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Ras is an essential component of signal transduction pathways that control cell proliferation, differentiation,
and survival. In this study we have examined the cellular responses to high-intensity Ras signaling. Expression
of increasing amounts of the oncogenic form of human HRas, HRasV12, results in a dose-dependent induction
of apoptosis in both primary and immortalized cells. The induction of apoptosis by HRasV12 is blocked by
activated Rac and potentiated by dominant interfering Rac. The ability of Rac to suppress Ras-induced
apoptosis is dependent on effector pathway(s) controlled by the insert region and is linked to the activation of
NF-kB. The apoptotic effect of HRasV12 requires the activation of both the ERK and JNK mitogen-activated
protein kinase cascade and is independent of p53. These results demonstrate a role for Rac in controlling
signals that are necessary for cell survival, and suggest a mechanism by which Rac activity can confer growth

advantage to cells transformed by the ras oncogene.

The Ras GTPase functions as a transducer of signals from
cell surface receptors to intracellular pathways that control cell
growth, differentiation, and survival. Through genetic and bio-
chemical studies, it has been established that Ras interacts with
multiple downstream effectors controlling distinct signaling
cascades (for reviews, see references 3 and 19). These include
the Ser/Thr kinase Raf, the p110 catalytic subunit of phospho-
inositide 3-kinase (PI 3-kinase), and Ral-GDS, the exchange
factor for Ral GTPase. Raf regulates the activity of a kinase
cascade that includes the MEK and mitogen-activated protein
(MAP) extracellular-regulated kinases (ERKSs). Activation of
PI 3-kinase leads to the activation of the Rac GTPase, which
functions downstream of Ras in signaling pathways that con-
trol actin polymerization, transcriptional activation, and cell
proliferation.

The relative contribution of Ras-dependent signaling path-
ways to its biological effects has been analyzed in studies using
Ras effector binding loop mutants that are specifically defec-
tive in the activation of a single effector pathway (51). Based on
these analyses, it is now well accepted that the mitogenic and
oncogenic properties of Ras depend on the coordinated acti-
vation of multiple effector pathways (18, 23, 40, 51). Specifi-
cally, in some cell types, Ras-mediated cell proliferation and
transformation depend on the synergistic activation of the Rac/
Rho and ERK MAP kinase cascades (18).

An additional level of regulation that contributes to the
signaling properties of Ras relates to the cellular context within
which Ras operates. Several lines of evidence support this
mode of regulation. First, the expression of activated Ras in
immortal cell lines leads to oncogenic transformation, whereas
in primary cells activated Ras can induce a permanent cell
cycle arrest (43, 49). Second, overexpression of Ras in prolif-
erating Drosophila imaginal tissue promotes proliferation and
subsequent apoptosis (21). In contrast, Ras activation leads to
the suppression of apoptosis in postmitotic imaginal tissue
(25). Last, Ras function is critical for proliferation in estab-
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lished fibroblast cell lines but for differentiation in neuronal
cells (15, 34).

The outcome in response to Ras is also dictated by the
relative levels of activation of different effector pathways as
well as the timing of activation. For example, expression of
activated Ras typically promotes mitogenesis in fibroblasts. In
contrast, activation of Ras induces apoptosis in these cells if
protein kinase C activity is suppressed (4). Moreover, the pref-
erential activation by Ras of the PI 3-kinase effector pathway
protects fibroblasts from c-Myc-induced apoptosis, whereas
the selective activation of the MAP kinase effector pathway
potentiates c-Myc-induced apoptosis (22). Finally, the ability
of Ras to induce neuronal differentiation is dependent on the
duration of activation of the MAP kinase cascade (7, 47).

In this study we have investigated the relationship between
the level of Ras activity and the biological consequences. We
show that high levels of Ras activity induce an apoptotic re-
sponse which is pS3 independent and requires the activation of
both the JNK and ERK MAP kinase cascades. We further
demonstrate that Rac-mediated signals are necessary and suf-
ficient to protect against Ras-induced apoptosis through a
pathway that involves NF-«kB activation. These findings impli-
cate Rac in controlling signals that are necessary for cell sur-
vival and suggest a mechanism by which Rac can contribute to
the mitogenic and oncogenic potential of Ras.

MATERIALS AND METHODS

Cell culture and microinjection. The following cell lines were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with antibiotics
and maintained in either fetal calf (FCS) or calf serum (CS) at 37°C with an
atmosphere of the indicated percent CO,: REF-52 (10% FCS, 7% CO,), COS-1
(5% FCS, 5% CO,), HEK-293 (10% FCS, 5% CO,), Swiss-3T3 (10% FCS, 7%
CO,), Rat-1 (5% CS, 7% CO,), NRK 1570 (fibroblasts) and 1571 (epithelial)
(5% CS, 5% CO,), MDCK (10% FCS, 5% CO,), and MEF p53™" and p53~/~
mouse embryo fibroblasts expressing wild-type p53 and null for p53, respectively)
(10% FECS, 10% CO,). NRK 1570 and 1571 and HEK-293 cells were obtained
from the American Type Culture collection. MDCK and MEEF cells were kindly
provided by Morag Park (McGill University) and Martine Roussel (St. Jude
Children’s Research Hospital), respectively. For microinjection, cells were plated
onto gridded glass coverslips and cultured in DMEM supplemented with the
indicated concentration of FCS or CS. The cells were grown to confluence and
then placed in DMEM with 0.5% FBS for 24 h before microinjection. A solution
containing the indicated plasmid in microinjection buffer (50 mM HEPES [pH
7.2], 100 mM KCI, 5 mM Na,HPO,) was microinjected into cell nuclei.

Immunofluorescence microscopy. For monitoring protein expression, injected
cells were fixed in 3.7% formaldehyde in phosphate-buffered saline (PBS) and
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then permeabilized with 0.1% Triton X-100 for 3 min at room temperature. The
coverslips were incubated first with mouse antibodies to T7 (anti-T7 monoclonal;
Novagen) or hemagglutinin (HA) (12CA5 monoclonal; American Type Culture
Collection) epitopes in PBS containing 2% albumin and then with fluorescein-
conjugated goat antibody to mouse immunoglobulin G (IgG). For monitoring
NF-«B dependent transcription, cells were stained with polyclonal antibodies to
chloramphenicol acetyltransferase (CAT) (5'—3’ Inc.) followed by staining with
rhodamine-conjugated goat antibody to rabbit IgG. The cells were photographed
with a Zeiss Axiophot fluorescence microscope.

Detection of apoptotic cells. Apoptosis was monitored by using an ApoAlert
annexin V apoptosis detection Kit (Clontech Laboratories, Inc.). Briefly, cells
were gently washed once with PBS and then incubated in buffer containing
fluorescein isothiocyanate (FITC)-annexin V and propidium iodide for 15 min at
37°C to determine phosphatidylserine content in the outer leaflet of the plasma
membrane and membrane integrity, respectively. The cells were then washed
with PBS and fixed in PBS containing 3.7% formaldehyde. At 16 h after micro-
injection with expression plasmids and before any gross morphological changes
were apparent, cells were positive for FITC-annexin V staining and negative for
propidium iodide staining, indicating that these cells were apoptotic rather than
necrotic. At 24 h after microinjection, cells stained positively for both FITC-
annexin V and propidium iodide, indicating the loss of membrane integrity which
is characteristic of late apoptotic cells. To visualize nuclear condensation,
REF-52 cells were microinjected and fixed as described above, permeabilized
with 0.1% Triton X-100, and then incubated in PBS containing 1.5 pg of pro-
pidium iodide per ml for 30 min at 37°C.

Plasmids. Unless otherwise indicated, plasmid pCGT, which is derived from
pCGN with a replacement of the HA epitope by the T7 epitope (17), was used
as a mammalian expression vector to express the Ras and Rac mutants used in
this study. pCGT RacV12,H40 and pCGT RacV12,L37 were created as de-
scribed elsewhere (17). pCGT RacV12,Alns was created as described elsewhere
(20). Constructs were kindly provided by the following: pPCDNA3 c-Rel and the
NF-kB-CAT by Paula Enrieto (State University of New York at Stony Brook),
Myr-Akt by Nissim Hay (The University of Chicago), MKP-3 by Kathleen Kelly
(National Institutes of Health), MKK7 by Christoph Reinhard (Chiron Corp.),
RhoN19, pEVX RhoV14, CDC42V12, and CDC42N17 by Alan Hall (University
College, London), insulin receptor by Robert Lewis (University of Nebraska);
epidermal growth factor (EGF) receptor by Joseph Schlessinger (New York
University), dominant interfering JNK by Roger Davis (University of Massachu-
setts), and dominant interfering NIK by Ken Marcu (State University of New
York at Stony Brook).

Jun kinase assay. COS-1 cells were cotransfected with 10 pg of FLAG-tagged
JNKI1 and the indicated concentrations of expression plasmids encoding RasV12,
MKP-1, MKP-3, RacV12, or MKK?7, using the CaPO, method. After a 12-h
incubation with the DNA-CaPO, precipitates, cells were incubated in medium
containing FCS (5%) for 6 h and then incubated for 12 h in serum-free medium.
Cells were lysed in lysis buffer (10 mM HEPES [pH 7.5], 10% glycerol, 150 mM
NaCl, 1 mM Na;VO,, 0.6% Triton X-100, 50 mM NaF, 1 mM okadaic acid, 1
mM benzamidine, 0.1 mM phenylmethylsulfonyl fluoride, leupeptin [10 pg/ml],
aprotinin [10 wg/ml]). FLAG-tagged JNK1 was immunoprecipitated with 5 pg of
monoclonal antibody to FLAG M2 (Eastman Kodak). Immune complexes were
collected by incubation with protein G-Sepharose, washed extensively with lysis
buffer, and then incubated for 30 min at 37°C in kinase assay buffer (20 mM
HEPES [pH 7.6], 20 mM MgCl,, 20 mM B-glycerol phosphate, 0.1 mM Na;VO,,
2 mM dithiothreitol [DTT], 20 uM ATP containing 10 wCi of [y->*P]ATP and
glutathione S-transferase fused to the NH, terminus of c-Jun (3 pg per reaction)
as the substrate. The reaction products were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and visualized by autoradiography. Fold ac-
tivation was determined with a Storm 860 PhosphorImager in combination with
ImageQuant version 1.1 software (Molecular Dynamics).

MAP kinase assay. COS-1 cells were transfected with 1 pg of HA-tagged
ERK?2 and the indicated constructs as described above. Cells were lysed in lysis
buffer (50 mM Tris [pH 7.4], 150 mM NacCl, 0.5% Nonidet P-40, 5 mM EDTA,
1 mM DTT, 1 mM Na;VO,, 1 uM okadaic acid, 1 mM benzamidine, 0.1 mM
phenylmethylsulfonyl fluoride, leupeptin [10 pg/ml], aprotinin [10 pg/ml]), and
lysates were clarified by centrifugation. HA epitope-tagged ERK2 was immuno-
precipitated with monoclonal antibody 12CAS. Immune complexes were col-
lected by binding to protein A-Sepharose, washed extensively in lysis buffer and
then assayed for 10 min at 37°C in kinase assay buffer (20 mM HEPES [pH 7.5],
20 mM MgCl,, 1 mM NazVO,, 20 pM ATP, [y-**P]JATP at ~2,000 cpm/pmol)
containing 0.2 mg of myelin basic protein per ml. The reaction products were
analyzed as described above for the Jun kinase assay.

Akt kinase assay. HEK-293 cells were transfected with 8 g of HA-tagged
myr-Akt (see Results) by a standard CaPO, transfection protocol. Cells were
lysed in lysis buffer (20 mM Tris [pH 7.4], 140 mM NaCl, 1% Nonidet P-40, 10%
glycerol, 1 mM Na;VO,, 1 pM okadaic acid, 1 mM benzamidine, 0.1 mM
phenylmethylsulfonyl fluoride, leupeptin [10 pg/ml], aprotinin [10 wg/ml]), and
lysates were clarified by centrifugation. HA epitope-tagged myr-Akt was immu-
noprecipitated with monoclonal antibody 12CAS. Immune complexes were col-
lected by binding to protein A-Sepharose, washed extensively in lysis buffer, and
then assayed for 10 min at 37°C in kinase assay buffer (20 mM HEPES [pH 7.5],
10 mM MgCl,, 1 mM vanadate, 1 mM DTT, 10 mM ATP, 20 uM [y-*P]ATP)
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containing 1 mg of histone H2B (Sigma) per ml. The reaction products were
analyzed as described above for the Jun kinase assay.

RESULTS

High-intensity Ras signaling induces apoptosis. The micro-
injection approach is uniquely suitable for the introduction of
well-defined amounts of macromolecules into living cells. We
have used this approach to investigate the dependence of cel-
lular responses on the levels of Ras activity. Microinjection of
increasing concentrations (1 to 100 ng/ul) of an expression
plasmid encoding activated Ras (HRasV12) into quiescent se-
rum-starved rat embryo fibroblasts (REF-52) caused the dose-
dependent appearance of morphological changes that are
characteristic of apoptosis (Fig. 1). These include retraction of
cellular processes, blebbing of plasma membranes, and loss of
adherence (Fig. 1A, inset). That these morphological changes
truly reflect apoptosis was confirmed by staining the injected
cells with the apoptosis marker annexin V or with propidium
iodide (Fig. 1B). To quantitate the apoptotic effect of
HRasV12, the number of cells which stained positively for
annexin V within the injected area was determined. HRasV12-
induced apoptosis was maximal at 20 ng of injected plasmid
per pl, and under these conditions approximately 40% of the
cells within the injected area were identified as apoptotic (Fig.
1C). Immunofluorescence staining of the injected cells re-
vealed no significant differences between the subcellular dis-
tribution of HRasV12 in cells injected with high or low levels
of the expression plasmid (Fig. 1A).

To establish the specificity of the Ras-dependent apoptotic
response, REF-52 cells were microinjected with high concen-
trations of expression plasmids encoding a mutated form of
HRasV12, HRasV12,R186, which is defective for membrane
localization and as a result is biologically inactive (52). The
expression of this mutant did not affect cell viability (Fig. 1A
and B), indicating that the apoptotic response detected at high
levels of HRasV12 expression is related to its signaling capac-
ity. The interval between microinjection and the appearance of
apoptotic cells was typically 14 to 16 h. Thus, the apoptotic
effect of Ras appears to be mediated by long-term signaling
events. It should be noted that the addition of serum growth
factors had no effect on Ras-induced apoptosis. Therefore, all
of the experiments described in this study were carried out in
serum-starved cells.

To assess the significance of the cellular background for the
Ras-mediated apoptotic response, we compared the effects of
high levels of HRasV12 expression among a number of cell
types. As illustrated in Table 1, most (seven of nine) of the cell
types tested were induced to undergo apoptosis following
microinjection of 20 ng of HRasV12 per pl. Notably, the ap-
optotic response was detected both in primary MEFs and es-
tablished human and murine cell lines. MEFs from p53~/~
homozygous embryos maintained sensitivity to the apoptotic
effects of Ras indicating that in these cells Ras-induced apo-
ptosis occurs via a pS3-independent mechanism. Furthermore,
the capacity of HRasV12 to induce apoptosis was exhibited
both in fibroblast (e.g., Rat-1 and Swiss 3T3) and epithelial
(NRK 1571) cell lines. These results suggest that induction of
apoptosis by high levels of Ras activity represents a conserved
cellular response.

Rac signaling protects against Ras-induced apoptosis. The
apoptotic response induced by high intensity of Ras signaling
stands in marked contrast to the well-documented growth-
promoting effects of activated Ras. One possible explanation
for this apparent discrepancy is that Ras can trigger the acti-
vation of both pro- and antiapoptotic pathways. At low levels



5894 JONESON AND BAR-SAGI MoL. CELL. BIOL.

HRasV12 HRasV12 HRasV12,R186
(5 nglul) (20 nglpl) (20 nglpl)

W
(@)

FITC-Annexin V Propidium lodide 120

100

FITC-Annexin V positive cells
(% maximum)
3

0 02 1 5 10 20 100 20 100

HRasV12 HRasV12,R186
(ng/ul) (ng/ul)

FIG. 1. High-intensity Ras signaling induces apoptosis. (A) Serum-starved REF-52 cells were microinjected with the indicated expression plasmids. (Top panels)
Phase-contrast micrographs of the injected areas visualized 24 h after injection. Apoptotic cells appear as highly refractile, loosely adherent spheres. The inset shows
a high-magnification image of an HRasV12-expressing REF-52 cell undergoing apoptosis. Note the convolution of the cellular surface and the presence of
membrane-bound apoptotic bodies (arrowheads). (Bottom panels) Immunofluorescence micrographs of REF-52 cells injected with the indicated expression plasmids.
Cells were fixed and stained 5 h after injection. Differences in the levels of protein expression are indicated by the differences in the intensity of the fluorescence signal.
The nuclear exclusion staining pattern in cells expressing HRasV12R186 indicates cytosolic localization. Numbers at lower right denote exposure time. (B) Apoptotic
responses induced by HRasV12. Serum-starved REF-52 cells were microinjected with HRasV12 expression plasmid (20 ng/ul) and stained with FITC-annexin V or
propidium iodide 24 h after injection. For each stain, the fluorescence micrographs and the corresponding phase-contrast micrographs are shown in the lower panels.
The propidium iodide staining shows a condensed apoptotic nucleus (arrowhead). (C) Dose-response relationship between expression levels of HRasV12 and induction
of apoptosis. Serum-starved REF-52 cells were microinjected with the indicated concentrations of expression plasmids. Twenty-four hours after injection, cells were
incubated with FITC-annexin V. The percentage of annexin V-positive cells was determined by counting FITC-annexin V-positive cells as a proportion of the total
number of cells in the injected area. The results are the means of three independent experiments in which at least 100 cells were scored for each condition. Error bars
represent standard deviations. Typically, 60% of the cells in the injected areas expressed the exogenous protein as determined by immunofluorescence staining.

of Ras signaling, the antiapoptotic pathway is activated to an first sought to determine the identity of the Ras-dependent
extent which is sufficient to counteract the apoptotic signals. At antiapoptotic pathway. A plausible candidate is the PI 3-kinase
high levels of Ras signaling, this balance is tilted in favor of the pathway which functions as an effector pathway of Ras and has
proapoptotic signals presumably because the component(s) of been implicated in the regulation of cell survival (for reviews,
the antiapoptotic pathway are limiting. To test this idea, we see references 8 and 10). It has been shown that both Rac and
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TABLE 1. Effects of Ras on apoptosis in various cell types”

Apoptotic cells (%)

443 £53
. 380=x22
344 24
423 =28
. 320=x26

Cell type

“ The indicated cell lines were injected with HRasV12 (20 ng/ul). Twenty-four
hours after injection, cells were stained with annexin V, and the number of
apoptotic cells was determined as described in the legend to Fig. 1C. Values
represent means * standard deviations of three independent experiments in
which at least 100 cells were injected. In cells injected with vector alone, the
number of apoptotic cells was negligible (1 to 3%). HRasV12 expression was
verified in all cell types by indirect immunofluorescence staining.

protein kinase B (PKB)/Akt are downstream targets of PI
3-kinase (48, 50). To investigate whether PKB/Akt has a role in
preventing Ras-induced apoptosis, REF-52 cells were coin-
jected with HRasV12 and a membrane-targeted form of HA-
tagged Akt containing the Src myristoylation signal fused to its
N terminus (myr-Akt). Immunofluorescence staining with an-
ti-HA antibodies verified the expression of myr-Akt in the

A

100
8 80
[

(3]

[

2 _

§ g 60
> %

EE

e é 40
c

<

(8]

E

™ 20

HRasV12: 0 20 20 20
(ng/ul)

myr-AKT: 0 0 25 50
(ng/ul)

SUPPRESSION OF Ras-INDUCED APOPTOSIS BY THE Rac GTPase 5895

injected cells, and the staining pattern was consistent with its
predicted membrane localization (Fig. 2B). When immunopre-
cipitated from transiently transfected serum-deprived HEK-
293 cells and assayed by immune complex kinase assay using
histone H2B as a substrate, myr-Akt exhibited substantial ki-
nase activity, confirming that the expressed protein is consti-
tutively active (Fig. 2C). Coexpression of myr-Akt did not alter
the extent of apoptosis resulting from HRasV12 expression,
indicating that Akt-dependent signals are not sufficient to sup-
press apoptosis that is induced by Ras (Fig. 2A).

To examine the role of Rac in cell survival, REF-52 cells
were microinjected with activated Rac (RacV12) or dominant
interfering Rac (RacN17) expression plasmids together with
low (5 ng/pl) and high (20 ng/pl) concentrations of HRasV12
expression plasmid. The apoptotic response induced by the
expression of high levels of HRasV12 was blocked by coex-
pression of RacV12, indicating that Rac-mediated signals are
sufficient to antagonize the proapoptotic signals elicited by Ras
(Fig. 3A). Furthermore, the apoptotic capacity of Ras was
potentiated in the absence of Rac activity, as evident from the
observation that low levels of HRasV12 expression which nor-
mally would not affect cell viability induced a nearly maximal
apoptotic response when coexpressed with RacN17. Together,
these results suggest a critical role for Rac in the transduction
of cell survival signals that provide protection against Ras-
induced apoptosis.

<« Histone H2B

« myr-Akt

IP: cHA
Blot: aHA

FIG. 2. Akt is not sufficient to protect against HRasV12-induced apoptosis. (A) REF-52 cells were injected with HRasV12 (20 ng/pl) alone or with increasing
concentration of myr-Akt (25 and 50 ng/ul). Twenty-four hours after injection, cells were stained with annexin V and the number of apoptotic cells was determined
as described in the legend to Fig. 1C. (B) Immunofluorescence micrographs of REF-52 cells injected with HA-tagged myr-Akt or HA-tagged wild-type Akt (inset)
demonstrating plasma membrane and cytosolic localization, respectively. Cells were fixed 12 h after injection and stained with anti-HA antibodies. (C) myr-Akt is
constitutively active. HEK-293 cells were transfected with HA epitope-tagged myr-Akt, and kinase activity was determined by immune complex kinase assay using

histone 2B as a substrate. IP, immunoprecipitation; « HA, anti-HA antibody.
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FIG. 3. Rac is necessary and sufficient for suppression of apoptosis. (A)
Effect of constitutively active (RacV12) and dominant interfering (RacN17) Rac
on Ras-induced apoptosis. Expression vectors encoding the indicated Rac mu-
tants (25 ng/pl) were microinjected together with the indicated concentrations of
HRasV12 expression plasmid. (B) Role of Rac in growth factor-mediated cell
survival. Serum-starved REF-52 cells were injected with plasmid mixtures con-
taining expression vectors for the growth factor receptor (50 ng/ul) or HRasV12
(20 ng/pl) with or without Rac N17 (50 ng/ul). Six hours after injection, cells
were stimulated with EGF (100 ng/ml) or insulin (100 nM). Twenty-four hours
after injection, cells were stained with annexin V and the number of apoptotic
cells was determined as described in the legend to Fig. 1C. Results are the means
of three independent experiments in which at least 100 cells were scored for each
condition. Percent maximum corresponds to 47% *+ 3.7% (A) 56% =+ 9.8% (B)
of the cells in the injected area. Error bars represent standard deviations.

Growth factor-dependent cell survival signals require Rac.
Rac proteins are important intermediates of growth factor
receptor-mediated signal transduction pathways. The involve-
ment of Rac in these pathways can be either Ras dependent or
independent (39). To investigate the significance of the cell
survival signals emitted by Rac for the cellular responses in-
duced by growth factors, serum-starved REF-52 cells were
injected with expression plasmids encoding various growth fac-
tor receptors with or without RacN17. Addition of insulin or
EGF to REF-52 cells expressing the insulin or EGF receptor,
respectively, had no apparent effect on cell morphology or
viability. However, insulin and EGF induced apoptosis when
added to cells coexpressing their cognate growth factor recep-
tor and RacN17 (Fig. 3B). This apoptotic response was ob-
served approximately 18 h after incubation with the growth
factor and was dependent on the ectopic expression of the
growth factor receptor. These results indicate that Rac activity
might be essential for counteracting growth factor-dependent
proapoptotic signals.

MoL. CELL. BIOL.

Suppression of Ras-induced apoptosis requires the Rac in-
sert region and is correlated with NF-kB activation. Rac pro-
teins regulate actin polymerization and activation of Jun kinase
through distinct effector pathways (17, 27). To examine
whether these effector pathways are involved in suppressing
apoptosis, we have used partial loss-of-function mutants con-
taining specific amino acid substitutions within the effector
binding loop in an activated V12 background. The
RacV12,L.37 mutant activates JNK but is defective in inducing
actin polymerization, whereas the RacV12H40 mutant induces
actin polymerization but is defective in JNK activation (17, 27).
When coexpressed with HRasV12, both mutants were as ef-
fective as RacV12 in blocking Ras-induced apoptosis, indicat-
ing that Rac-mediated actin polymerization and JNK activa-
tion are not essential components of the anti-apoptotic activity
of Rac (Fig. 4A).

We have recently shown that the insert region of Rac, an
effector binding site located at residues 124 to 135 (11), is
essential for Rac-dependent superoxide generation and mito-
genic stimulation in fibroblasts (20). To examine whether the
Rac insert region controls signaling pathways that are critical
for promoting cell survival, we used a Rac mutant lacking the
insert region in an activated V12 background (RacV12Alns).
We have previously demonstrated that this mutant is defective
in superoxide production but retains the ability to induce actin
polymerization and JNK activation (20). Elimination of the
insert region rendered Rac ineffective in protecting against
Ras-induced apoptosis (Fig. 4A), indicating that the effector
functions that are mediated by this region are crucial for the
suppression of apoptosis.

To obtain insights into the downstream events that couple
Rac activation to protection against apoptosis, we examined
the involvement of the transcription factor NF-kB. NF-«B is a
critical regulator of gene expression in response to a variety of
signals, and activation of NF-kB has been implicated in antag-
onizing proapoptotic signals (for reviews, see references 1 and
2). Furthermore, Rac has been implicated in the regulation of
NF-kB activation (35, 44). To assay for Rac-dependent NF-«B
activation, serum-starved REF-52 cells were microinjected
with a CAT reporter plasmid containing three copies of NF-«kB
binding sites along with expression plasmids encoding T7
epitope-tagged RacV12 or RacV12,Alns. Sixteen hours after
injection, cells were fixed and analyzed for Rac and CAT
expression by double immunofluorescence staining. Consistent
with the documented ability of Rac to activate NF-kB-depen-
dent transcription, we observed that RacV12 induced the stim-
ulation of NF-«kB activity (Fig. 4B and C). In contrast, the
RacV12,Alns mutant failed to stimulate NF-«kB activity. Thus,
the ability of Rac to provide protection against Ras-induced
apoptosis seems to correlate with its ability to trigger the ac-
tivation of NF-kB.

NF-kB activation is necessary and sufficient for suppression
of Ras-induced apoptosis. If, as indicated by the results pre-
sented above, Rac provides protection against Ras-induced
apoptosis by virtue of its ability to activate NF-kB, then the
capacity of Ras to induce apoptosis should be inversely corre-
lated with NF-«B activation. To test this prediction, we exam-
ined the consequences of upregulation and downregulation of
NF-«B activity on Ras-induced apoptosis. In its cytosolic form,
NF-kB consists of two subunits, pS0 and p65, bound to the
inhibitory protein IkB. Activation of NF-«kB involves the phos-
phorylation of IkB by a cascade of specific kinases which re-
sults in the targeting of IkB to proteolytic degradation by the
proteosome (for reviews, see references 2 and 46). The free
NF-kB then translocates to the nucleus, where it binds to kB
sites of specific genes. Overexpression of c-Rel, a member of
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FIG. 4. The insert region of Rac is required for suppression of Ras-induced apoptosis and NF-«kB activation. (A) Role of Rac effector pathways in the protection
against Ras-induced apoptosis. Serum-starved REF-52 cells were microinjected with a mixture of plasmids containing a high (20 ng/ul) or low (5 ng/ul) concentration
of HRasV12 in combination with or the indicated Rac mutants (25 ng/ul). FITC-annexin V-positive cells were scored 24 h after injection. Values correspond to the
means of three independent experiments, and the error bars represent the standard deviations. At least 100 cells were scored per condition in each experiment. Percent
maximum corresponds to 39% *+ 4.9% of the cells in the injected area. (B) Serum-starved REF-52 cells were microinjected with a mixture of expression plasmids
containing an NF-kB-CAT reporter construct (50 ng/pl) and the indicated T7 epitope-tagged Rac mutants or with CMV-GFP as a negative control (50 ng/ul). The
injected cells were fixed 16 h postinjection and costained with a mixture of mouse antibodies to T7 epitope-tagged Rac mutants and rabbit antibodies to CAT followed
by fluorescein-conjugated antibodies to mouse IgG and rhodamine-conjugated antibodies to rabbit IgG. (C) Quantitation of NF-kB dependent transcription. Cells

expressing the proteins as determined by immunofluorescence or autofluorescence in the case of GFP were scored for CAT costaining. Results shown are the means
of three independent experiments in which at least 50 cells were scored, and the error bars represent the standard deviations.



5898 JONESON AND BAR-SAGI

A B
2 100 2 100
s :
£_=®0 z_
3 5E
3
82 eof — ig
>% >x
[-§- ‘EE
® E 40— X
< 20— <
g E
'S
HRasV12: 0 5 20 20 5 5 8T s T2
8
S § 8 o« 8 [ 8 [4
2 4 °
HRasV12 HRasV12
{20 ng/pl) (5 ngipl)

FIG. 5. Effects of NF-kB activation and Rho family GTPases on Ras-induced
apoptosis. (A) REF-52 cells were injected with the indicated concentrations of
HRasV12 in combination with the NF-«kB subunit (c-Rel) (50 ng/ul) or a dom-
inant interfering mutant of the IkB kinase kinase (DI-NIK) (50 ng/ul). (B)
REF-52 cells were coinjected with the indicated constructs and with the indicated
constitutively activated or dominant interfering mutant of Rac, RhoA, or CDC42
(50 ng/pl). Twenty-four hours after injection, annexin V-positive cells were
counted. Results are the means of three independent experiments in which at
least 100 cells were scored for each condition. Percent maximum corresponds to
42% = 3.7% of the cells in the injected area (A and B). Error bars represent
standard deviations.

the NF-kB family of proteins (2), abolished the apoptotic effect
of HRasV12 (Fig. SA). To inhibit NF-«B activation, we used a
dominant interfering mutant of NIK, the kinase that activates
the IkB kinase IkK (6, 31, 38, 53). This mutant sequesters IkK
and therefore blocks the phosphorylation-dependent degrada-
tion of IkB (38). Expression of the dominant interfering mu-
tant of NIK potentiated the Ras-mediated apoptotic response
(Fig. 5A). Thus, activation of NF-«B is a critical component of
the Ras and Rac-dependent antiapoptotic pathway. This find-
ing is in agreement with earlier studies demonstrating a role
for NF-kB in the suppression of apoptosis in response to on-
cogenic Ras expression (29).

Suppression of Ras-induced apoptosis by Rho and Cdc42. In
addition to Rac, members of the Rho family of GTPases in-
clude Rho and Cdc42. In certain cell types, these three GT-
Pases function in series to promote actin cytoskeleton rear-
rangement (28). Moreover, signaling pathways controlled by
Rho and Cdc42 lead to NF-kB activation (35) and contribute
to the transforming activity of Ras (24, 36, 37). Therefore, we
tested the involvement of Cdc42 and Rho in Ras-mediated
apoptosis. Expression of either activated Cdc42 (Cdc42V12) or
activated RhoA (RhoV14) protected against Ras-induced ap-
optosis, with RhoV14 being consistently more effective (Fig.
5B). We next examined the effects of expressing dominant
interfering mutants of Cdc42 (Cdc42N17) and RhoA (RhoN19)
on Ras-mediated apoptosis. Whereas RhoN19 potentiated the
apoptotic response induced by Ras, albeit to a lesser extent
than RacN17, expression of Cdc42N17 was without an effect.
These observations suggest that Rho is a crucial downstream
component in the Ras-dependent signaling cascade that pro-
motes cell survival.

Activation of JNK and ERK MAP kinase cascades is re-
quired for Ras-induced apoptosis. To identify the signaling
events which mediate the proapoptotic effects of Ras, we used
effector binding loop mutants of Ras which are selectively
defective in the activation of specific effector pathways. The
HRasV12,S35 mutant cannot activate the Rac pathway but
retains the ability to stimulate the ERK MAP kinase pathways.
On the other hand, the HRasV12,C40 mutant is defective for
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ERK MAP kinase activation but is an effective activator of the
Rac cascade (18). Both mutants maintained the ability to in-
duce apoptosis under conditions of high-intensity signaling
(Fig. 6A), indicating that activation of the MAP kinase cascade
is not sufficient for the induction of apoptosis. Consistent with
this interpretation, overexpression of a membrane targeted
form of the Raf kinase Raf-CAAX had no effect on cell via-
bility. To determine if activation of ERK MAP kinase is nec-
essary for Ras-mediated apoptosis, we used the dual-specificity
MAP kinase phosphatase MKP-3 (14, 33). When coexpressed
with HRasV12, MKP-3 blocked the activation of ERK MAP
kinase but had no effect on Ras-dependent activation of JNK
(Fig. 6B). The Ras-induced apoptotic response was signifi-
cantly inhibited by MKP-3 expression, indicating that ERK
activation is an important component of the Ras-dependent
proapoptotic pathway.

Since HRasV12 and the effector binding loop mutants
HRasV12,S35 and HRasV12,C40 all activate the JNK MAP
kinase cascade (23), we next examined the contribution of INK
activation to the proapoptotic effect of Ras. Expression of the
Jun kinase kinase MKK7 (9) resulted in a robust stimulation of
JNK (Fig. 6C) but had no effect on cell viability. On the other
hand, expression of a dominant interfering mutant of JNK
blocked the apoptotic response induced by Ras, suggesting that
the proapoptotic Ras-mediated signals require Jun kinase ac-
tivation (Fig. 6A). Together, these results suggest that the
capacity of Ras to trigger apoptosis is dependent on its ability
to activate both the ERK and Jun MAP kinase cascades. This
conclusion is further supported by the observations that inac-
tivation of both ERK and JNK by the expression the dual-
specificity phosphatase MKP-1 (16) abolished the apoptotic
effect of Ras (Fig. 6A and B). It should be pointed out that the
simultaneous activation of ERK and JNK MAP kinase cas-
cades is not sufficient to promote apoptosis, as indicated by our
observation that coexpression of the Raf-CAAX and MKK?7
did not elicit apoptosis (not shown). Thus, the Ras-dependent
proapoptotic signal is likely to be mediated by additional ef-
fector pathway(s). Although the identity of these pathways
remains to be determined, they appear to be uniquely con-
trolled by Ras because Rho GTPases which feed into the Ras
signaling cascade failed to induce apoptosis in our experimen-
tal system even under conditions where activation of NF-«B
was blocked (not shown).

DISCUSSION

The decision of cells to undergo cell cycle arrest or apoptosis
in response to oncogenic signals is thought to represent a
safeguard mechanism to limit uncontrolled cell proliferation
associated with tumorigenesis. Consistent with this idea, we
have demonstrated that strong constitutive stimulation of the
Ras pathway can induce apoptosis in fibroblasts. From a func-
tional standpoint, this response might be analogous to the
permanent cell cycle arrest induced by the expression of on-
cogenic Ras in primary fibroblasts (43). From a mechanistic
standpoint, however, Ras-mediated cell cycle arrest appears to
differ from Ras-induced cell death in that the former is p53
dependent whereas the latter is not. It is not clear what deter-
mines whether a cell will die or arrest in response to persistent
Ras activity. Presumably, the apoptotic response would be
triggered if a cell fails to engage cell cycle checkpoints. Indeed,
the long interval between Ras expression and the induction of
apoptosis (16 h) might reflect impairment in late G, check-
points. It is also possible that apoptosis occurs as a result of
sustained induction of Ras-dependent signals at an inappro-
priate time during the cell cycle. The latter scenario would be
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FIG. 6. ERK and JNK MAP kinase cascades are both required for Ras-induced apoptosis. (A) REF-52 cells were microinjected with an expression plasmid for
HRasV12, HRasV12,535, or HRasV12,C40 (20 ng/pl), Raf-CAAX (50 ng/pl), or MKK7 (50 ng/ul). Each Ras mutant was also coinjected with phosphatases specific
for MAP kinase family members: MKP-1, MKP-3, or a kinase-defective mutant of JNK1 (50 ng/pl). Twenty-four hours after injection, cells were stained with annexin
V and the number of apoptotic cells was determined as described in the legend to Fig. 1C. Results are the means of three independent experiments in which at least
100 cells were scored for each condition. Error bars represent standard deviations. (B) Effects of MKP-1 and MKP-3 on Ras-induced JNK and ERK kinase activity.
COS-1 cells were transfected with 1 g of expression vector for HRasV12 and either 10 pg of FLAG epitope-tagged INK1 or 1 ug HA epitope-tagged ERK2 with either
1 or 5 pg of MKP-1 or MKP-3. Kinase activity was determined by immune complex kinase assay using MBP and c-Jun as substrates. (C) MKK7 is a potent activator
of JNK. COS-1 cells were transfected with 10 wg of FLAG-tagged JNK1 and 10 pg of RacV12 or 5 wg of MKK7.

favored under the experimental conditions used in this study
because we used a synchronized cell population in which Ras
expression was acutely triggered.

We reasoned that the apoptotic response induced by high
intensity of Ras signaling is due to a perturbance in the balance
between the activation of pro- and antiapoptotic signals and
therefore exploited this response to investigate the identity of
these signals. The proapoptotic effects of Ras have been shown
to be mediated, at least in some cases, by the ERK MAP kinase

cascade (12, 13, 22). Our findings indicate that activation of the
ERK MAP kinase cascade is not sufficient to induce apoptosis.
Rather, the concerted activation of the ERK and the JNK
MAP kinase cascades is necessary to elicit the apoptotic re-
sponse. JNK activation has been implicated in the induction of
apoptosis in some circumstances (54). Significantly, the activa-
tion of JNK by Ras is relatively poor but becomes pronounced
at high levels of Ras expression (5, 26). This may account in
part for the dose-dependent relationship between the intensity
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of Ras signaling and the extent of the apoptotic response. Since
constitutive activation of the ERK and JNK MAP kinase cas-
cades failed to induce apoptotic response, we conclude that
there are additional Ras-dependent effector mechanisms that
contribute to the apoptotic response.

PI 3-kinase has been shown to regulate signaling events that
promote cell survival (for reviews, see references 8 and 10).
Rac and PKB/Akt are independent downstream targets of PI
3-kinase, each controlling a distinct effector pathway (48, 50).
Although several studies have implicated PKB/Akt as the
downstream component of survival signaling through PI 3-ki-
nase (30), our results clearly show that PKB/Akt activation is
not sufficient to protect against Ras-induced apoptosis. Rather,
we have found that Rac-mediated signals are both necessary
and sufficient to suppress the apoptotic effect of Ras. More-
over, our observations suggest a role for Rac in the antiapop-
totic function of certain serum growth factors at least under
conditions where receptor levels are amplified.

The mechanism by which Rac protects fibroblasts from Ras-
induced apoptosis is unclear. It has been shown recently that
Rac proteins can induce the transcriptional activity of NF-«kB
through mechanisms that involve phosphorylation of IkBa
(35) and the Rac target POSH (45). The role of NF-«kB in
apoptosis is complex and appears to vary depending on the cell
type and the signaling system (2). However, in the context of
Ras signaling, NF-«kB function is required to protect against
the apoptotic effects of oncogenic Ras (29). Thus, it is possible
that the antiapoptotic effects of Rac are mediated by NF-«B
activation. This hypothesis is supported by the observation that
a Rac mutant which is unable to activate NF-«B is defective in
suppressing Ras-induced apoptosis. Additionally, all Rho GT-
Pases can activate NF-«kB (35), which could explain their com-
mon ability to display antiapoptotic function despite having
different signaling activities.

Since the antiapoptotic effects of Rac are dependent on the
insert region, it is likely that effector function(s) controlled by
this region is necessary for the regulation of cell survival. The
insert region of Rac has been shown to regulate the Rac-
dependent activation of NADPH oxidase in phagocytic cells
(11). Recently we have shown that Rac-induced superoxide
production in fibroblasts is also dependent on the insert region
(20). Significantly, an increase in the intracellular levels of
reactive oxygen species leads to NF-kB activation (32, 41, 42),
and the generation of reactive oxygen species is necessary for
Rac-dependent stimulation of NF-kB transcriptional activity
(44). Taken together, these results suggest that the antiapop-
totic component of Ras function might be mediated by an
effector pathway in which Rac-regulated production of reactive
oxygen species leads to the activation of NF-kB. However,
since Rho and Cdc42 can activate NF-«kB in the absence of
superoxide production, it is conceivable that additional mech-
anisms contribute to the control NF-kB activation.

The function of Rac protein is critical for Ras-dependent
cell proliferation and oncogenic transformation (18, 36). The
capacity of Rac to regulate signals that are required for pro-
tection against Ras-induced apoptosis provides a potential
mechanism by which Rac could contribute to the mitogenic
potential of Ras. Our results suggest that Ras transmits two
classes of signals, one eliciting apoptosis and another, depen-
dent on Rac, that protects against apoptosis presumably by
superoxide-mediated induction of gene expression. Since Ras
signaling is frequently amplified in a variety of human cancers,
Rac-mediated superoxide generation might have a therapeu-
tical significance for the development of effective treatments
against cancer.
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