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Ras plays a key role in regulating cellular proliferation, differentiation, and transformation. Raf is the major
effector of Ras in the Ras > Raf > Mek > extracellular signal-activated kinase (ERK) cascade. A second
effector is phosphoinositide 3-OH kinase (PI 3-kinase), which, in turn, activates the small G protein Rac. Rac
also has multiple effectors, one of which is the serine threonine kinase Pak (p65°*). Here we show that Ras,
but not Raf, activates Pakl in cotransfection assays of Rat-1 cells but not NIH 3T3 cells. We tested agents that
activate or block specific components downstream of Ras and demonstrate a Ras > PI 3-kinase > Rac/Cdc42 >
Pak signal. Although these studies suggest that the signal from Ras through PI 3-kinase is sufficient to activate
Pak, additional studies suggested that other effectors contribute to Pak activation. Ras¥'*5*5 and RasV'?%%7,
two effector mutant proteins which fail to activate PI 3-kinase, did not activate Pak when tested alone but
activated Pak when they were cotransfected. Similarly, Rac¥'?"4°, an effector mutant that does not bind Pak,
and Rho both cooperated with Raf to activate Pak. A dominant negative Rho mutant also inhibited Ras
activation of Pak. All combinations of Rac/Raf and Ras/Raf and Rho/Raf effector mutants that transform cells
cooperatively stimulated ERK. Cooperation was Pak dependent, since all combinations were inhibited by
kinase-deficient Pak mutants in both transformation assays and ERK activation assays. These data suggest
that other Ras effectors can collaborate with PI 3-kinase and with each other to activate Pak. Furthermore, the
strong correlation between Pak activation and cooperative transformation suggests that Pak activation is
necessary, although not sufficient, for cooperative transformation of Rat-1 fibroblasts by Ras, Rac, and Rho.

Ras is one of the most commonly mutated oncogenes and is
found activated in 20 to 30% of tumors (29). Ras encodes a
small G protein that binds GTP and GDP and possesses in-
trinsic GTPase activity. In its oncogenic form, Ras acquires a
point mutation that inactivates the GTPase activity and causes
it to be locked into its activated GTP-bound state. Normally,
Ras is activated by growth factor receptors through its guanine
nucleotide exchange factors (GEF) (12).

The major oncogenic signal from Ras utilizes the serine
threonine kinase Raf as the effector (52, 54). GTP-bound Ras
binds and activates Raf and simultaneously recruits it to the
membrane. Upon activation, Raf phosphorylates and activates
another kinase, Mek, which, in turn, activates extracellular
signal-activated kinase (ERK) (mitogen-activated protein ki-
nase [MAPK]). This Ras > Raf > Mek > ERK signal is
usually referred to as the MAPK cascade (34). In recent years,
Ras has also been shown to bind other effectors besides Raf
and activate other signaling pathways that cooperate with the
Raf > ERK signal (56). The other pathways are not as well
defined as the Raf cascade. The three effectors that have been
most widely studied are Rin, Ral GDS, and phosphoinositide
3-OH kinase (PI 3-kinase) (1, 39, 46). Each binds Ras-GTP
and can, in some experimental systems, cooperate with par-
tially activated Raf mutants to transform cells (Rin cooperates
with Abl). Further evidence of the importance of these effec-
tors in Ras signaling comes from new Ras point mutants,
known as effector mutants, that bind and activate only subsets
of Ras effectors (56). RasV'?%** binds and activates Raf,
RasV1?Y%7 binds and activates Ral GDS and Rin 1, and
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RasY'?“* binds and activates PI 3-kinase (21, 46, 56, 57).
These mutants are deficient in signaling when tested alone but
cooperate to transform cells when introduced together. Signals
from Ras through the alternate effectors utilize other small G
proteins. Ral GDS uses Ral, and PI 3-kinase uses the small G
protein Rac (46, 57).

Rho and two related proteins, Rac and Cdc42, are members
of the Rho family of small G proteins. These proteins are
about 50% identical to Ras and regulate the actin cytoskeleton.
Rho induces stress fibers and focal adhesions (44), Rac induces
accumulation of actin-rich ruffles or lamellipodia at the periph-
ery of cells (45), and Cdc42 induces microspikes or filopodia
(37). Each Rho family member also activates a kinase cascade
that leads to transcriptional activation similar to the MAPK
cascade but not as well defined. Rho activates the ternary
complex factors, and Rac and Cdc42 activate the Jun N-termi-
nal kinase cascade JNK(SAPK) (8, 15, 19, 35). Dominant neg-
ative mutants of Rac, Rho, and Cdc42 each inhibit Ras trans-
formation, and activated mutants cooperate with Raf to
transform cells (23, 40-42). These observations suggest that
the signals through the Rho family of small G proteins play
essential roles in Ras transformation.

The signals through Rac are directly connected to Ras (4,
45). This is because Ras and Rac both cause membrane ruffling
when microinjected into cells and a dominant negative Rac
mutant inhibits Ras-induced ruffling. The signal from Ras to
Rac is likely to be mediated by PI 3-kinase, since Ras¥!'2<4,
which activates PI 3-kinase, and activated mutants of PI 3-ki-
nase both induce ruffles (21, 46). The mechanism that PI 3-ki-
nase uses to activate Rac probably involves stimulation of Rac
GEF by PI 3-kinase products such as phosphatidylinositol-
3,4,5-triphosphate (17, 36). The immediate effector down-
stream of Rac in Ras signal transduction to both the JNK and
actin pathways has remained elusive. One candidate has been
the serine threonine kinase p65°2 (32). Pak was first isolated
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as a protein that binds both Rac and Cdc42 in their GTP-
bound forms. Pak is homologous to Ste20, a protein kinase in
the yeast Saccharomyces cerevisiae regulated by Cdc42 (28, 47).
Some of the activities of Pak resemble those of Ras and Rac.
For example, microinjection of Pak into some cells causes
ruffling and breaks up stress fibers and membrane targeting of
Pak in PC12 cells induces extension of neurites (10, 31, 48).
Although microinjection of Pak can cause membrane ruffling,
ruffling does not require kinase activity (48). Moreover, direct
signals from Ras to Pak have not been reported. Finally,
RacV!?H40 an effector mutant that does not bind to Pak, still
cooperates with Raf to transform cells and causes membrane
ruffling when it is microinjected (20, 26, 55). These studies
suggest that there may be no role for Pak in Ras transforma-
tion or signaling and even question the existence of any direct
signals from Ras to Pak.

We recently reported that Pak mutants that lack kinase
activity behave as dominant negative mutants and inhibit Ras
transformation of Rat-1 cells and Schwann cells but not of NIH
3T3 cells (50, 51). Inhibition was not the result of Rac/Cdc42
sequestering, since kinase-deficient mutants that fail to bind
Rac and Cdc42 also inhibited transformation. Studies of down-
stream effectors suggested that Pak mutants blocked the signal
from Ras to ERK. More recently, Pak was shown to facilitate
ERK kinase activation by phosphorylating Mek (14, 30). To-
gether, these data suggest that there is a Ras > Rac > Pak >
ERK signal that is essential to sustain transformation in some
cells.

We demonstrate here that Ras activates Pak in transfection
assays of Rat-1 cells but not NIH 3T3 cells. The primary signal
from Ras to Pak was mediated by PI 3-kinase to Rac and
Cdc42. However, effector mutants of both Ras and Rac which
could not activate Pak by themselves cooperated with each
other and with Raf to activate Pak. All combinations of Ras,
Rac, and Rho mutants that transformed cells were capable of
activating Pak and were also inhibited by Pak dominant nega-
tive mutants. These studies developed an assay system for
studying the signals from Ras to Pak and suggest that activa-
tion of Pak may be essential for transformation by Ras, Rac,
and Rho.

MATERIALS AND METHODS

Plasmids. cDNA expression plasmids utilizing the cytomegalovirus promoter
to express myc-tagged Pakl, Pak1R%%%%, Pak183:186 and Pak1M83186.R299 haged
on the plasmid pCMV6M (a modified version of pCMV5) have been described
elsewhere (48). RacV!?, RacY'?'37, and RacY 2140 that utilized the PCGT vector
were gifts from Dafna Bar-Sagi and Linda Van Aelst (20). Rac™®!, Raf®***, and
human K-ras4B were gifts from Channing Der. RhoAY'* and RhoAN' were
gifts from Marc Symons. p110-CAAX, which consists of the p110 catalytic sub-
unit of PI 3-kinase targeted to the membrane through fusion with the CAAX
sequence of H-ras was as previously described (25). v-Raf, JNK, and ERK
plasmids have been described elsewhere (50).

Cell culture and transformation assays. Rat-1 cells were grown at 37°C in 5%
CO,-95% air in high-glucose (4.5 g/liter) Mediatech Dulbecco’s modified Eagle
medium purchased from Fisher Scientific (Pittsburgh, Pa.) supplemented with
10% fetal bovine serum (Fisher), penicillin (100 U/ml), and streptomycin (100
mg/ml). rv68BUR cells were a gift from Jim Stone (49). DNA transfections were
performed by the calcium phosphate precipitation technique as described pre-
viously (50). Twenty micrograms of total DNA (7 pg of each test DNA and 6 pg
of Pak test DNA; the total DNA content in all transfections was brought to 20
ng, if necessary, with plasmid pUC19 was transfected for each dish. Soft agar
assays were performed as previously described (9). We plated 10° posttransfec-
tion cells on 60-mm-diameter dishes. After 18 to 21 days, colonies were examined
under a Nikon DIAPhot microscope using phase-contrast optics and the dishes
were stained with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
overnight at 37°C.

Pak and ERK/MAP kinase assays. Transfections of Rat-1 cells were per-
formed as described above for the transformation assays. For ERK kinase assays,
5 pg of total DNA (1 pg of hemagglutinin-ERKI, 1.5 ug of each test DNA, and
1 pg of Pak DNA; the total DNA content was brought to 5 wg with plasmid
pUC19) was transfected for each dish. The procedure for the ERK kinase assay
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has been described elsewhere (50). For the Pak kinase assays, a total of 5 pg of
DNA was transfected into cells (1 pg of Pak DNA and 1.3 pg of each test DNA;
the total DNA content was brought to 5 pg with pUC19 plasmid DNA, if
necessary). Cells were lysed 24 to 48 h after transfection. Transfected cells were
washed with cold phosphate-buffered saline 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
orthovanadate-10-mg/ml leupeptin-10-mg/ml aprotinin and centrifuged at
12,000 X g for 25 min at 4°C. Protein concentrations ranged from 2.9 to 6.6
mg/ml. The extracts were routinely tested for Pak expression on Western blots
probed with antibody 9E10. An example of a Western blot is shown in Fig. 1.

Pak kinase assays were performed on anti-Myc immunoprecipitates from cell
extracts 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.
Immunoprecipitates were washed twice in 2X phosphorylation buffer (10 mM
MgCl,, 40 mM HEPES, pH 7.4) and then incubated with 5 g of myelin basic
protein (Sigma) for 5 min on ice. Kinase assays were initiated by the addition of
10 wCi of [y-**PJATP (3,000 Ci/mmol) and 20 uM (final concentration) ATP,
followed by incubation for 10 min at 22°C (3). Reactions were stopped by the
addition of 2X sodium dodecyl sulfate sample buffer and heated to 95°C, and the
products were resolved by sodium dodecyl sulfate—12% polyacrylamide gel elec-
trophoresis and visualized by autoradiography. All experiments were performed
two or three times with similar results.

RESULTS

Ras activates Pak primarily through PI 3-kinase. Since pre-
vious data showed that Pak dominant negative mutants inhibit
Ras but not Raf transformation in Rat-1 fibroblast cells, we
designed experiments to determine if Ras activates Pak (50).
We cotransfected Pak into cells with Ras test plasmids, pre-
pared extracts, and then performed immune complex kinase
assays taking advantage of the myc tag fused to the N terminus
of Pak to precipitate Pak from cell lysates. Kinase assays were
carried out by using [y-**P]JATP to label myelin basic protein
as a substrate. Pak also autophosphorylates and is seen as an
~65-kDa band. We found that activated Ras stimulated Pak
activity more than 20-fold over basal levels (Fig. 1a). As con-
trols for the assay, we tested the kinase-deficient mutant
Pak®? or omitted Pak altogether from the transfections. In
each case, no activity was observed over basal levels. Thus, we
concluded that Ras activates Pak. In direct comparisons, we
found that Ras activation was equivalent to both Rac activa-
tion and Pak1™*>%¢ an activated mutant (Fig. 1b, lanes 1 to 3
and 8). Rho failed to activate Pak (lane 7). In contrast, when
we performed similar experiments with NIH 3T3 cells, we
failed to detect any activation by Ras or PI 3-kinase under
conditions in which activated Rac stimulated Pak (Fig. 1c).

To determine if Ras activation of Pak might be mediated by
Raf, we tested Raf®3%", a partially activated Raf, and found
that it failed to activate Pak (Fig. 1b, lane 6). We also tested
RasY'?% an effector mutant that activates only Raf and
RasV'2%37 an effector mutant which binds and activates Ral
GDS, and found that both failed to activate Pak in the trans-
fection assays (not shown in Fig. 1). Thus, Ras activates Pak
through an effector distinct from Raf and Ral GDS. As PI
3-kinase has been shown to mediate Ras activation of Rac (46),
we tested if an activated PI 3-kinase mutant stimulated Pak
(Fig. 1b, lane 4). An activated PI 3-kinase, p110-CAAX, stim-
ulated Pak to approximately half of the level achieved by Ras.
We also observed a similar level of partial activation by
RasV!2¢49 3 Ras effector mutant that activates PI 3-kinase but
not Raf (Fig. 1b, lane 5). These data suggest that Ras"'?
activation of PI 3-kinase is sufficient to activate Pak. The par-
tial activation may result because Ras¥'*“*’ and p110-CAAX
are not fully activated. However, evidence will be presented
later suggesting that other signals from Ras participate in Pak
activation.

To trace the signals from Ras and pl 3-kinase to Pak, we
tested the effects of various inhibitors on Pak activation by Ras,
Rac, and PI 3-kinase (Fig. 2 and 3). Substitution of Asn for the
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FIG. 1. Ras and PI 3-kinase activation of Pak in Rat-1 cells. Rat-1 cells were
transfected with the indicated plasmids along with a myc-tagged Pak1 construct;
extracts were then prepared and used in immune kinase assays. Fold indicates
fold activation compared to a vector control (lane 1) as determined by Phospho-
rImager analysis. MBP, myelin basic protein.
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FIG. 2. Effect of dominant negative mutants on Pak activation. (a) Ras ac-
tivation of Pak is inhibited by dominant negative Rac, Cdc42, and Rho. (b) PI
3-kinase activation of Pak is sensitive to dominant negative Rac and Cdc42 but
not dominant negative Rho. MBP, myelin basic protein

amino acid at position 17 of small G proteins (position 19 for
Rho) reduces their affinity for GTP, creating dominant nega-
tive mutants (13). When we tested dominant negative mutants,
we found that Ras activation of Pak was almost completely
inhibited by Ras™7, RacN'’, Cdc42™'’, and Rho™'?. Ras™!”
inhibited RasY'? activation of Pak but not activation by PI
3-kinase or Rac¥'? (data not shown for Ras). While this may
suggest that Ras¥'? uses endogenous Ras to activate Pak, the
Ras dominant negative data must be interpreted cautiously
since in some experimental systems, Ras¥'? shows partial de-
pendence on GEF activity, while in other systems there is very
little effect of Ras™'” on Ras"'? (7, 13). Rho™*? also appeared
to act near the Ras step, since it inhibited wild-type Ras"'?
activation of Pak but failed to block either PI 3-kinase or
RasY'2<%0 activation of Pak (compare Fig. 2a, lane 5, with lane
9 and Fig. 2b, lane 6). Rac and Cdc42 were farthest down-
stream, since the corresponding dominant negative mutants
inhibited activation by Ras¥'?, RasV'?“*°_ and PI 3-kinase. As
many GEF activate both Rac and Cdc42, our experiments with
the dominant negative mutants did not allow us to distinguish
between them. To further dissect the signal from Ras to Pak,
we tested the effect of LY294002, a PI 3-kinase inhibitor, on
Pak activation (53). We found that L'Y294002 inhibited Pak
activation by Ras¥'?, RasV'?“*°/ and PI 3-kinase (Fig. 3a).
LY294002 did not inhibit Rac activation of Pak, nor did it
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FIG. 3. (a) Ras and PI 3-kinase activation of Pak is sensitive to LY294002.
Cells were incubated for 90 min with 20 pM LY294002 prior to lysis. (b) Rac
activation of Pak is not sensitive to LY294002 (20 pM). (c) Ras and PI 3-kinase
dose-response curves for LY294002. MBP, myelin basic protein.

inhibit Pak activation by RacY'*™*’, a Rac effector mutant that

activates only Pak. Rac¥'?"4Y which fails to bind Pak, did not
activate Pak in this assay (Fig. 3b). Dose-response curves for
LY294002 showed similar inhibition profiles for both Ras and
PI 3-kinase. The 50% inhibitory concentrations were 5 to 10
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pwM for both genes, which is comparable to the reported in
vitro 50% inhibitory concentration of 1.4 wM; antiproliferative
effects are observed at ~10 uM (53) (Fig. 3c). Thus, we placed
PI 3-kinase between Ras and Rac/Cdc42. Together, these ex-
periments allowed us to trace a Ras > PI 3-kinase > Rac/
Cdc42 > Pak signal. Ras, but not PI 3-kinase, appears to
require Rho as well to activate Pak; although Rho could not
activate Pak when tested alone (see above), the dominant
negative Rho mutant prevented Ras activation of Pak.

Dominant negative Pak mutants inhibit transformation by
Ras, Rac, and Rho. The Ras effector mutants described above
transform poorly when transfected into cells individually. How-
ever, when they are introduced together, they transform at
much higher frequencies. We tested the effect of activated Pak
on transformation by transfecting cells with plasmids and
counting the number of colonies that grew on soft agar or
staining cells grown in tissue culture dishes with crystal violet
to visualize transformed foci (data not shown for focus as-
says). We found that a small (about twofold) but reproducible
stimulation of RasV'?** and RasV'??7 transformation by
Pak1-%>86  activated Pak (Fig. 4a). No stimulation of
RasV'?2%49 was observed, which is consistent with the observa-
tion that RasY'?“*° activates Pak by itself. As expected from
earlier studies, all combinations of the Ras effector mutants
cooperatively transformed cells. That is, the combination of
two mutants yielded more colonies than the sum of the two
effector mutants. As previously reported, Ras transformation
was strongly inhibited by the Pak dominant negative mutants.
Interestingly, all combinations of effector mutants were also
inhibited by Pak dominant negative mutants, including the
combination of Ras¥'?*> and RasY'?9?7  although neither
mutant activated Pak when tested alone (Fig. 4b). The small
stimulation of Ras¥'?5*% transformation by Pak1™**1%¢ gug-
gested that Pak might transform cells in cooperation with Raf.
We observed no reliable stimulation of transformation with
wild-type Pak in Rat-1 cells. However, Pak1-%>%¢ (abbreviat-
ed as LL) transformed strain rv68BUR. This cell line is hyper-
sensitive to transformation because it expresses an activated
mutant form of Mek1. Raf”?*°, which normally does not trans-
form Rat-1 cells, also transformed rv68BUR (Fig. 4c). The
transformation of rv68BUR was markedly increased when
Pak1-%318% and RafP3*° were tested together. In this strain,
Pak1-8186 was about as effective as Rac in transforming and
cooperating with Raf®?**°, Furthermore, transformation of
both Ras and Pak/Raf®?*° was inhibited by the kinase-deficient
Pak mutants (data not shown for Pak inhibition). These exper-
iments demonstrate that Pak can recapitulate most of Rac’s
effects; the reason why the activated Pak mutant usually trans-
forms poorly may be that it is not fully activated (5).

We also tested the effects of Pak mutants on RacY'? and two
Rac effector mutants in cell transformation and ERK kinase
assays. Rac transforms poorly by itself but cooperates with Raf
to transform cells with much higher efficiency. We found that
Pak dominant negative mutants inhibited Rac/Raf transforma-
tion about as effectively as they inhibited Ras transformation
(Fig. 5a). Although Rac and Pak are not usually associated
with ERK activation, they have recently been shown to coop-
erate with Raf to activate ERK in a cross-cascade activation
(14). We also found that Rac did not activate ERK when
tested by itself but cooperated with Raf®3%*" to activate ERK
(Fig. 5b, lanes 6 to 9). Furthermore, cooperative activation
was inhibited by Pak dominant negative mutants, including
Pak1-83-186-R299 "9 mutant that fails to bind Rac or Cdc42 (Fig.
5b, lanes 2 to 6). The dominant negative mutants did not
inhibit the partial activation of ERK by RafP**°  while
Pak1"8*18¢ cooperated with Raf®?* to activate ERK (Fig. 5¢).
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FIG. 4. Pak dominant negative mutants inhibit transformation by Ras effector mutants. Cell transformation was measured by determining growth on soft agar as
described in Materials and Methods. (a) Effects of Pak mutants on cell transformation by Ras effector mutants. (b) Effects of Pak mutants on cooperative transformation
by Ras effector mutants. (c) Activated Pak cooperates with Raf to transform rv68BUR, a hypersensitive Rat fibroblast cell line. Abbreviations for the Pak mutants: LL,
Pak1-83L8¢ (hyperactive Pak1); R, Pak1®%? (kinase-deficient Pak1); LLR, Pak1-83:L86:R29 (hoth kinase-deficient and Rac/Cdc42 binding-deficient Pak1). Ras mutants

are abbreviated as S35, G37, and C40, which denote mutations in the effector binding loop of Ras

In addition, Pak/Raf®3*° cooperative activation of ERK was
inhibited by both Pak dominant negative mutants (Fig. 5d).
Together, these data support a role for Pak in the cooperative
activation of ERK by Rac.

Because we had found that dominant negative Rho inhibited
Ras activation of Pak (Fig. 2), we also tested the effects of Pak
mutants on Rho transformation and Rho activation of ERK.
Rho does not transform cells and does not activate ERK by
itself but cooperates with Raf to both transform cells and
activate ERK. As seen with other cells, we found that RhoV'#
(activated Rho) did not transform our Rat-1 cells but cooper-
ated with Raf®?% to transform cells. Transformation was in-

Vi2

hibited by the two dominant negative Pak mutants (Fig. 6a).
We also observed cooperation between Rho and Raf®?*° in
ERK kinase assays, and again the cooperative activation was
inhibited by dominant negative Pak (Fig. 6b). These experi-
ments suggest that Rho requires Pak for cell transformation
and ERK activation.

We next tested the effects of two Rac effector mutants,
RacV'?™7 (Fig. 7a) and RacY'*"*° (Fig. 7b), in transformation
assays and ERK kinase assays (Fig. 7c and d). As discussed
above, Rac*'?"*7 binds and activates Pak, while RacV!?H40
does not bind Pak. Both mutants cooperated with Raf to trans-
form cells, although transformation by Rac"'?"'*° was about
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25% reduced. As was observed with Ras and Rho, Pak dom-
inant negative mutants inhibited transformation by both com-
binations of Rac effector mutants. Surprisingly, both Rac ef-
fector mutants were equally effective in activating ERK in
cooperation with Raf”**° (Fig. 7c and d). Cooperative activa-
tion of ERK by both mutants was also inhibited by the domi-
nant negative Paks. These observations suggest that transfor-
mation and ERK activation by Ras, Rho, and Rac require a
common signal through Pak.

Rho, Rac, and Ras effector mutants can cooperate to acti-
vate Pak. The above results indicate that while PI 3-kinase and
Cdc42/Rac play a dominant role in Ras-mediated activation of
Pak, other Ras- and Rho-dependent signals may also be re-
quired. This is because we observed that many Rho, Ras, and
Rac effector mutants were inhibited by Pak dominant negative
mutants in transformation assays and in ERK activation assays.
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FIG. 5. Effects of Pak mutants on Rac/Raf cooperative. (a) Rac/RafP34?
cooperative transformation is inhibited by Pak dominant negative mutants. (b)
Rac/RafP3%" cooperative activation of ERK is inhibited by Pak dominant nega-
tive mutants. (c) Activated Pak cooperates with Raf to stimulate ERK. (d) Pak
dominant negative mutants inhibit Pak/Raf”3*" cooperative activation of ERK.
MBP, myelin basic protein. Other abbreviations are as in Fig. 4.

Therefore, we tested if these proteins could activate Pak in
transfection assays under the same conditions we used to per-
form the transformation and ERK assays. We tested combina-
tions of the Ras effector mutants and, as expected, found that
Pak was activated by Ras"'?“*" alone (Fig. 8a, lane 4) and in
combination with all of the other effector mutants (Fig. 8a,
lanes 9 to 12). Interestingly, Ras¥'*“37 and Ras¥'?*°, neither
of which activated Pak alone, stimulated Pak when they were
tested together (Fig. 8a, lane 7). Two lines of evidence sug-
gested that Ras¥'?<37 and Ras'*5*® were activating Pak inde-
pendently of PI 3-kinase. First, Ras¥'*37 and Ras¥!**° co-
operative activation was not inhibited by LY294002 (Fig. 8a,
lane 8). Second, we found that two Raf mutants, v-Raf and
RafP34% could substitute for RasV'?5%° to activate Pak in co-
operation with Ras¥'>“37 (Fig. 8b, lanes 4 and 8). Ras¥'?5%,
v-Raf, and RafP®3*° cooperation with Ras¥'?*737 consistently
activated Pak to levels about half of those achieved with
Ras"'? (Fig. 8a, lanes 5 and 7, and b, lanes 4 and 8). Similarly,
RasY'?“*_ the mutant capable of activating Pak by itself, only
activated Pak about half as well as did Ras. However, when we
cotransfected Raf®3*® or v-Raf with RasV'?“*°) we observed
maximum levels of Pak activation (Fig. 8b, lanes 5 and 9).
Together, these data suggest that multiple Ras effectors coop-
erate to activate Pak.

When we cotransfected Pak and the Rac effector mutants,
we found that as expected, RacY'?"*7, but not RacV!?H40,
activated Pak (Fig. 9a, lanes 5 and 6). However, we found that
addition of Raf®*" to transfections with RacY'*™ led to
significant activation of Pak (Fig. 9a, lane 7). We failed to



VoL. 19, 1999

a

125

B

o 100 -
k-
S 751 =

(]
5
o 50 1
(&)

25 ~

o'TIIII|||

1 2 3 4 5 6 7 8 9

RhoAV“.60+-+++++
RafD"‘“"g$-++++++
Pak1>!--_+jm§
b

Pak1 .+jm§__‘_
via 8 S
RhoA T+ + + 4+ + - + B
RafP30 ¥ 4+ 4+ + + + + - >
MBP W S -
Fold 31 20 1917 3 4 7 2 1
HA-ERK1 =530 85 5= =5 == g = =

123 456 7 89

FIG. 6. Pak dominant negative mutants inhibit Rho/Raf®3%° cooperation. (a)
Transformation assays. (b) ERK kinase assays. MBP, myelin basic protein; HA,
hemagglutinin. Other abbreviations are as in Fig. 4.

detect cooperative Pak activation by RacY'?"4 and RafP?* in
NIH 3T3 cells (data not shown). Thus, a mutant Rac which
failed to bind and activate Pak could cooperate with Raf to
activate Pak, activate ERK, and transform cells (Fig. 7b and d).

Since we found that Rho cooperation with Raf®**" was
inhibited by Pak dominant negative mutants (Fig. 6) and dom-
inant negative Rho inhibited Ras activation of Pak (Fig. 2a),
we tested if RhoY'* could activate Pak. As seen in Fig. 1, both
RhoVY'* and Raf™*° failed to activate Pak when tested alone
(Fig. 9b, lanes 4 and 5). However, cotransfection of Rho"'*
and Raf"?**° together activated Pak to approximately the same
levels attained by RacY'?™ and RafP3**’. To determine if the
signals to Pak were mediated by an autocrine loop, we pre-
pared medium from cells transfected with Ras or Raf and
added it to cells expressing wild-type Pak. We failed to detect
any stimulation of Pak, even when cells were transfected with
RacV'?"40 (data not shown). Thus, we concluded that our cells
did not secrete any growth factors that can stimulate Pak
through an autocrine loop. Together, these studies suggest that
multiple signals from Ras, Rac, and Rho facilitate Pak activa-
tion, which can then lead to ERK activation and high-efficiency
transformation in Rat-1 fibroblasts.
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DISCUSSION

Pak protein kinases have been candidates for signaling pro-
teins downstream of Ras because they are activated by Rac and
Cdc42, but direct signals from Ras to Pak have not been re-
ported. We describe here an assay to measure Ras activation of
Pak through immune complex kinase assays. Four lines of
evidence suggest that Ras activates Pak through a Raf-inde-
pendent signal. First, Ras"'? activated Pak in our assay system.
Second, a PI 3-kinase-specific effector mutant, Ras¥'*<%°, also
activated Pak, while RasY'?5% which only activates Raf, failed
to activate Pak. Third, activated PI 3-kinase stimulated Pak
while activated Raf did not. Fourth, the PI 3-kinase inhibitor
LY294002 blocked Pak activation by PI 3-kinase and Ras but
not that by Rac. Furthermore, activation of Pak by both Ras
and PI 3-kinase was inhibited by dominant negative Rac and
Cdc42. These data allowed us to delineate a Ras > PI 3-ki-
nase > Rac/Cdc42 > Pak signal. Ras can activate PI 3-kinase
directly, but PI 3-kinase probably activates Rac and Cdc42
through activation of specific GEF by second messengers syn-
thesized by PI 3-kinase (17, 36). Products of PI 3-kinase can
bind a modular protein domain, the PH domain, found on
almost all Rac/Cdc42 exchange factors (43). However, a recent
study comparing exchange factors showed that they differen-
tially transduce signals to Pak and JNK and concluded that
each exchange factor confers specificity on downstream signals
and does not behave as a universal small G protein activator
(58). Since we found that Ras and PI 3-kinase activate Pak in
Rat-1 but not NIH 3T3 cells, our data suggest that a level of
signal specificity exists from upstream inputs.

While the PI 3-kinase signal is sufficient to activate Pak, we
also provide evidence suggesting that cross talk from other Ras
effectors is necessary to maintain Pak activation. Figure 10
shows a model summarizing the proposed signals from Ras
through Pak to ERK and JNK. Our evidence for cross talk, or
indirect signals, is supported by the observation that only par-
tial activation was observed when Ras¥'?“*° or PI 3-kinase was
used by itself; maximal activation was observed when Raf was
transfected along with either RasY'?“*® or PI 3-kinase. Fur-
thermore, dominant negative Rho also inhibits Ras activation
of Pak. Rho is not likely to act through PI 3-kinase because the
dominant negative Rho mutant does not inhibit PI 3-kinase or
RasY!2¢%0 activation of Pak. Multiple mechanisms of Pak ac-
tivation are supported by the observation that three small G
proteins that fail to activate Pak when tested alone, RacY 2140,
RasV'?%%7 and RhoV'4, activate Pak when cotransfected with
either activated Raf or RasV'?5*> a mutant that activates Raf.
At least one of these alternate inputs to Pak, Ras¥'?S*7/Raf, is
likely to be PI 3-kinase independent since it is resistant to
LY294002.

Candidate transducers of indirect signals to Pak include Raf
(because it cooperates with RacV'?H40 RasV'?S37  and
RhoY**), Ral GDS, Rin (both of which bind Ras¥**%37), and
Ras-GAP (which can regulate the cytoskeleton through Rho)
(18, 22, 24, 27). Rho kinase (p160%°%) is another candidate
because it binds Rho, Rac, and Rac¥'?“*° (another effector
mutant that fails to bind Pak) (26). Indirect activation of Pak
need not occur through protein kinases, since Pak can be
activated by two types of translocation events mediated by SH3
proteins that bind proline-rich regions in the amino terminus.
The first is mediated by the SH3 adapter protein Nck (6, 16,
30), and the second is mediated by a newly discovered Cdc42/
Ras GEF, PIX. Manser et al. found that coexpression of PIX
with Cdc42H49 allowed this effector mutant to activate Pak,
presumably by translocating Pak to the cell surface, where it
could be activated by endogenous GTPases or membrane lip-
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ids (5, 11, 33). These two mechanisms may be relevant to our dence of secreted autocrine factors, Pak is activated by many
studies, since membrane targeting of Pak is sufficient to bring growth factors which may contribute to the indirect signals we
about biological responses similar to those caused by Ras, have observed. Thus, there are multiple ways to activate Pak

including ERK activation and, in the PC12 cell line, extension without direct stimulation of Rac or Cdc42.
of Neurites (10, 30). Finally, although we have not found evi- Rac is downstream of Ras in the membrane ruffling signal
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(45). Furthermore, Ras¥'>“*? is the only effector mutant that
can stimulate ruffling, and PI 3-kinase is the only Ras effector
that can induce ruffling (21, 46). Pak also stimulates reorgani-
zation of the actin cytoskeleton (31, 48). This suggested that
the major route to Pak is through PI 3-kinase and Rac. Our
studies demonstrated the presence of a ‘Ras > Rac > Pak
signal in at least one cell. However, as discussed above, we also
found that several combinations of Ras and Rac effector mu-
tants activated Pak. These include RasY'?5* plus RasV'S?7,
two mutants that fail to activate Pak on their own. It was
recently reported that most combinations of Ras effector mu-
tants that fail to activate Raf produce colonies with Rho-type
morphology and are sensitive to dominant negative Rho mu-
tants (24), This suggested that Rho family members were me-
diating the major signals in the Raf-independent pathways.
Our observation that dominant negative Pak inhibited Rho
transformation suggests a role for Pak in this signal.

While many cells require signals from Raf and are sensitive
to agents that inactivate the Raf pathway, Ras does not activate
ERK in several cell lines, such as Wistar rat thyroid cells (2).
Other cells, such as rat intestinal epithelial cells, can be trans-
formed by Ras but not Raf (38). This has led to efforts to
identify the Raf-independent signals for transformation. The
commonly used NIH 3T3 cell is likely to mask some Raf-
independent signals, since it is readily transformed by Raf. Our
data suggest that Pak protein kinases mediate key signals
through the Rho GTPase family independently of Raf. This
contrasts with several studies with Rac effector mutants that
rule out Pak as a mediator of transformation by Rac. Specifi-
cally, the other studies found that Rac¥'?"*’, which binds Pak
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but not other effectors, transforms cells poorly. Our Rat-1 cells
transformed almost as well with RacY'*"*7 as with Rac¥'% The
simplest explanation for the differences lies in the cells used in
each study. The other studies were carried out with NIH 3T3
cells (20, 26, 55), which do not respond to Pak dominant
negative mutants in transformation assays (50) and, as we have
shown here (Fig. 1), do not express the necessary intermediates
to permit Ras to activate Pak, not even through cross talk.
Thus, Rat-1 cells are likely to rely more heavily on the Ras-
to-Pak pathway than on the Ras-to-Raf pathway. The Ras-to-
Pak signals are likely to be found in many other cells, since Pak
dominant negative mutants inhibit Ras transformation in rat
Schwann cells and a Ras-sensitive neurofibrosarcoma.

Rac, Rho, and Cdc42 all transform cells, especially in the
presence of weakly activated Raf, and dominant negative mu-
tants of each of these small GTPases inhibit Ras transforma-
tion suggesting that each plays an essential role in cell trans-
formation (23, 40-42). As all have profound effects on the actin
cytoskeleton, it is possible that they contribute to Ras trans-
formation by maintaining the transformed cell morphology.
However, a recent study of stable cell lines reverted with dom-
inant negative mutants of all three GTPases found no reliable
coorelation between morphology and transformation (41).
Perhaps most relevant to our study is the finding that cells
expressing dominant negative Rac maintained their trans-
formed morphology yet failed to grow on soft agar. This sug-
gests that the actin cytoskeleton plays a role secondary to other
activities, such as regulation of kinase cascades. Another group
found that dominant negative Rho, Rac, and Cdc42 attenuate
ERK activation and that activated mutants all cooperate with
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FIG. 9. Activation of Pak by Rac and Rho effector mutants. (a) RacV!?H40
cooperates with Raf to activate Pak. (b) RhoV'* cooperates with Raf to activate
Pak. L37 is RacY'?7, and H40 is Rac¥'?H4°, MBP, myelin basic protein.
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Raf to activate ERK (14, 15). Pak was proposed as a down-
stream gene for all three GTPases, since Pak dominant nega-
tive mutants inhibited cooperative ERK activation. We have
observed that activated Pak stimulates both Raf and Mek
about two- to fourfold (unbublished observations), suggesting
that either one may be the direct target. Because activated Pak
phosphorylates Mek, this kinase is more likely the direct site of
the cross talk to ERK; the effects of Raf may be indirect. Our
data support the proposed cross talk signal from Rho and Rac
through Pak to ERK, since we found that Rho and Rac can
cooperate to activate ERK and that activation by each is sen-
sitive to Pak dominant negative mutants. The observation that
Rho family members and Pak are all required to sustain ERK
activation suggests that this common property is the one most
critical for maintenance of cell transformation.

The studies described here often used kinase-deficient Pak
mutants to inhibit Pak, so we have performed experiments to
test their specificity. We have demonstrated that the Pak mu-
tants do not inhibit Raf (both v-Raf and Raf®**’) or Mek
(unpublished observations), two other Ras-regulated kinases,
when tested for effects on ERK activation and cell transfor-
mation. However, the two kinase-deficient mutants both
inhibit Pak activation of ERK (Fig. 5d). Furthermore, a func-
tional Rac/Cdc42 binding domain is not required for inhibi-
tion, which rules out the possibility that the mutants merely
sequester Rac and Cdc42. Finally, we have now documented
the biological effects of Pak on cell transformation and ERK
activation in both directions; we have conditions under which
activated Pak stimulates ERK and promotes cell transfor-
mation and can reverse both with both kinase-deficient Pak
mutants. Together, these data suggest that the two kinase-
deficient Paks are specific inhibitors of Pak-hence, domi-
nant negative mutants.

The observation that Rho, Rac, and Cdc42 all play central
roles in Ras transformation has prompted several searches for
key downstream effectors. Pak emerged as one candidate be-
cause it was the first protein kinase found to bind Rac/Cdc42
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and it was homologous to Ste20, a Cdc42 effector in yeast (32).
Subsequent studies with effector mutants suggested that Pak
does not play a role in transformation. However, we now pres-
ent three types of experiments suggesting that Pak is an essen-
tial downstream gene for Rho, Rac, and Ras. First, transfor-
mation by Rac, Rho, Ras, and several Rac and Ras effector
mutants was inhibited by dominant negative Pak mutants. Sec-
ond, cooperative ERK activation by all three GTPases was
inhibited by the Pak dominant negative mutants. Third, all
combinations of Ras, Rho, and Rac mutants that yielded high-
efficiency transformations also activated Pak. It should be
noted that these correlations suggest that Pak activation is
necessary for high-efficiency transformation, but Pak activation
is clearly not sufficient for transformation, since RasV'?<*°,
RacV!?, RacV'?®7 and Pak1™®>1%5 all of which activate Pak,
transform poorly when tested individually. In conclusion, Pak
dominant negative mutants inhibit many forms of Ras, Rac,
and Rho both in transformation assays and in ERK activation
assays, suggesting that signals from all three GTPases converge
on Pak. Hence, Pak becomes part of a growing list of proteins,
such as Ras and Raf, that may be targets for novel antineo-
plastic drugs.
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ADDENDUM IN PROOF

While this paper was under review, Pak3 was shown to
phosphorylate and positively regulate Raf-1 (A. J. King, H.
Sun, B. Diaz, D. Barnard, W. Miao, S. Bagrodia, and M. S.
Marshall, Nature 396:180-183, 1998). This study supports our
conclusion that Pak kinases are key regulators of the ERK
cascade.
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