- R299 may sequester
downstream kinases such as MEK kinase or SEK. Other po-
tential sites for protein-protein interactions are found in the N
terminus of Pakl; these include several proline-rich regions
that bind to SH3 domains and an acidic region (17, 51).

The identification of physiological targets for Pakl may elu-
cidate the mechanism of Ras inhibition. Although the protein-
protein interactions of mammalian Pak kinases are not well
understood, the yeast Pak homolog, Ste20p, interacts with sev-
eral other components of the mating signaling complex in
addition to Cdc42, including SteSp, and Bemlp (31). Ho-
mologs of Ste5p and Bem1p have yet to be identified in mam-
mals. Work in progress is aimed at determining the cellular
target responsible for Pak inhibition of Ras signaling.

ACKNOWLEDGMENTS

We are grateful to Jong Yu for help in preparation of the figures, to
Nancy Kohl and Charles Omer for helpful discussions and technical



VoL. 17, 1997

advice, and to Randy Pittman and the members of his lab for the
generous use of their cell culture facilities.

J.F. is supported by grants from the NIH (GM48241), the Beckman
Foundation, and the Research Foundation. J.C. is supported by a grant
from the ACS (CB-189). D.A. is supported by grant CA09035.

Y.T. and Z.C. contributed equally to this paper.

REFERENCES

1. Al-Alawi, N., D. W. Rose, C. Buckmaster, N. Ahn, U. Rapp, J. Meinkoth, and
J. R. Feramisco. 1995. Thyrotropin-induced mitogenesis is Ras dependent
but appears to bypass the Raf-dependent cytoplasmic kinase cascade. Mol.
Cell. Biol. 15:1162-1168.

2. Bagrodia, S., B. Derijard, R. J. Davis, and R. A. Cerione. 1995. Cdc42 and
Pak-mediated signaling leads to Jun kinase and p38 mitogen-activated pro-
tein kinase activation. J. Biol. Chem. 270:27995-27998.

3. Bagrodia, S., S. J. Taylor, C. L. Creasy, J. Chernoff, and R. A. Cerione. 1995.
Identification of a Mouse p21€d<42/Rac aetivated kinase. J. Biol. Chem. 270:
22731-22737.

. Barbacid, M. 1987. ras genes. Annu. Rev. Biochem. 56:779-827.

. Bar-Sagi, D., and J. R. Feramisco. 1986. Induction of membrane ruffling and
fluid-phase pinocytosis in quiescent fibroblasts by ras proteins. Science 233:
1061-1068.

6. Boguski, M. S., and F. McCormick. 1993. Proteins regulating Ras and its
relatives. Nature 366:643-654.

7. Brtva, T. R., J. K. Drugan, S. Ghosh, R. S. Terrell, S. Campbell-Burk, R. M.
Bell, and C. J. Der. 1995. Two distinct Raf domains mediate interaction with
Ras. J. Biol. Chem. 270:9809-9812.

8. Burbelo, P. D., D. Drechsel, and A. Hall. 1995. A conserved binding motif
defines numerous candidate target proteins for both Cdc42 and Rac GT-
Pases. J. Biol. Chem. 270:29071-29074.

9. Clark, G. J., J. K. Westwick, and C. J. Der. 1997. p120 GAP modulates Ras
activation of Jun kinases and transformation. J. Biol. Chem. 272:1677-1681.

10. Coso, O. A., M. Chiariello, J.-C. Yu, H. Teramoto, P. Crespo, N. Xu, T. Miki,
and J. S. Gutkind. 1995. The small GTP-binding proteins Racl and Cdc42
regulate the activity of the JINK/SAPK signaling pathway. Cell 81:1137-1146.

11. Cox, A. D., and C. J. Der. 1994. Biological assays for cellular transformation.
Methods Enzymol. 238:277-294.

12. Deng, W. P., and J. A. Nickoloff. 1992. Site-directed mutagenesis of virtually
any plasmid by eliminating a unique site. Anal. Biochem. 200:81-88.

13. Diekmann, D., C. D. Nobes, P. D. Burbelo, A. Abo, and A. Hall. 1995. Rac
GTPase interacts with GAPs and target proteins through multiple effector
sites. EMBO J. 14:5297-5305.

14. Drugan, J. K., R. Khosravi-Far, M. A. White, C. J. Der, Y.-J. Sung, Y.-W.
Hwang, and S. L. Campbell. 1996. Ras interaction with two distinct binding
domains in Raf-1 may be required for Ras transformation. J. Biol. Chem.
271:233-237.

15. Egan, S. E., and R. A. Weinberg. 1993. The pathway to signal achievement.
Nature 365:781-783.

16. Frost, J. A., S. Xu, M. R. Hutchison, S. Marcus, and M. H. Cobb. 1996.
Actions of Rho family small G proteins and p21 activated protein kinases on
mitogen-activated protein kinase family members. Mol. Cell. Biol. 16:3707—
3713.

17. Galisteo, M. L., J. Chernoff, Y.-C. Su, E. Y. Skolnik, and J. Schlessinger.
1996. The adaptor protein Nck links receptor tyrosine kinases with the
serine-threonine kinase Pakl. J. Biol. Chem. 271:20997-21000.

18. Ginty, D. D., A. Bonni, and M. E. Greenberg. 1994. Nerve growth factor
activates a Ras-dependent protein kinase that stimulates c-fos transcription
via phosphorylation of CREB. Cell 77:713-725.

19. Hall, A. 1994. Small GTP-binding proteins and the regulation of the actin
cytoskeleton. Annu. Rev. Cell Biol. 10:31-54.

20. Han, L., and J. Colicelli. 1995. A human protein selected for interference
with Ras function interacts directly with Ras and competes with Rafl. Mol.
Cell. Biol. 15:1318-1323.

21. Hibi, M., A. Lin, T. Smeal, A. Minden, and M. Karin. 1993. Identification of
an oncoprotein- and UV-responsive protein kinase that binds and potenti-
ates the c-Jun activation domain. Genes Dev. 7:2135-2148.

22. Hill, C. S., and R. Triesman. 1995. Transcriptional regulation by extracellu-
lar signals: mechanisms and specificity. Cell 80:199-211.

23. Hofer, F., S. Fields, C. Schneider, and G. S. Martin. 1994. Activated Ras
interacts with the Ral guanine nucleotide dissociation stimulator. Proc. Natl.
Acad. Sci. USA 91:11089-11093.

24. Hu, C.-D., K.-I. Kariya, M. Tamada, K. Akasaka, M. Shirouzu, S. Yokoyama,
and T. Kataoka. 1995. Cysteine-rich region of Raf-1 interacts with activator
domain of post-translationally modified Ha-Ras. J. Biol. Chem. 270:30274—
30277.

25. Joneson, T., M. McDonough, D. Bar-Sagi, and L. Van Aelst. 1996. RAC
regulation of actin polymerization and proliferation by a pathway distict
from Jun kinase. Science 274:1374-1376.

26. Joneson, T., M. A. White, M. H. Wigler, and D. Bar-Sagi. 1996. Stimulation
of membrane ruffling and MAP kinase activation by distinct effectors of
RAS. Science 271:810-812.

TS

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

5L

Pak MUTANTS INHIBIT Ras TRANSFORMATION 4463

Khosravi-Far, R., M. A. White, J. K. Westwick, P. A. Solski, M. Chrza-
nowska-Wodnicka, L. Van Aelst, M. H. Wigler, and C. J. Der. 1996. Onco-
genic Ras activation of Raf mitogen-activated protein kinase-independent
pathways is sufficient to cause tumorigenic transformation. Mol. Cell. Biol.
16:3923-3933.

Kohl, N. E., S. D. Mosser, S. J. deSolms, E. A. Giuliani, D. L. Pompliano,
S. L. Graham, R. L. Smith, E. M. Scolnick, A. Oliff, and J. B. Gibbs. 1993.
Selective inhibition of ras-dependent transformation by a farnesyltransferase
inhibitor. Science 260:1934-1937.

Lamarche, N., N. Tapon, L. Stowers, P. D. Burbelo, P. Aspenstrom, T.
Bridges, J. Chant, and A. Hall. 1996. Rac and Cdc42 induce actin polymer-
ization and G1 cell cycle progression independently of p65°A¥ and the
JNK/SAPK MAP kinase cascade. Cell 67:519-529.

Leberer, E., D. Dignard, D. Harcus, D. Y. Th and M. Whiteway. 1992.
The protein kinase homologue Ste20p is required to link the yeast phermone
response G-protein By subunits to downstream signaling components.
EMBO 11:4815-4824.

Leeuw, T., A. Fourest-Lieuvin, C. Wu, J. Chenevert, K. Clark, M. Whiteway,
D. Y. Thomas, and E. Leberer. 1995. Pheromone response in yeast: associ-
ation of Bem1p with proteins of the MAP kinase cascade and actin. Science
270:1210-1212.

Lim, L., E. Manser, T. Leung, and C. Hall. 1996. Regulation of phosphor-
ylation by p21 GTPases. The p21 Ras-related Rho subfamily and its role in
phosphorylation signalling pathways. Eur. J. Biochem. 242:171-185.

Lowy, D. R,, and B. R. Willumsen. 1993. Function and regulation of ras.
Annu. Rev. Biochem. 62:851-891.

Lu, W., S. Katz, R. Gupta, and B. J. Mayer. 1997. Activation of Pak by
membrane localization mediated by an SH3 domain from the adaptor pro-
tein Nck. Curr. Biol. 7:85-94.

Manser, E., T. Leung, H. Salihuddin, Z.-S. Zhao, and L. Lim. 1994. A brain
serine/threonine protein kinase activated by Cdc42 and Racl. Nature 367:
40-46.

Marecus, S., A. Polverino, E. Chang, D. Robbins, M. H. Cobb, and M. H.
Wigler. 1995. Shkl, a homolog of the Saccharomyces cerevisiae Ste20 and
mammalian p65°*¥ protein kinases, is a component of a Ras/Cdc42 signal-
ing module in the fission yeast Schizosaccharomyces pombe. Proc. Natl. Acad.
Sci. USA 92:6180-6184.

Marshall, C. J. 1995. Specificity of receptor tyrosine kinase signaling: tran-
sient versus sustained extracellular signal-regulated kinase activation. Cell
80:179-185.

Marshall, M. S. 1995. Ras target proteins in eukaryotic cells. FASEB J.
9:1311-1318.

Minden, A., A. Lin, F.-X. Claret, A. Abo, and M. Karin. 1995. Selective
activation of the JNK signaling cascade and c-Jun transcriptional activity by
the small GTPases Rac and Cdc42Hs. Cell 81:1147-1157.

Minden, A., A. Lin, M. McMahon, C. Lange-Carter, B. Derijard, R. J. Davis,
G. L. Johnson, and M. Karin. 1994. Differential activation of ERK and JNK
mitogen-activated protein kinases by Raf-1 and MEKK. Science 266:1719—
1723.

Nobes, C. D., and A. Hall. 1995. Rho, Rac, and Cdc42 GTPases regulate the
assembly of multimolecular focal complexes associated with actin stress
fibers, lamellipodia, and filopodia. Cell 81:53-62.

Oldham, S. M., G. J. Clark, L. M. Gangarosa, R. J. Coffey, and C. J. Der.
1996. Activation of the Raf-1/Map kinase cascade is not sufficient for Ras
transformation of RIE-1 epithelial cells. Proc. Natl. Acad. Sci. USA 93:6924-
6928.

Ottilie, S., P. J. Miller, D. I. Johnson, C. L. Creasy, M. A. Sells, S. Bagrodia,
S. L. Forsburg, and J. Chernoff. 1995. Fission yeast pakl " encodes a protein
kinase that interacts with Cdc42p and is involved in the control of cell
polarity and mating. EMBO J. 14:5908-5919.

Peden, K. W. C., C. Charles, L. Sanders, and G. I. Tennekoon. 1989. Isola-
tion of rat Schwann cell lines: use of SV40 T antigen gene regulated by
synthetic matallothionein promoters. Exp. Cell Res. 185:60-72.

Polverino, A., J. Frost, P. Yang, M. Hutchison, A. M. Neiman, M. H. Cobb,
and S. Marcus. 1995. Activation of mitogen-activated protein kinase cas-
cades by p21-activated protein kinases in cell-free extracts of Xenopus oo-
cytes. J. Biol. Chem. 270:26067-26070.

Prendergast, G. C., R. Khosravi-Far, P. A. Solski, H. Kurzawa, P. F. Leb-
owitz, and C. J. Der. 1995. Critical role of Rho in cell transformation by
oncogenic Ras. Oncogene 10:2289-2296.

Qiu, R.-G., J. Chen, D. Kirn, F. McCormick, and M. Symons. 1995. An
essential role for Rac in Ras transformation. Nature 374:457-459.
Quilliam, L. A., R. Khosravi-Far, S. Y. Huff, and C. J. Der. 1995. Guanine
nucleotide exchange factors: activators of the Ras superfamily of proteins.
BioEssays 17:395-404.

Ramer, S. W., and R. W. Davis. 1993. A dominant truncation allele identifies
a gene, STE20, that encodes a putative protein kinase necessary for mating
in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA 90:452-456.
Rodriguez-Viciana, P., P. H. Warne, R. Dhand, B. Vanhaesebroeck, 1. Gout,
M. J. Fry, M. D. Waterfield, and J. Downward. 1994. Phoshatidylinositol-
3-OH kinase as a direct target of Ras. Nature 370:527-532.

Sells, M. A., and J. Chernoff. 1997. Emerging from the Pak: p21-activated




4464

52.

53.

54.

55.

TANG ET AL.

protein kinases. Trends Cell Biol. 7:162-167.

Sells, M. A., U. G. Knaus, S. Bagrodia, D. M. Ambrose, G. M. Bokoch, and
J. Chernoff. 1997. Human p21-activated kinase (Pak1) regulates actin orga-
nization in mammalian cells. Curr. Biol. 7:202-210.

Settleman, J., V. Narasimhan, L. C. Foster, and R. A. Weinberg. 1992.
Molecular cloning of cDNAs encoding the GAP-associated protein p190:
implications for a signaling pathway from Ras to the nucleus. Cell 69:539—
549.

Van Aelst, L., M. Barr, S. Marcus, A. Polverino, and M. H. Wigler. 1993.
Complex formation between RAS and RAF and other protein kinases. Proc.
Natl. Acad. Sci. USA 90:6213-6217.

Westwick, J. K., Q. T. Lambert, G. J. Clark, M. Symons, L. Van Aelst, R. G.
Pestell, and C. J. Der. 1997. Rac regulation of transformation, gene expres-

56.

57.

58.

MoL. CELL. BIOL.

sion, and actin organization by multiple, PAK-independent pathways. Mol.
Cell. Biol. 17:1324-1335.

Yan, M., T. Dal, J. C. Deak, J. M. Kyriakis, L. I. Zon, J. R. Woodgett, and
D. J. Templeton. 1994. Activation of stress-activated protein kinase by
MEKKT1 phosphorylation of its activator SEK1. Nature 372:798-800.
Zhang, S., J. Han, M. A. Sells, J. Chernoff, U. G. Knaus, R. J. Ulevitch, and
G. M. Bokoch. 1995. Rho family GTPases regulate p38 mitogen-activated
protein kinase through the downstream mediator Pakl. J. Biol. Chem. 270:
23934-23936.

Zhang, X.-F., J. Settleman, J. M. Kyriakis, E. Takeuchi-Suzuki, S. J. Elledge,
M. S. Marshall, J. T. Bruder, U. R. Rapp, and J. Avruch. 1993. Normal and
oncogenic p2lras proteins bind to the amino-terminal regulatory domain of
c-Raf-1. Nature 364:308-313.



