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Cellular N-Ras provides a steady-state antiapoptotic signal, at least partially through the regulation of
phosphorylated Akt and Bad levels. Fibroblasts lacking c-N-Ras expression are highly sensitive to the induc-
tion of apoptosis by a variety of agents. Reduction of pBad and pAkt levels using a phosphatidylinositol
3-kinase inhibitor was not sufficient to sensitize the control cell population to the high level of apoptosis
observed in the N-Ras knockout cell lines, suggesting that c-N-Ras provides at least one other antiapoptotic
signal. Stimulation of the control cells with apoptotic agents results in a transient increase in Jun N-terminal
protein kinase (JNK)/p38 activity that decreased to baseline levels during the time course of the experiments.
In all cases, however, sustained JNK/p38 activity was observed in cells lacking c-N-Ras expression. This
correlated with sustained levels of phosphorylated MKK4 and MKK3/6, upstream activators of JNK and p38,
respectively. Mimicking the sustained activation of JNK in the control cells did result in increasing their
sensitivity to apoptotic agents, suggesting that prolonged JNK activity is a proapoptotic event. We also
examined the potential downstream c-N-Ras targets that might be involved in regulating the duration of the
JNK/p38 signal. Only the RalGDS 37G-N-Ras protein protected the N-Ras knockout cells from apoptosis and
restored transient rather than sustained JNK activation. These data suggest that cellular N-Ras provides an
antiapoptotic signal through at least two distinct mechanisms, one which regulates steady-state pBad and pAkt
levels and one which regulates the duration of JNK/p38 activity following an apoptotic challenge.

The immediate family of Ras proteins consists of four iso-
forms: Harvey (Ha), N, and two splice variants of the Kirsten
(K) gene, K(A) and K(B). These proteins are highly homolo-
gous within the N-terminal 165 amino acids (85, 106). The Ras
proteins have no sequence similarity in their C-terminal hyper-
variable regions, comprising residues 166 to 185 or 186 (3, 10,
69, 106). Ras proteins function as molecular switches cycling
between an inactive GDP-bound state and an active GTP-
bound state (10, 69, 106). Two regions of sequence identity
include the switch 1 (amino acids 32 to 40) and switch 2 (amino
acids 60 to 72) regions (68, 128). The switch 1 and switch 2
regions undergo a large conformational change when Ras
binds GTP, forming the effector-binding domain (68, 69, 128).
It is through this effector-binding domain that Ras-GTP inter-
acts with downstream targets.

Ras-GTP transmits its signal through interactions with a
large number of target proteins. These include the Raf kinases
(Raf-1, B-Raf, and A-Raf) (77, 78, 118, 120, 124, 136), phos-
phatidylinositol 3-kinase (PI3-kinase) (96, 97), and RalGDS
family members (44, 58, 109, 130). Other candidate Ras effec-
tor proteins have been identified and include AF-6, Canoe,
Rin-1, Nore-1, PKC�, and phospholipase Cε (PLCε) (10, 18,
54, 69, 106).

Studies using recombinant proteins suggested that all the
Ras isoforms are capable of binding the same effectors with
similar affinities (41). Mounting evidence, however, suggests

that this is not the case in whole cells (37, 69, 129, 133). One
study reported that oncogenic K-Ras more potently activated
Raf-1 than G12V-Ha-Ras in transfected COS cells (133). Our
laboratory has demonstrated that Raf-1 preferentially binds to
c-N-Ras in G12V-Ha-Ras-transformed C3H10T1/2 fibroblasts
(37). We have also observed that c-N-Ras promotes cell sur-
vival through an Akt-dependent pathway whereas neither c-
K(A)-Ras nor c-K(B)-Ras could substitute for this function
(129).

Through interactions with downstream effectors, Ras pro-
teins perform functional roles in a large number of biological
processes including cell proliferation, transformation, cell cycle
progression, migration, differentiation, immune responses, apo-
ptosis, and cell survival (10, 26, 28, 69, 129). Because Ras is
positioned as a central molecular switch in the coordinated
regulation of multiple biological outcomes, it must interact
with a variety of downstream targets to exert its effects through
cellular signaling pathways that ultimately influence the cell
fate. In fact, the use of selective effector-binding mutant Ras
proteins demonstrated that Ras must interact with multiple
downstream targets to generate a transformed phenotype
(129).

The role of Ras and Ras-dependent signaling pathways in
apoptosis and cell survival is the subject of intense investiga-
tion. Many of these studies have used ectopic expression of
oncogenic Ras to examine whether Ras promotes or inhibits
apoptosis. A few studies have reported that oncogenic Ras acts
to induce apoptosis (12, 66, 67, 81, 83, 116). In contrast, a
growing body of evidence suggests that oncogenic Ras prevents
apoptosis and promotes cell survival (70, 89, 91, 93, 98, 103,
112). The actual outcome of oncogenic Ras signaling in pro-
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moting or inhibiting apoptosis may be influenced by the level
of Ras expression, the specific cell system, and/or the presence
or absence of survival or other factors (28).

The effects of Ras on cell survival and apoptosis may be
mediated by signaling through different pathways. Signaling
through Raf-1/MEK/ERK is proapoptotic in some circum-
stances (32, 51). However, it has also been reported that the
Ras/Raf/MEK/ERK pathway also functions in preventing apo-
ptosis (6, 31, 53, 76, 105). Recent reports suggest that addi-
tional functions of Raf-1, independent of MEK and ERK ac-
tivities, are involved in counteracting the induction of
apoptosis (47, 73).

A large body of evidence supports a survival function for Ras
by its signaling through the PI3-kinase/Akt pathway (86, 99,
129). Akt is thought to promote cell survival, in part, through
phosphorylation and inactivation of proapoptotic Bad and
caspase-9 (19, 28, 56). It has been reported that in some cir-
cumstances, promotion of cell survival by Ras proceeds
through both the Raf-1/MEK/ERK and PI3-kinase pathways
(42, 132). A recent report also indicates that oncogenic Ras
inhibits anoikis-induced cell death through stabilization of
BclxL expression and that this effect was independent of either
ERK or PI3-kinase (98). This suggests that, as with transfor-
mation (125), Ras may mediate cell survival through multiple
pathways.

In an effort to dissect distinct Ras isoform-specific functions,
we have previously demonstrated that c-N-Ras promotes cell
survival through an Akt-dependent pathway. In contrast to
control cells (N�/�), N-Ras knockout fibroblasts (N�/�) pos-
sess low levels of steady-state phosphorylated Bad and are
highly sensitive to the induction of apoptosis. Ectopic expres-
sion of c-N-Ras in the N-Ras knockout cells restores pBad
levels to those observed in control cells and rescues the apop-
totically sensitive phenotype (129). Ectopic expression of ei-
ther c-K(A)- or c-K(B)-Ras could not reverse the heightened
apoptotic sensitivity of the parental N-Ras knockout cells. Ex-
periments with inhibitors of PI3-kinase, which also inhibit Akt
signaling, suggested that c-N-Ras performs additional, Akt-
independent functions that promote cell survival.

The present study is aimed at elucidating other mechanisms
by which c-N-Ras promotes cell survival. Using wild-type and
selective effector-binding domain mutants of N-Ras, we have
found that c-N-Ras provides protection from apoptosis by at-
tenuation of Jun N-terminal protein kinase (JNK) activity. This
survival function operates independently of signaling through
either Raf-1/MEK/ERK or PI3-kinase (p110� or p110�).

MATERIALS AND METHODS

Antibodies and reagents. Phosphospecific Bad polyclonal (Ser136), phos-
phospecific Akt rabbit polyclonal (Ser473), phospho-p38 polyclonal, p38 poly-
clonal (for Western blots), phospho-MKK4 polyclonal, phospho-MKK3/6 poly-
clonal, and MKK3 polyclonal antibodies were from Cell Signaling Technology
(Beverly, Mass.). Phosphospecific c-Jun (Ser73) polyclonal antibody, glutathione
S-transferase (GST)-tagged ATF2, full-length inactive His6-tagged JNK1�1, and
full-length inactive GST-tagged p38� were from Upstate Biotechnology, Inc.
(Lake Placid, N.Y.). Phosphospecific c-Jun (Ser63) monoclonal, c-Jun monoclo-
nal, phospho-JNK monoclonal, phospho-Erk monoclonal, N-Ras monoclonal,
Erk1 polyclonal, Erk2 polyclonal, MKK4 polyclonal (MEK-4), and JNK1 poly-
clonal antibodies were from Santa Cruz Biotechnology, Inc. (Santa Cruz, Calif.).
Hamster anti-mouse Fas receptor antibody (clone Jo2) was from BD Pharmin-
gen (San Diego, Calif.). Anti-rabbit secondary antibody conjugated to horserad-
ish peroxidase (HRP) was from BD Transduction Laboratories (Lexington, Ky.).

Anti-mouse antibody conjugated to HRP was from Kirkegaard & Perry Labo-
ratories (Gaithersburg, Md.). Protein G and �-estradiol were from Sigma-Al-
drich Chemical Co (St. Louis, Mo.). Nonimmune rabbit immunoglobulin G
(IgG) was from Pierce Chemical Co. (Rockford, Ill.), and nonimmune rabbit
serum was from Biodesign International (Saco, Maine). Anti-p38 rabbit serum
(for immunoprecipitation) was a generous gift from Andrew C. Larner (Cleve-
land Clinic Foundation, Lerner Research Institute). The Akt kinase assay kit was
from Cell Signaling Technology.

Cell culture. N-Ras knockout (N�/�) and control N�/� mouse embryo fibro-
blasts were a generous gift from R. Kucherlapati (Albert Einstein College of
Medicine) (117). The fibroblasts were immortalized as previously described
(129). To avoid any cell-specific changes arising from immortalization, multiple
independently isolated cell lines were used throughout these studies. Indepen-
dently derived N-Ras knockout cell lines are designated N�/�(#), where the
number indicates a different cell line. N�/� control cell lines are also designated
with numbers to indicate independently immortalized cell lines [e.g., N�/�(1)].
Cells were grown in complete medium consisting of Dulbecco’s modified Eagle’s
medium (DMEM) containing 12% fetal bovine serum (Atlanta Biologicals,
Norcross, Ga.), 1� antibiotic/antimycotic, and 1� nonessential amino acids (Life
Technologies, Inc.-Invitrogen, Rockville, Md.). Cells stably expressing an estro-
gen-responsive MEKK3 construct (MEKK3:ER) were grown in phenol red-free
DMEM (Life Technologies, Inc.-Invitrogen) containing sodium bicarbonate, 1
mM sodium pyruvate (Sigma), 1� antibiotic/antimycotic, 1� nonessential amino
acids, 10% charcoal-stripped fetal bovine serum (Atlanta Biologicals), and 100
�g of G418 per ml. The cells were kept in complete medium for all experiments
unless otherwise stated. Serum starvation was performed by rinsing cells with
phosphate-buffered saline (PBS) (20 mM Na2HPO4, 120 mM NaCl [pH 7.4]) and
incubating them in DMEM containing nonessential amino acids and antibiotic/
antimycotic solution.

Pharmacological treatments. Recombinant murine tumor necrosis factor al-
pha (TNF-�) (Calbiochem-Novabiochem Corp., La Jolla, Calif.) was dissolved in
0.2-�m-pore-size filtered PBS containing 0.1% bovine serum albumin (Sigma-
Aldrich) and stored in aliquots at �80°C. The Fas receptor was activated by
incubation of cells for the indicated times in complete medium containing 1 �g
of anti-Fas receptor antibody (clone Jo2, form NA/LE; BD Pharmingen) per ml
and 0.5 �g of protein G (Sigma-Aldrich) per ml. LY294002 was from Calbio-
chem-Novabiochem and was used at a final concentration of 20 �M.

Cloning and transfections. c-N-Ras/pIBW3 containing the c-N-Ras gene un-
der the control of the thymidine kinase promoter was a generous gift from Angel
Pellicer (New York University). N-Ras knockout cells ectopically expressing
c-N-Ras at control N�/� cell levels were prepared as described previously and
maintained in complete medium containing 200 �g of G418 per ml (129). N-Ras
knockout cells ectopically expressing c-K(A)-Ras or c-K(B)-Ras were generated
by transfection of these constructs in a pTargeT vector containing a cytomega-
lovirus promoter (Promega, Madison, Wis.) and maintenance of stable clones in
200 �g of G418 per ml (129).

The MEKK3:ER/pcDNA3 construct was a generous gift from Ulrich Sieben-
list (National Institutes of Health). N-Ras knockout and control N�/� cells were
transfected with 200 ng of MEKK3:ER/pcDNA3 using Lipofectamine-Plus (In-
vitrogen/Life Technologies), and stable clones were selected in 450 �g of G418
per ml. Positive clones were detected by immunoblotting with an anti-estrogen
receptor (ER) antibody (data not shown). Stable clones were maintained in
phenol red-free DMEM as described above.

(i) Generation of N-Ras(61K) effector domain mutant constructs. We intro-
duced missense mutations into the appropriate regions of cDNA to generate the
35S, 37G, and 40C N-Ras effector domain mutants. cDNA sequences encoding
the effector domain mutants were generated with the QuikChange site-directed
mutagenesis kit (Stratagene) and the cDNA sequence for N-Ras(61K) in the
pBluescript II KS(�)-N-ras(61K) plasmid as a template for mutagenesis. The
mutations at position 35, 37, and 40 were created by changing a threonine to
serine, a glutamic acid to glycine, and a tyrosine to cysteine at these amino acid
locations, respectively. The pBluescript II KS(�)-N-ras(61K) template was con-
structed by inserting the cDNA encoding N-Ras(61K) into the BamHI site of
pBluescript II KS(�) (Stratagene). The N-ras(61K) cDNA was obtained by
digesting the previously generated and characterized pCMVneo-N-ras(61K) with
BamHI (92). After mutagenesis, all constructs were confirmed by sequencing.
The BamHI fragment from each effector domain mutant was inserted into the
BamHI site of the pZIP-NeoSV(x)1 retrovirus mammalian expression vector
(11a). The orientation was verified by sequencing.

(ii) Establishment of N-Ras knockout fibroblasts expressing effector domain
mutants in N-Ras knockout cells. N-Ras knockout cells were transfected as
described above with 300 ng of each of the N-Ras effector domain mutant
constructs, and stable clones were selected in 450 �g of G418 per ml. Individual

1590 WOLFMAN ET AL. MOL. CELL. BIOL.



clones were maintained in DMEM containing 12% fetal bovine serum, 1�
antibiotic/antimycotic, and 200 �g of G418 per ml. Levels of expression were
confirmed by Western analysis (see Fig. 6).

(iii) Establishment and characterization of NIH 3T3 cells expressing N-Ras
effector domain mutants. To establish NIH 3T3 cells stably expressing the
N-Ras(61K) effector domain mutants, cultures of NIH 3T3 cells were transfected
with the empty pZIP-NeoSV(x)1 vector or pZIP-NeoSV(x)1 vector containing
cDNA sequences encoding N-Ras(61K) and the 35S, 37G, and 40C N-Ras(61K)
effector domain mutants. The NIH 3T3 cells were transfected by calcium phos-
phate precipitation as described previously (16) and selected for 14 days in
DMEM supplemented with 10% calf serum and 400 �g of Geneticin (G418;
Invitrogen/Life Technologies) per ml. Multiple drug-resistant colonies were
pooled to establish mass populations.

Preparation of cell lysates. All lysis buffers contained the phosphatase inhib-
itors 30 mM �-glycerophosphate, 5 mM p-nitrophenyl phosphate, 1 mM each
phosphoserine and phosphothreonine, 0.2 mM phosphotyrosine, and 100 �M
sodium orthovanadate and the protease inhibitors 25 �g each of aprotinin,
leupeptin, and pepstatin A per ml and 1 mM phenylmethylsulfonyl fluoride. For
Western analyses or immunoprecipitations, the cells were harvested by being
scraped into PBS. The pelleted cells were resuspended in p21 buffer (20 mM
MOPS (3-[N-morpholino]propanesulfonic acid), 5 mM MgCl2, 0.1 mM EDTA,
200 mM sucrose [pH 7.4]) containing 1% CHAPS (3-[(3-cholamidopropyl)dim-
ethylammonio]-1-propanesulfonate; U.S. Biochemical Corp.). The cells were
lysed for 20 min on ice and centrifuged at 13,000 � g for 10 min, and the
supernatant was retained for further experiments. The protein concentration was
determined by the method of Bradford (7). For Western analysis of phospho-
Bad, cells were harvested and combined with their medium and centrifuged at
1,000 � g for 10 min. The cells were washed once in TBS (Tris-buffered saline;
20 mM Tris, 140 mM NaCl[pH 7.4]) and solubilized in TBS containing 1% NP-40
NP-40 (Igepal; Sigma) and phosphatase and protease inhibitors as described
above. After 20 min on ice, the lysate was centrifuged at 13,000 � g, and the
supernatant was retained for protein measurements and Western analysis.

Western analysis. Lysates containing equal amounts of protein were loaded
onto sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gels, and following electrophoresis the gel was transferred to a polyvinylidene
difluoride membrane (PVDF) (Hybond P; Amersham/Pharmacia Biotech.).
Blocking was performed for 45 min using Blocker Casein in PBS (Pierce Chem-
ical Co.) containing 5% newborn calf serum (Life Technologies, Inc.-Invitrogen).
The blots were incubated with primary antibodies for 2 to 3 h at room temper-
ature or overnight at 4°C. Following washing in TBS–0.1% Tween, the blots were
incubated with secondary antibodies (1:1,000) for 1 h at room temperature. After
being washed, the blots were developed, as indicated, by enhanced chemilumi-
nescence (ECL) or ECL-Plus (Amersham-Pharmacia Biotech.) and exposure to
film (Hyperfilm ECL; Amersham-Pharmacia Biotech.). The immunoblots were
quantitated using a Microtek scanner and NIH Image 1.60b7. The bands were
quantitated by normalization with respect to untreated controls.

Immunoprecipitations. JNK was immunoprecipitated from 50 �g of whole-
cell lysate by using 1.5 �g of anti-JNK1 polyclonal antibody (Santa Cruz Bio-
technology; sc-571) for 1.5 h at 4°C followed by the addition of protein A-
Sepharose (Repligen) for 1 h at 4°C. The immunoprecipitates were washed three
times with p21 buffer containing 1% CHAPS and then once with p21 buffer prior
to the kinase assay. p38 was immunoprecipitated using 3 �l of anti-p38 polyclonal
antiserum by the same method as that used for immunoprecipitation of JNK.

Kinase Assays. (i) JNK/p38 assays. Immunoprecipitates of JNK or p38 were
incubated for 20 min at 37°C in kinase buffer consisting of p21 buffer containing
protease and phosphatase inhibitors, 10 �M ATP, 5 �g of GST-ATF2 per
reaction, and 25 �Ci of [�-32P]ATP (6,000 Ci/mmol; New England Nuclear) per
reaction. The reactions were terminated by centrifugation at 13,000 � g at 4°C
and removal of the supernatant solution. The pellets were washed with p21
buffer, the supernatant solutions were combined, and 5� Laemmli sample buffer
was added. The supernatant solutions were loaded onto SDS–12% polyacryl-
amide gels, and following electrophoresis the gel was transferred to PVDF.
Signals were detected using a Molecular Dynamics PhosphorImager.

(ii) Upstream activator double kinase assays. A 2-�g portion of inactive
His6-tagged JNK1�1 was incubated with 12 �g of untreated or treated cell lysate
for 20 min at 30°C in the presence of 50 �M unlabeled ATP, and the His6-tagged
JNK was isolated using nickel resin (ProBond; Invitrogen). The isolated JNK was
washed with p21 buffer and incubated in kinase buffer with 5 �g of GST-ATF2
at 37°C for 20 min. The supernatant solution was removed, the pellets were
washed, and the supernatant solutions were combined, electrophoresed, and
transferred as described above. A similar method was used to examine the
activation of p38, except that the GST-p38 was isolated after the first kinase
reaction with lysate by using glutathione-agarose (Sigma-Aldrich). The second

kinase reaction to measure the activity of the isolated GST-p38 was performed
as described above using 5 �g of GST-ATF2 (per reaction) as the substrate.

(iii) Akt assays. Akt assays were performed using an Akt kinase assay kit (Cell
Signaling Technology). A 20-�l volume of the anti-Akt slurry was used to im-
munoprecipitate Akt from 500 �g of cell lysate prepared in the lysis buffer
provided in the kit. After being washed, the immunoprecipitates were used in a
kinase assay containing ATP and 2 �g (rather than the 1 �g suggested by the
manufacturer) of GSK-3� fusion protein substrate per reaction. The reaction
mixtures were incubated for 30 min at 30°C, and the reactions were terminated
by the addition of sample buffer. The pellets were washed once with sample
buffer, and the supernatants were combined and mixed with Laemmli sample
buffer and subjected to SDS-PAGE (12% polyacrylamide). Following transfer to
PVDF, the blots were developed with anti-phospho-GSK-3�/�. Bands were
visualized using goat anti-mouse antibody–HRP followed by donkey anti-goat
antibody–HRP and standard ECL techniques. A nonimmune control immuno-
precipitation was performed using mouse IgG and protein G-Sepharose.

Kinase assay products were quantitated using a Microtek scanner and NIH
Image 1.60b7. Bands were quantitated by normalization with respect to un-
treated controls.

Apoptosis assay. Untreated or treated cells in 12-well cluster plates were
scraped in their medium and centrifuged at 500 � g for 5 min. The cell pellet was
resuspended in 200 �l of lysis buffer supplied by the manufacturer (Cell Death
Detection ELISA Plus kit; Roche Molecular Biochemicals). Then 20-�l aliquots
were used in the analysis that measures the appearance and relative amounts of
cytoplasmic histone-associated DNA fragments (mono- and oligonucleosomes),
with detection by a microtiter plate reader at 405 nm, as specified by the man-
ufacturer. Incubation was performed overnight at 4°C instead of the 2 to 3 h at
room temperature as suggested by the manufacturer. The reading from the
negative control (buffer only) supplied by the manufacturer was subtracted from
all sample values. All experiments were performed in triplicate, and error bars
indicate the sample standard deviation of the mean (	n � 1).

RESULTS

Endogenous c-N-Ras provides more than one survival sig-
nal. Akt plays a role in cell survival in response to cellular
stress and certain apoptotic stimuli (20, 28, 57, 99, 100). We
have previously demonstrated that c-N-Ras possesses a steady-
state survival function that is dependent on Akt activity. N-Ras
knockout fibroblasts express barely detectable levels of phos-
phorylated Bad (pBad) and are highly sensitive to the induc-
tion of apoptosis by a variety of treatments (129). Ectopic
expression of c-N-Ras in the N-Ras knockout fibroblasts, at
levels similar to those observed for endogenous c-N-Ras in
control N�/� cells (hereafter referred to as c-N-Ras reconsti-
tuted cells), restores pBad levels to near-control levels and
partially relieves their apoptotic sensitivity. These data
prompted us to ask whether this was the only function of
c-N-Ras in promoting cell survival. We would predict that
control cells might become as susceptible to the induction of
apoptosis as the N-Ras knockout cells if signaling through Akt
was diminished through the use of PI3-kinase inhibitors. Treat-
ment of N�/� cells with 20 �M LY294002, a PI3-kinase inhib-
itor, was sufficient to decrease the steady-state levels of pBad-
Ser136 compared to that in untreated control cells (Fig. 1A,
upper panel). Similar to pBad, the level of Ser473 phosphory-
lated Akt (pAkt) was also significantly decreased in the
LY294002-treated control N�/� cells. This level of pAkt is
similar to that observed in untreated N-Ras knockout cells
(Fig. 1A, lower panel). The total abundances of both Bad and
Akt are unchanged between untreated and treated N-Ras
knockout or control cells (reference 129 and data not shown).
Pretreatment of control N�/� cells with LY294002 did not,
however, result in increased levels of apoptosis in response to
TNF-� and cycloheximide (Fig. 1B). We have found little
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(
5%) difference in the apoptosis measurements over the 4-h
treatment period between untreated and cycloheximide-only-
treated cells (reference 129 and data not shown). The N-Ras
knockout cells underwent a five- to sixfold increase in apopto-
sis after 4 h of treatment with TNF-� plus cycloheximide. Since
the N-Ras knockout cells possess very low levels of pBad even
at steady state, treatment with LY294002 does not cause a
further increase in their level of apoptosis in response to
TNF-� and cycloheximide. These data suggested that c-N-Ras
may be providing more than one survival signal and that one of
its survival functions is Akt independent.

c-N-Ras decreases the magnitude and duration of JNK ac-
tivation. JNK activation occurs in response to a variety of
cellular stresses as well as certain growth factor and cytokine
stimulation (14, 21, 43, 63, 74, 131). In some systems the acti-
vation of JNK may play a role in promoting apoptosis (25, 40,
55, 64, 84, 87, 114, 134). We investigated the kinetics of JNK
activation in the N-Ras knockout and control cells in response
to apoptotic agonists (Fig. 2A). N-Ras knockout fibroblasts,

control N�/� cells, and c-N-Ras reconstituted cells [N�/�(2)/
wtN3] were untreated or treated for various times with 1 ng of
TNF-� per ml in the presence of cycloheximide. All of the cell
lines expressed minimal levels of phosphorylated JNK (pJNK)
at steady state (t � 0). The level of pJNK in the N-Ras knock-
out cells increased by 15 min, peaked at 1 h, and remained
elevated by 5 h after treatment with TNF-� plus cycloheximide.
Treatment of N-Ras knockout cells with low doses of TNF-� in
the presence of cycloheximide for 4 to 5 h is sufficient to cause
approximately 50% cell death by apoptosis (129). The level of
pJNK in control N�/� cells was moderately increased, peaking
at 1 h (Fig. 6B and data not shown) and then declining to basal
levels by 3 to 5 h after treatment with TNF-� plus cyclohexi-
mide. c-N-Ras reconstituted knockout cells, which express c-N-
Ras at control cell levels, possessed levels of pJNK that ap-
proximated those seen in control cells, although they were not
completely down to basal levels by 5 h after treatment with
TNF-� plus cycloheximide. This may correlate with their abil-
ity to only partially rescue the heightened apoptotic sensitivity
of the parental knockout cells in response to TNF-� plus cy-
cloheximide (129). The differences observed in pJNK are not a
result of changes in the total abundance of JNK1 protein. All
of the cell lines possessed similar levels of total JNK1 in the
absence or presence of TNF-� plus cycloheximide (Fig. 2B).
Similar results have been observed using other independently
derived N-Ras knockout and control cell lines as well as other
clones of c-N-Ras reconstituted cell lines (data not shown).

Analysis of JNK activity demonstrated a similar pattern to
that observed with phosphorylation of JNK (Fig. 2C). N-Ras

FIG. 1. c-N-Ras promotes cell survival by a PI3-kinase-indepen-
dent mechanism. (A) (Upper panel) N�/� control cells were left un-
treated or treated with 20 �M LY294002 for 24 or 48 h. At the
indicated times, lysates were prepared as described in the text and their
protein concentrations were determined. A 150-�g portion of lysate
was loaded in each lane of an SDS–13% polyacrylamide gel, electro-
phoresed, and transferred to PVDF as described in Materials and
Methods. The blot was incubated with anti-phospho-Bad (Ser136) poly-
clonal antibody at a 1:250 dilution overnight at 4°C followed by anti-
rabbit–HRP secondary antibody. Detection was performed using ECL-
Plus. The results are representative of three separate experiments.
(Lower panel) Control N�/�(1) cells were left untreated or treated for
24 h with LY294002, and lysates were prepared. N-Ras knockout cells
were left untreated and lysates were prepared as described in the text.
A 100-�g portion of each lysate was loaded in each lane of an SDS–
10% polyacrylamide gel, electrophoresed, and transferred to PVDF as
described in the text. The blot was developed with anti-phospho-Akt
(Ser473) primary antibody followed by anti-rabbit–HRP secondary an-
tibody. Detection was performed by standard ECL techniques. The
results are representative of two separate experiments. (B) N-Ras
knockout and control N�/� cells in 12-well cluster plates were left
untreated or pretreated for 24 h with 20 �M LY294002. Untreated or
LY294002-pretreated cells were left untreated or treated for 4 h with
either 1 ng of recombinant murine TNF-� per ml in the presence of 2
�g of cycloheximide (cyclo) per ml or 2 �g of cycloheximide per ml.
alone. The cells were scraped in their medium and centrifuged, and the
cell pellet was resuspended in 200 �l of lysis buffer provided in the Cell
Death Detection ELISA Plus kit (Roche Molecular Biochemicals).
The Cell Death assay was performed as described in Materials and
Methods. The data are plotted as the fold increase in apoptosis com-
pared to that of cycloheximide-treated samples. The assay was per-
formed in triplicate and is representative of three independent exper-
iments.
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knockout, control N�/� cells, and two different clones of c-N-
Ras reconstituted cells were left untreated or treated with 1 ng
of TNF-� per ml in the presence of cycloheximide. At the
indicated times, all of the cells were harvested and JNK1 was
immunoprecipitated from the lysates for measurement of its in

vitro kinase activity. JNK activity in the N-Ras knockout cells
increased approximately 14-fold and remained elevated as
these cells underwent apoptosis (Fig. 2C). Control N�/� cells
exhibited a 4.5-fold increase in JNK activity that was transient
in nature. The pattern of JNK activity in the c-N-Ras recon-

FIG. 2. c-N-Ras downregulates JNK activation and activity following treatment with apoptotic agonists. (A) N-Ras knockout fibroblasts, control
N�/� cells, and c-N-Ras reconstituted cells were left untreated (t � 0) or treated for various times with 1 ng of TNF-� per ml in the presence of
2 �g of cycloheximide (CHX) per ml. At the indicated times, the cells were harvested and lysates were prepared as described in the text. A 50-�g
portion of protein was loaded in each lane of an SDS–10% polyacrylamide gel. Following electrophoresis and transfer, the blot was developed with
anti-phospho-JNK (pJNK) and anti-mouse secondary antibody–HRP. Detection was performed using standard ECL techniques. The results are
representative of three different experiments. (B) N-Ras knockout, control N�/�, and c-N-Ras reconstituted cells were untreated or treated with
TNF-� and cycloheximide as described for panel A. A 50-�g portion of protein was loaded in each lane of an SDS–10% polyacrylamide gel.
Following electrophoresis and transfer, the blot was developed with anti-JNK1 rabbit polyclonal antibody and anti-rabbit secondary antibody–
HRP. Detection was performed using standard ECL techniques. The results are representative of two different experiments. (C) N-Ras knockout
cells, control N�/� cells and c-N-Ras reconstituted cells [cell lines N�/�(2)/wtN3 and N�/�(2)/wtN8] were left untreated or treated with 1 ng of
TNF-� per ml in the presence of 2 �g of cycloheximide per ml. At the indicated times, the cells were harvested and lysates prepared as described
in the text. JNK1 was immunoprecipitated from 50 �g of each lysate. The immunocomplexes were incubated for 20 min at 37°C in kinase buffer.
The supernatants, which contain the ATF2 substrate, were loaded onto SDS–12% polyacrylamide gels, electrophoresed, and transferred to PVDF.
Signals were detected using a PhosphorImager. A nonimmune (NI) control was performed using an equal amount (1.5 �g) of purified rabbit (Rb)
IgG and the 1-h TNF-�–plus–cycloheximide-treated N�/�(1) cell lysate. The results are representative of three separate experiments. (D) N-Ras
knockout cells, control N�/� cells, and c-N-Ras reconstituted cells [N�/�(2)wtN3] were left untreated or treated with 1 �g of activating anti-Fas
antibody per ml in the presence of 0.5 �g of protein G per ml. At the indicated times, the cells were harvested and lysates were prepared as
described in the text. A 50-�g portion of each lysate was electrophoresed on an SDS–10% polyacrylamide gel and transferred to PVDF. The blot
was developed with anti-pJNK monoclonal antibody and goat anti-mouse IgG–HRP as described for panel A. Detection was performed using
standard ECL techniques. The positive control was N-Ras knockout cells treated for 1 h with 20 �g of anisomycin (Aniso) per ml. The results are
representative of six separate experiments. (E) N-Ras knockout and control N�/� cells and c-N-Ras reconstituted cells were left untreated or
treated with anti-Fas antibody and protein G as described for panel D. At the indicated times, the cells were harvested and lysates were prepared
for immunoprecipitation of JNK as described for panel C. The immunoprecipitated JNK from each sample was used in a kinase reaction as
described for panel C, using GST-ATF2 as the substrate. Following electrophoresis and transfer to PVDF, the radioactivity incorporated into the
GST-ATF2 substrate was detected using a PhosphorImager. The nonimmune control (NI) used rabbit IgG and the N�/�(1) cells treated for 1 h,
as described for panel C. The results are representative of two separate experiments. (F) N-Ras knockout and control cells and N-Ras knockout
cells ectopically overexpressing c-K(A)-Ras (clones 4 and 8) were left untreated or treated for 1 or 4 h with TNF-� plus cycloheximide as described
for panel A. A 50-�g portion of protein was loaded in each lane of an SDS–10% polyacrylamide gel. Following electrophoresis and transfer, the blot was
developed with anti-phospho-JNK (pJNK) and anti-mouse–HRP secondary antibody. Detection was performed using standard ECL techniques.
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stituted cells more closely resembled that observed in the con-
trol N�/� cells in that it was also transiently increased. Both
reconstituted cell lines, however, exhibited a larger increase in
JNK activity and were more delayed in returning to baseline
than the control cells. As observed with the phosphorylation of
JNK, this may correlate with the ability of the ectopically
expressed c-N-Ras to only partially rescue the heightened apo-
ptotic sensitivity of the parental knockout cells in response to
TNF-� plus cycloheximide (129). Nevertheless, these data
demonstrate that in our system, a robust and sustained activa-
tion of JNK correlates with apoptosis. The data also suggest
that attenuation of the JNK response to apoptotic induction
may be another mechanism by which c-N-Ras provides a cel-
lular survival function.

We sought to determine whether the patterns of JNK phos-
phorylation and activity observed in the N-Ras knockout and
control cells were similar by using other methods of apoptotic
induction. If this were the case, it would suggest that the role
of c-N-Ras in cell survival in response to apoptotic induction is
global and is not restricted to a single type of stimulus. Fas is
another member of the TNF receptor family which can trigger
apoptosis in some cell types (1, 17, 104, 111, 123). We previ-
ously demonstrated that the N-Ras knockout fibroblasts are
more sensitive to activation of the Fas receptor than are con-
trol N�/� fibroblasts or c-N-Ras reconstituted cells (129). As
observed with TNF-� plus cycloheximide, N-Ras knockout
cells demonstrated a strong and sustained stimulation of JNK
phosphorylation in response to Fas ligation compared to un-
treated cells. Control N�/� cells did not show any significant
increases in pJNK in response to anti-Fas treatment (Fig. 2D).
This correlates with their failure to undergo apoptosis under
these conditions (129). We observed significantly less pro-
nounced activation of JNK in the c-N-Ras reconstituted cells
under these conditions (Fig. 2D). This also correlates with the
ability of ectopically expressed c-N-Ras to provide protection
from Fas-mediated apoptosis in the N-Ras knockout cells
(129). Differences in JNK phosphorylation did not arise from
different levels of total JNK protein abundance. N-Ras knock-
out, control, and c-N-Ras reconstituted cells contained similar
amounts of JNK1 protein in the presence or absence of anti-
Fas antibody (data not shown). These results are consistent
with those obtained using other independently isolated N-Ras
knockout and control cell lines (data not shown). We mea-
sured JNK activity from untreated or anti-Fas treated cells by
an in vitro kinase assay. We observed a slower increase in JNK
activity than in phosphorylation of JNK in the N-Ras knockout
cells; however, the JNK activity remained elevated as these
cells underwent apoptosis (Fig. 2E). Similar to the levels of
phosphorylated JNK, the c-N-Ras reconstituted knockout cells
displayed less pronounced and delayed JNK activity upon anti-
Fas treatment, with the control cells displaying little JNK ac-
tivity during this time course. This correlates with their higher
resistance to the induction of apoptosis. These data again par-
allel the results observed with TNF-� treatment. The activa-
tion of JNK in response to serum withdrawal also parallels the
results obtained with TNF-� and Fas stimulation, although the
time course is slightly different (data not shown).

We tested the specificity of the apparent regulation of JNK
activation by c-N-Ras. We previously demonstrated that ec-
topic overexpression of c-K(A)-Ras in the N-Ras knockout

cells could not substitute for wild-type levels of c-N-Ras in
providing protection from TNF-�–plus–cycloheximide-in-
duced apoptosis (129). The stable c-K(A)-Ras-expressing N-
Ras knockout cells contain higher levels of c-K(A)-Ras than do
the parental N-Ras knockout cells or control N�/� cells (129).
These c-K(A)-Ras-expressing cells and the parental N-Ras
knockout cells and control N�/� cells were treated with TNF-�
plus cycloheximide, and the levels of pJNK were examined by
Western analysis. Two different c-K(A)-Ras-expressing cell
lines demonstrated sustained phosphorylation of JNK similar
to that observed for the parental N-Ras knockout cells (Fig.
2F). Control cells again showed reduced and transient JNK
phosphorylation under these conditions. The total abundance
of JNK1 protein was unchanged between the cell lines used
and under the treatment conditions employed (data not
shown). Similar to c-K(A)-Ras, c-K(B)-Ras expression in the
N-Ras knockout cells does not lead to a reduction in JNK
phosphorylation in response to treatment with TNF-� plus
cycloheximide (data not shown). Taken together, these data
provide evidence that c-N-Ras generates a second survival
signal in addition to up-regulation of steady-state pAkt and
pBad levels. In this case, c-N-Ras specifically appears to atten-
uate the magnitude and duration of JNK activation in response
to the induction of apoptosis.

c-N-Ras also attenuates the activation of p38 in response to
apoptotic induction. Prolonged activation of p38 has been as-
sociated with apoptosis in some cell types (33, 52, 62, 63, 131,
135). We examined the activation of p38 in N-Ras knockout
and control cells in response to apoptotic induction. N-Ras
knockout cells treated with low-dose TNF-� in the presence of
cycloheximide possessed elevated and sustained phosphory-
lated p38 levels (Fig. 3A). We observed only minimal phos-
phorylation of p38 in control N�/� cells. c-N-Ras reconstituted
cells exhibited a minor basal phosphorylation of p38 that in-
creased only a little at 1 h and declined thereafter. These
c-N-Ras reconstituted cells are partially protected from TNF-
�-induced apoptosis (data not shown) compared to parental
N-Ras knockout cells, similar to that observed with other c-N-
Ras reconstituted cell lines (129). Measurements of p38 activ-
ity correlated with the results obtained by analysis of the phos-
phorylation of p38. N-Ras knockout cells exhibited increasing
p38 kinase activity following treatment with TNF-� plus cyclo-
heximide, which was not observed in either control N�/� cells
or c-N-Ras reconstituted cells (Fig. 3B). We observed only
transient p38 kinase activity that decreased by approximately
30 and 50% in control cells and the c-N-Ras reconstituted cells,
respectively, 4 h after treatment with TNF-� plus cyclohexi-
mide. Similar to the results with JNK, the total amount of p38
protein was unchanged in all the cell lines both at steady state
(t � 0) and under the treatment conditions used (Fig. 3C). This
suggests that the differences observed between N-Ras knock-
out and control cells in p38 phosphorylation and activity do not
arise from changes in p38 protein levels. We have also ob-
served elevated and prolonged p38 phosphorylation and activ-
ity in the N-Ras knockout cells in response to Fas activation. In
response to Fas ligation, activation of p38 is minimal in control
cells and only transiently increased in c-N-Ras reconstituted
knockout cells (data not shown).

Withdrawal of trophic factors can induce apoptosis in some
cell lines (30, 34, 61, 62, 131). We previously demonstrated
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that, unexpectedly, withdrawal of serum from the N-Ras
knockout cells resulted in greater than 50% cell death by
apoptosis within 48 h (129). We therefore investigated p38
activation in response to serum withdrawal. N-Ras knockout
cells, control N�/� cells, and c-N-Ras reconstituted knockout
cells were maintained in serum-containing medium (t � 0) or
serum-free medium for the indicated times. The amount of
phosphorylated p38 was determined by Western analysis. As
with TNF-� (Fig. 3A) and Fas (data not shown), serum depri-
vation induced an elevated and sustained phosphorylation of
p38 that was not observed in either control N�/� cells or the
c-N-Ras reconstituted cells (Fig. 3D). The total amount of p38
protein was unchanged between N-Ras knockout and control
cells up to 48 h of serum starvation (data not shown). These
data support a functional role for c-N-Ras in cell survival
through attenuation of the duration and, in some cases, the
magnitude of both JNK and p38 activation following apoptotic
induction by several different experimental conditions. One
question remaining is the mechanism through which c-N-Ras
controls the duration of JNK and p38 activation. It is possible
that c-N-Ras either downregulates upstream JNK/p38 activa-
tors or increases the activity of JNK/p38-specific phosphatases
or some combination of the two mechanisms.

c-N-Ras downregulates the activation of upstream kinase
activators of JNK and p38. We have previously demonstrated
that c-N-Ras regulates the level of pBad and that this regula-
tion appears to be dependent on Akt activity (129). One of the

major questions in the present study is the nature of the mech-
anism by which c-N-Ras regulates or attenuates the activation
of JNK or p38. We investigated the activation of upstream
kinase activators of JNK and p38 in N-Ras knockout and
control N�/� cells by using phosphospecific antibodies to these
upstream kinase activators. MKK4 is one of the upstream
activators of JNK (21, 48, 49, 75). In response to treatment
with TNF-� plus cycloheximide, a sustained elevation of the
level of phosphorylated MKK4 was observed in the N-Ras
knockout cells (Fig. 4A, upper panel). Control N�/� cells had
a basal level of phosphorylated MKK4 that increased slightly
by 1 h and was reduced by 3.5 h after treatment with TNF-�
plus cycloheximide. We have found that the steady-state (t �
0) level of pMKK4 in the control cells is subject to variability;
however, it is always reduced to minimal levels by 3 to 4 h after
treatment with TNF-� plus cycloheximide (data not shown).
We observed only transiently increased levels of phosphory-
lated MKK4 in the c-N-Ras reconstituted cells. The levels of
total MKK4 protein were constant in all the cell lines both at
steady state and following TNF-� treatment (Fig. 4A, lower
panel). These data suggest that one mechanism by which c-N-
Ras regulates JNK activation may be through regulation of
MKK4 activity.

Two different upstream kinases, MKK3 and MKK6, activate
p38 (24, 38, 75, 79, 95, 110, 127). The phospho-MKK3/6 anti-
body recognizes both phosphorylated MKK3 and phosphory-

FIG. 3. c-N-Ras downregulates p38 activation and activity follow-
ing the induction of apoptosis. (A) N-Ras knockout cells, control N�/�

cells, and c-N-Ras reconstituted cells [N�/� (2)/wtN43A] were left
untreated or treated for varying times with 1 ng of TNF-� per ml in the
presence of 2 �g of cycloheximide (CHX) per ml. At the indicated
times, the cells were harvested and lysates prepared as described in the
text. A 50-�g portion of each lysate was loaded onto an SDS–10%
polyacrylamide gel, and following electrophoresis and transfer, the blot
was developed with anti-phospho-p38 (pp38) and anti-rabbit second-
ary antibody–HRP. Detection was performed by standard ECL tech-
niques. The results are representative of two separate experiments.
(B) N-Ras knockout and control cells and c-N-Ras reconstituted cells
were left untreated or treated with TNF-� and cycloheximide as in
panel A. At the indicated times, cell lysates were prepared and 50 �g
of each lysate was used to immunoprecipitate p38 as described in
Materials and Methods. The resulting immunocomplexes were washed
and used in a kinase assay as described in the text with 25 �Ci of
[�-32P]ATP per reaction and GST-ATF2 as the substrate. Signals were
detected with a PhosphorImager. The nonimmune control (NI) con-
sisted of immunoprecipitation of 1 h treated N�/�(1) control cells
using an equal amount of nonimmune rabbit serum. The results are
representative of four separate experiments. (C) Cells were left un-
treated or treated with TNF-� and cycloheximide as described for
panel A. At the indicated times, cell lysates were prepared and 50 �g
of each lysate was used to analyze total levels of p38 using anti-p38
polyclonal antibody. The blot was developed by using anti-rabbit sec-
ondary antibody–HRP and standard ECL techniques. The results are
representative of two separate experiments. (D) N-Ras knockout cells
[N�/�(3) cell line], control N�/� cells, and c-N-Ras reconstituted cells
[N�/�(3)/wtN5] were left untreated in complete medium or starved of
serum for various times as described in Materials and Methods. At the
indicated times, cell lysates were prepared. A 50-�g portion of each
lysates was loaded onto an SDS–10% polyacrylamide gel, and follow-
ing electrophoresis and transfer to PVDF, the blot was developed with
anti-phospho-p38 and anti-rabbit secondary antibody-HRP as de-
scribed in the text. Bands were visualized by standard ECL techniques.
The results are representative of two separate experiments.
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FIG. 4. c-N-Ras downregulates the upstream kinase activators of JNK and p38. (A) (Upper panel) N-Ras knockout cells, control N�/� cells,
and c-N-Ras reconstituted cells [N�/� (2)/wtN3] were left untreated or treated with 1 ng of TNF-� per ml in the presence of 2 �g of cycloheximide
(CHX) per ml. At the indicated times, cell lysates were prepared and 100 �g of protein was loaded in each lane of an SDS–10% polyacrylamide
gel. Following electrophoresis and transfer to PVDF, the blot was incubated with anti-phospho-MKK4 (pMKK4) polyclonal antibody. The blot was
developed by using anti-rabbit secondary antibody-HRP and standard ECL techniques. The positive control consisted of N-Ras knockout cells
treated for 1 h with 20 �g of anisomycin (Aniso) per ml. The results are representative of four separate experiments. (Lower panel) A 100-�g
portion of the same lysates as in the upper panel was electrophoresed, transferred, and blotted with anti-MKK4 polyclonal antibody (1:1,000
dilution) followed by anti-rabbit secondary antibody-HRP. Detection was performed by standard ECL techniques. The results are representative
of two separate experiments. (B) (Upper panel) N-Ras knockout, control N�/�, and c-N-Ras reconstituted cells were left untreated or treated with
TNF-� and cycloheximide as in panel A. At the indicated times, cell lysates were prepared and 100 �g of protein of each lysate was electrophoresed
and transferred to PVDF. The blot was developed with anti-phospo-MKK3/6 (pMKK3/6) antibody and anti-rabbit secondary antibody–HRP.
Bands were visualized by standard ECL techniques. This experiment is representative of three separate experiments. (Lower panel) Cells were left
untreated or treated with TNF-� and cycloheximide as in panel A. Cell lysates (100 �g) were prepared for analysis of total MKK3 levels by using
anti-MKK3 polyclonal antibody. The blot was developed by using anti-rabbit secondary antibody–HRP and standard ECL techniques. (C) N-Ras
knockout and control N�/� cells and c-N-Ras reconstituted cells were left untreated or treated with TNF-� and cycloheximide as described for
panel A. Cell lysates were prepared at the indicated times, and protein concentrations determined. A 2-�g portion of unactive His6-tagged JNK1�1
was incubated with 12 �g of each lysate in the presence of 50 �M unlabeled ATP for 20 min at 30°C. The added His6-JNK1�1 was isolated by
incubation with nickel resin (ProBond; Invitrogen) for 45 min at 4°C. The resin was washed with p21 buffer and used in a second kinase assay to
measure the activity of the isolated, recombinant JNK1�1 by using GST-ATF2 as the substrate as described in Materials and Methods. The
unactive JNK1�1 incubated in the absence of lysate had no activity. The results are representative of three separate experiments. (D) Cells were
left untreated or treated with TNF-� and cycloheximide as in panel A, and at the indicated times cell lysates were prepared. A 1-�g portion of
unactive GST-p38� was incubated for 20 min at 30°C, as described in the text, with 12 �g of each lysate in p21 buffer containing 50 �M ATP. The
GST-p38� was isolated with glutathione-agarose, and its activity was measured in a second kinase reaction using [�-32P]ATP with GST-ATF2 as
the substrate, as described in Materials and Methods. N-Ras knockout cells were treated for 1 h with 20 �g of anisomycin per ml, and the lysate
was used to activate the GST-p38� as a positive control. The unactive GST-p38� had no activity when incubated in the absence of cell lysate.
(E) N-Ras knockout, control N�/�, and c-N-Ras reconstituted cells were passaged into complete medium and 48 h later were either left untreated
(t � 0) or challenged with 10 ng of EGF per ml for the times indicated. Cell lysates prepared at the indicated times were electrophoresed and
transferred to PVDF. The membranes were immunoblotted for phospho-JNK (upper panel, 50 �g/lane) and pErk (Santa Cruz Biotechnology;
lower panel, 20 �g/lane). The results are representative of three separate experiments.
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lated MKK6, which have indistinguishable mobilities in SDS-
PAGE (Cell Signaling Technology, personal communication).
Treatment of the N-Ras knockout cells with 1 ng of TNF-� per
ml in the presence of cycloheximide led to a sustained increase
in the phosphorylation of MKK3/6 (Fig. 4B). In contrast, we
observed only a transient increase in the level of phosphory-
lated MKK3/6 in the N�/� control cells, and the level was
completely down to basal levels by 3.5 h posttreatment. c-N-
Ras reconstituted cells possessed levels of phosphorylated
MKK3/6 that peaked at 1 h and declined by 3.5 h after treat-
ment with TNF-� plus cycloheximide (Fig. 4B, upper panel).
The levels of total MKK3 protein were similar in all the cell
lines and at all the time points examined (Fig. 4B, lower panel).
These data suggest that, as was observed with JNK activity,
attenuation of p38 activity by c-N-Ras correlates with a de-
crease in the duration of the activation of the upstream kinase
activators of p38. Unfortunately, we have been unable to spe-
cifically immunoprecipitate any of the MKK proteins to test for
changes in their relative specific activities. These experiments
await the production of antibodies that will selectively immu-
noprecipitate the various MKK proteins for in vitro kinase
assays. Even with the available reagents, however, we consis-
tently observed phosphorylated MKK4 and MKK3/6 at the
3.5-h time point in the N-Ras knockout cells, in contrast to the
lack of signal in the N�/� control cells.

To validate the results obtained by analyzing the phosphor-
ylation of MKK4 and MKK3/6, we used unactive recombinant
JNK and p38 in in vitro double kinase assays. These experi-
ments allowed us to analyze the generic activity of the up-
stream kinase activators of JNK and p38 by using recombinant
JNK and p38 as substrates for in vitro kinase assays. N-Ras
knockout fibroblasts, control N�/� cells, and c-N-Ras recon-
stituted cells were left untreated or treated with TNF-� plus
cycloheximide and then used for lysate preparation. Unactive
recombinant, His6-tagged JNK was mixed with an aliquot of
each lysate and incubated in the presence of ATP. Following
this first kinase reaction, the recombinant JNK was isolated
using a nickel resin and incubated with [�-32P]ATP and puri-
fied GST-ATF2. The amount of phosphorylated GST-ATF2
was quantitated by SDS-PAGE and PhosphorImager analysis.
As observed by examination of the phosphorylation state of
MKK4, there was increased and persistent activation of up-
stream JNK activators in the N-Ras knockout cells. Similarly,
as was seen with endogenous JNK activity, there was elevated
and sustained activation of the recombinant JNK incubated
with lysates from the N-Ras knockout cells (Fig. 4C). Both the
control N�/� cells and the c-N-Ras reconstituted knockout
cells exhibited only transient activation of the recombinant
JNK, indicating only transient activation of the upstream ki-
nase activators of JNK in these cells that contain c-N-Ras.

A similar experiment was performed using unactive recom-
binant GST-tagged p38. Aliquots of lysates from untreated or
TNF-�–plus–cycloheximide-treated cells were incubated with
ATP and recombinant p38. The p38 protein was isolated using
glutathione-agarose and incubated with [�-32P]ATP and GST-
ATF2. PhosphorImager analysis revealed a similar pattern of
activation of the recombinant p38 (Fig. 4D) to that observed
with recombinant JNK (Fig. 4C) or endogenous p38 (Fig. 3A).
The results reflected similar differences in upstream kinase
activity to those seen in the analysis of MKK3/6 phosphoryla-

tion (Fig. 4B). There was elevated and sustained activation of
one or more specific upstream kinase activators of p38 in the
N-Ras knockout cells compared to both control N�/� cells and
c-N-Ras reconstituted cells (Fig. 4D). The data from these
generic double-kinase assays more closely resemble the data
obtained with the endogenous JNK/p38 immunoprecipitation
and direct kinase assays than with the phosphoblots of MKK4
and MKK3/6. This might suggest that there are other JNK or
p38 upstream activators that are also downregulated through a
c-N-Ras-specific function.

We next tested whether N-Ras knockout cells were able to
inactivate JNK in a context outside of apoptosis. It was possible
that these cells lacked a phosphatase, preventing the down-
regulation of JNK. To test this possibility, we treated cells with
a mitogen that does not cause apoptosis. Cells were untreated
in normal medium containing serum (to prevent serum with-
drawal-dependent induction of apoptosis in the N-Ras knock-
out cells) for 48 h and then stimulated for various times with 10
ng of epidermal growth factor per ml (EGF). At the indicated
times, the cells were harvested and lysates were prepared to
assess the level of phosphorylated JNK and ERK. The level of
phosphorylated JNK peaked at 15 min and decreased thereaf-
ter in all of the cell lines. Similar results were observed with
pERK, except that its level remained elevated at 1 h following
EGF treatment and then declined (Fig. 4E). There were no
significant differences in total JNK1 or total ERK2 between
N-Ras knockout, control, and c-N-Ras reconstituted cells,
which were unchanged in response to EGF treatment (data not
shown). These data imply that the N-Ras knockout cells are
fully capable of downregulating activated JNK. Furthermore,
the data suggest that activation of JNK occurs in a transient
fashion in response to mitogen stimulation, unlike the sus-
tained activation observed in the N-Ras knockout cells follow-
ing induction of apoptosis (Fig. 2A and B).

JNK plays a proapoptotic role in the N-Ras knockout and
control cells. Our data suggest that persistent JNK activity, and
possibly p38 activity, correlates with an apoptotically sensitive
phenotype. We generated stable cell lines expressing an estro-
gen-regulated MEKK3 construct in an effort to determine
whether persistent JNK activity is either proapoptotic or a
failed protective mechanism. As a positive control for pJNK,
the N-Ras knockout and control cells were treated for 1 h with
20 �g of anisomycin per ml. �-Estradiol did not activate JNK
in the untransfected N-Ras knockout or control N�/� cell lines
(Fig. 5A). There was a modest increase in the level of phos-
phorylated JNK upon �-estradiol treatment of the MEKK3:
ER-transfected cell lines, demonstrating that the MEKK3:ER
was performing as expected. The increased JNK phosphoryla-
tion persisted over the time course of the experiments with
continuous exposure to �-estradiol (data not shown). There
were no significant differences in total JNK1 protein between
the MEKK3:ER-transfected cell lines and either parental con-
trol cells or N-Ras knockout cells, and the JNK1 protein levels
were unchanged by �-estradiol treatment (data not shown).
There may be a small amount of leakiness of the MEKK3:ER
construct, since the basal levels of pJNK in the transfected cell
lines were slightly elevated compared to that observed in the
parental cell lines (Fig. 5A).

An apoptosis assay was performed on cells left untreated or
treated with TNF-� plus cycloheximide in the presence or
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absence of �-estradiol. As expected, there was a five- to sixfold
increase in apoptosis after 4 h of treatment with TNF-� in the
N-Ras knockout cells (Fig. 5B). �-Estradiol treatment alone
did not result in increased apoptosis in the untreated N-Ras
knockout cells. Similarly, �-estradiol did not enhance their
sensitivity to TNF-�-induced apoptosis. The control N�/� cells
remained relatively insensitive to TNF-� plus cycloheximide in
the absence or presence of �-estradiol. �-Estradiol treatment

alone did not lead to a substantial increase in apoptosis in
either the N-Ras knockout or control cells stably expressing
the MEKK3:ER construct (Fig. 5B). However, the level of
apoptosis in the MEKK3:ER-transfected control cell lines was
significantly increased in response to combined treatment with
�-estradiol and TNF-� plus cycloheximide (Fig. 5B). Again,
continuous treatment with �-estradiol in the MEKK3:ER-
transfected cells lead to sustained phosphorylation of JNK
(data not shown). Therefore, the results observed with the
control N�/� cells stably expressing MEKK3:ER demonstrate
that sustained activation of JNK plays a proapoptotic role.
These data verify our interpretation of the results obtained
with the N-Ras knockout cells, suggesting that sustained JNK
activation can play a proapoptotic role.

c-N-Ras regulates the duration of JNK activation through a
distinct set of downstream targets. In addition to examining
which upstream JNK activators participate in sustained JNK
activation, we examined which N-Ras-dependent pathway(s)
might contribute to the attenuation of JNK activation. GTP-
bound Ras can bind many different effectors (69, 106). Specific
mutations within the switch 1 region of the effector-binding
domain of Ras were found to produce Ras proteins capable of
binding a limited number of effectors (125). The T-to-S muta-
tion at amino acid 35 (35S) produces a Ras protein capable of
binding only Raf-1. The Y40-to-C mutation (40C) renders the
Ras-GTP protein capable of binding only PI3-kinase (p110�
and �). The E37-to-G mutation (37G) produces a Ras protein
capable of binding only RalGDS (125). Since these mutants
were first described, the 37G mutant Ras protein has also been
shown to bind Rin 1, AF-6, PLCε, and p110� (18, 54, 60, 106).
The failure of each of these Ras switch 1 mutations in a G12V
background to transform fibroblasts suggests that Ras must
activate more than one effector pathway to generate a trans-
formed phenotype (125, 126). For the present study, the same
effector domain mutations were made in a Q61K–N-Ras back-
ground. We chose to use the selective switch 1 mutants in an
activated (K61) background to overcome any potential prob-
lems that might arise in the interaction of the cellular switch 1
mutants with Ras exchange factors. These mutant N-Ras pro-
teins were transfected into N-Ras knockout cells, and stable
clones were selected in G418. The level of effector domain
mutant N-Ras expression was compared to the level of endog-
enous c-N-Ras in the control N�/� cells (Fig. 6A).

We tested the switch 1 N-Ras-expressing cells for the pre-
dicted interactions with the appropriate downstream effectors.
We first examined the ability of the 35S (Raf-1-binding) N-Ras
mutants to lead to elevated steady-state Erk/mitogen-activated
protein (MAP) kinase phosphorylation. N-Ras knockout and
control N�/� cells and several cell lines expressing the switch 1
mutant N-Ras proteins were subcultured in complete serum-
containing medium and left untreated for 48 h. The cells were
then harvested, and the level of phospho-Erk (pErk) was ex-
amined by immunoblotting. There was elevated pErk in both
35S N-Ras-expressing cell lines compared to N-Ras knockout,
control N�/�, or the other switch 1 mutant-expressing cells
(37G or 40C) (Fig. 6B, upper panel). The levels of total Erk
protein were the same in all the cell lines examined (Fig. 6B,
lower panel). We chose to verify these results by further testing
the function of the 35S mutant N-Ras proteins after stable
expression in NIH 3T3 cells. Stable cell lines expressing the

FIG. 5. Artificial elevation of JNK activation increases the level of
apoptosis. (A) N-Ras knockout and control N�/� cells stably express-
ing a MEKK3:ER construct and the parental cell lines were left un-
treated or treated for 1 h with 2 �M �-estradiol. A 50-�g portion of
each cell lysate was electrophoresed, and the resultant blots were
probed with anti-phospho-JNK as described in the legend to Fig. 2A.
N-Ras knockout and control N�/� cells were treated for 1 h with 20�g
of anisomycin (Aniso) per ml as a positive control. The results are
representative of three separate experiments. (B) N-Ras knockout and
control N�/� cells and their cognate clones that stably express the
MEKK3:ER construct were left untreated or treated for 4 h with either
2 �M �-estradiol alone or a combination of �-estradiol and 1 ng of
TNF-� per ml in the presence of 2 �g of cycloheximide (CHX) per ml.
At 4 h of treatment, the cells were harvested, lysed, and analyzed for
the level of apoptosis by a Cell Death Detection ELISA as described
in Materials and Methods. Following substrate addition, readings were
performed in a microtiter plate reader at  � 405 nm. Assays were
performed in triplicate, and the results are plotted with error bars
representing the sample standard deviation of the mean (	n � 1). The
results are representative of three separate experiments.
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FIG. 6. Expression of switch 1 effector domain mutant N-Ras constructs in the N-Ras knockout cells and NIH 3T3 cells. (A) N-Ras knockout
cells were transfected with three different switch 1 mutant N-Ras constructs (K61:35S, K61:37G, and K61:40C) and stable clones were selected in
G418 as described in Materials and Methods. A 100-�g portion of each lysate (including the parental N-Ras knockout cells and control N�/� cells)
was electrophoresed on SDS–13% polyacrylamide gels and transferred to PVDF. The blot was developed with anti-N-Ras monoclonal antibody
and anti-mouse secondary antibody–HRP. Detection was performed by standard ECL techniques. (B) N-Ras knockout and control N�/� cells and
N-Ras knockout cells stably expressing the switch 1 mutant N-Ras proteins were subcultured in serum-containing medium and left untreated. At
48 h after passage, the cells were harvested and lysates were prepared as described in Materials and Methods. A 20-�g portion of each lysate was
electrophoresed on two separate 13% polyacrylamide gels and transferred to PVDF. The upper blot was developed with anti-phospho-Erk (pErk)
and anti-mouse antibody–HRP, and the lower blot was developed with anti-Erk2 polyclonal antibody and anti-rabbit-HRP for total Erk2. Bands
were visualized by standard ECL techniques. (C), NIH 3T3 cells were transfected with the indicated constructs, including the effector domain
mutant N-Ras constructs, as described in Materials and Methods. (Upper panel) Expression levels of ectopic N-Ras proteins in NIH 3T3 cells was
determined by Western analysis. Cultures were grown to approximately 80% confluency and then lysed in a detergent buffer (50 mM Tris-HCl [pH
7.5], 150 mM NaCl, 0.5% NP-40, 50 mM NaF, 1 mM NaVO3, 1 mM dithiothreitol, 100 �M phenylmethylsulfonyl fluoride, 1 �g of aprotinin per
ml, 1 �g of leupeptin per ml). Protein concentrations were determined with the bicinchoninic acid kit (Pierce). SDS-PAGE was used to resolve
40 �g of total protein from each sample on a 15% polyacrylamide gel. Proteins were transferred to Immobilon-P membranes (Millipore), and the
blot was developed with anti-N-Ras monoclonal antibody and anti-mouse secondary antibody–HRP. Bands were visualized by standard ECL
(Amersham) techniques. (Lower panel) Lysates prepared as described for the upper panel were used to determine the steady-state levels of Erk
expression and activation. Following electrophoresis and transfer, the blot was developed with phospho-p44/42 MAP kinase (T202/Y204) E10
antibody (1:1,000; Cell Signaling Technology). Detection was performed by ECL (Amersham) following incubation with HRP-conjugated
secondary anti-mouse IgG antibodies. (D) N-Ras knockout and control N�/� cells and N-Ras knockout cells expressing the switch 1 effector
domain mutant N-Ras constructs were grown to approximately 70% confluence in complete serum-containing medium for 2 days. The cells were
harvested, and lysates were prepared in the lysis buffer supplied by the manufacturer. Protein concentrations were determined as described in
Materials and Methods. Immobilized Akt 1G1 monoclonal antibody (20 �l of slurry) was used to immunoprecipitate Akt from 0.5 mg of each lysate
for 3 h at 4°C. The immunocomplexes were washed and used in a kinase assay as specified by the manufacturer, except that 2 �g of the substrate
GSK-3 fusion protein was used per reaction. The supernatants were removed, the pellets were washed with 30 �l of buffer, and the supernatants
were combined and electrophoresed on SDS–12% polyacrylamide gels. Following transfer to PVDF, the blot was developed with anti-phsopho-
GSK3�/� (pGSK-3�) polyclonal antibody and goat-anti-rabbit-HRP secondary antibody followed by donkey anti-goat antibody–HRP tertiary
amplification. Detection was performed using standard ECL techniques.
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various switch 1 mutant N-Ras proteins (Fig. 6C, upper panel)
were grown in complete medium and harvested after reaching
approximately 80% confluence, as described in Materials and
Methods. The levels of pErk were examined by immunoblot-
ting and compared to those in vector-transfected cells (Fig. 6C,
lower panel). The results demonstrated that the level of pErk
was elevated in the 35S (Raf-1-binding) N-Ras-expressing cells
compared to either the 37G or the 40C mutant N-Ras-express-
ing cells (Fig. 6C, lower panel). The levels of expression of
total Erk1 protein were identical in all the cell lines examined
(data not shown).

We next tested the ability of the 40C (PI3-kinase-binding,
p110�/�) mutant N-Ras-expressing cells to lead to elevated
Akt activity since Akt is activated by PI3-kinase. N-Ras knock-
out cells, control N�/� cells, and N-Ras knockout cells stably
expressing the various switch 1 mutant N-Ras proteins were
grown in complete medium for 48 h and harvested for an Akt
assay by using the detergent-containing buffer supplied by the
manufacturer in the Akt kinase assay kit, as described in Ma-
terials and Methods. Akt was immunoprecipitated from equal
amounts of protein (0.5 mg) and used in a kinase assay with
GSK-3� fusion protein as the substrate. Following electro-
phoresis and transfer to PVDF, the blot was developed with
anti-phospho-GSK-3�/�. There was elevated steady-state Akt
activity in both 40C mutant N-Ras-expressing cell lines (Fig.
6D). Similarly, there was increased steady-state Akt activity in
the control cells, which compares favorably with previous re-
sults demonstrating that the control cells possess elevated
phospho-Akt levels at steady state (129). The levels of total
Akt were similar in all the cell lines tested (data not shown).
Finally, all of the cell lines were tested using a Ral-binding
domain protein to pull down Ral-GTP as a test for the function
of the 37G (RalGDS, etc., binding) N-Ras mutant. Unfortu-
nately, there was a high level of Ral-GTP in all of the cell lines
including the N-Ras knockout and control cells, making it
difficult to distinguish small differences resulting from expres-
sion of the 37G mutant (data not shown). All of the cell lines
expressed equal amounts of both RalA and RalB (data not
shown). The pulldown assay is inherently inadequate because
any Ral-GTP that is bound to effector proteins would be left
behind in this type of pulldown assay. Furthermore, this assay
also tests the ability of the 37G mutant to bind only to RalGDS
and none of the other effectors to which this mutant is reported
to bind. We have, however, found that there was modestly
elevated Akt activity in the 37G-expressing cells compared to
either the parental N-Ras knockout cells or the 35S-expressing
cells (Fig. 6D). Since the 37G mutant also binds the p110�
isoform of PI3-kinase, these data suggest that this mutant is
also functional in the N-Ras knockout cells.

We sought to investigate whether expression of any of the
effector domain mutant N-Ras proteins leads to attenuation of
JNK activation, as observed in control or c-N-Ras reconsti-
tuted cells. N-Ras knockout cells, control N�/� cells, c-N-Ras
reconstituted cells, and N-Ras knockout cells expressing the
effector domain mutant N-Ras proteins were left untreated or
treated with TNF-� and cycloheximide as described above. At
the indicated times, all the cells were harvested and lysates
were prepared for the analysis of JNK phosphorylation. Only
the 37G N-Ras protein was capable of restoring the attenua-
tion of JNK activation, as observed with control N�/� cells

(Fig. 7A). The 37G mutant N-Ras-expressing cells demon-
strated a transient increase in JNK phosphorylation, as ob-
served with control N�/� or c-N-Ras reconstituted cells. The
37G mutant N-Ras was as effective as wild-type c-N-Ras in
restoring JNK regulation. Neither the Raf-1-binding 35S nor
the PI3-kinase-binding 40C mutant N-Ras proteins were capa-
ble of restoring JNK regulation. The total levels of JNK1
protein were similar in all cell lines and under the treatment
conditions used (data not shown). These data imply that at-
tenuation of JNK activation by N-Ras does not proceed
through either a Raf-1- or PI3-kinase (p110� or p110�)-de-
pendent pathway. The data do suggest that the attenuation of
JNK activation by N-Ras during apoptotic induction proceeds
through a distinct set of downstream targets, which may in-
clude RalGDS, AF-6, Rin 1, PLCε, and/or p110�.

To extend the above results, we examined the phosphoryla-
tion of c-Jun, a transcription factor that is downstream of JNK,
as another measure of JNK activity. c-Jun can be phosphory-
lated on multiple residues including Ser63 and Ser73, which are
located near the � domain and the N-terminal transactivation
domain (2, 23, 90, 94, 107, 108). Cells were treated with TNF-�
and cycloheximide as described above. The level of Ser63 phos-
phorylation of endogenous c-Jun was analyzed using a phos-
pho-specific antibody. We observed a large increase in the level
of Ser63 phosphorylated c-Jun 4 h after treatment with TNF-�
plus cycloheximide in the N-Ras knockout cells (Fig. 7B). This
is a point where these cells are nearly 50% dead by apoptosis
(129). The level of Ser63 c-Jun phosphorylation was only min-
imally elevated in the c-N-Ras reconstituted cells. Similar to
the N-Ras knockout parental cells, N-Ras knockout cells stably
expressing either the 35S (Raf-1-binding) or 40C (PI3-kinase-
binding) switch 1 mutant N-Ras proteins exhibited elevated
and sustained Ser63 c-Jun phosphorylation. We observed iden-
tical results using other clones of N-Ras knockout cells ex-
pressing either the 35S or 40C mutant N-Ras proteins (data
not shown). In sharp contrast, little Ser63 c-Jun phosphoryla-
tion was observed in either clone of the N-Ras knockout cells
expressing the 37G (RalGDS) effector domain mutant N-Ras
protein, similar to that observed with control N�/� cells. Sim-
ilar results were observed when the Ser73 c-Jun phosphoryla-
tion site was examined (data not shown). The differences in
c-Jun phosphorylation were not a result of different levels of
total c-Jun protein. All of the cell lines possessed similar levels
of total c-Jun protein in the presence or absence of apoptotic
treatments (data not shown). These data strongly suggest that
attenuation of JNK activation by c-N-Ras proceeds through a
mechanism that is independent of both Raf-1 and PI3-kinase
(p110� or p110�).

Because the 37G switch 1 mutant N-Ras protein expressed
in the N-Ras knockout cells restores JNK regulation, similar to
endogenous wild-type c-N-Ras, we determined whether this
mutant could also rescue the apoptotically sensitive phenotype
of the parental N-Ras knockout cells. N-Ras knockout cells,
control N�/� cells, c-N-Ras restored cells, and N-Ras knock-
out cells expressing different levels of the effector domain
mutant N-Ras proteins were left untreated or treated with
TNF-� and cycloheximide as described above. After 4 h the
cells were harvested and the level of apoptosis was measured
using a Cell Death Detection ELISA. The N-Ras knockout
cells underwent an approximately fourfold increase in apoptosis
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compared to untreated cells (untreated, 0.2; treated, 0.77 [data
not shown and Fig. 7C]). The control cells and the c-N-Ras
reconstituted cells did not undergo significant apoptosis under
these conditions. Untreated values were approximately 0.3 for
the control N�/� cells, c-N-Ras reconstituted cells, and the
N-Ras knockout cells expressing the various effector domain
mutant N-Ras constructs (data not shown). N-Ras knockout
cells expressing either the Raf-1-selective 35S or the PI3-ki-
nase-selective 40C mutant N-Ras proteins were not protected
from undergoing TNF-�-dependent apoptosis (Fig. 7C). As
observed with JNK activation, expression of the 37G mutant
N-Ras protein completely reversed the apoptotic sensitivity of
the parental N-Ras knockout cells. This reversion by the 37G
mutant is quite significant since it occurs at much lower levels

of expression (clone 4) than the levels of expression of the 35S
or the 40C mutant N-Ras proteins, which are ineffective in
rescuing the N-Ras knockout cells from apoptosis. Taken to-
gether, these results suggest that attenuation of JNK activation
and protection from apoptosis by N-Ras occurs through a
mechanism that is independent of signaling through either
Raf-1 or PI3-kinase (p110� or p110�). Since the 37G mutant
N-Ras protein is capable of binding RalGDS, Rin 1, AF-6,
PLCε, and p110�, additional studies are be needed to examine
the contribution of each pathway, RalGDS, Rin 1, PLCε, or
p110� to the regulation of JNK activation and protection from
apoptosis. Studies with PI-3 kinase inhibitors suggest that
p110� does not contribute to the attenuation of JNK activation
(data not shown) (see Discussion).

FIG. 7. c-N-Ras downregulates the activation of JNK through a distinct set of downstream targets. (A) N-Ras knockout and control N�/� cells,
c-N-Ras reconstituted cells [N�/�(2)/wtN43A], and N-Ras knockout cells stably expressing the switch 1 mutant N-Ras constructs were left
untreated or treated with 1 ng of TNF-� per ml in the presence of 2 �g of cycloheximide (CHX) per ml. At the indicated times, cell lysates were
prepared and 50 �g of each lysate was electrophoresed on SDS–10% polyacrylamide gels and transferred to PVDF. The blot was developed with
anti-phospho-JNK monoclonal antibody and anti-mouse–HRP secondary antibody as described in the legend to Fig. 2A. Bands were visualized by
standard ECL techniques. The results are representative of three separate experiments. (B) Cells (as described for panel A) were left untreated
or treated with TNF-� and cycloheximide as described for panel A. A 50-�g portion of each lysate was electrophoresed and transferred as
described previously. The blot was developed with anti-phospho-c-Jun (Ser63) and anti-mouse secondary antibody–HRP. Detection was performed
using standard ECL techniques. The results are representative of three separate experiments. (C) Cells were left untreated or treated with TNF-�
and cycloheximide for 4 h as described for panel A. At 4 h of treatment, the cells were harvested and lysed for analysis of the level of apoptosis
by a Cell Death Detection ELISA Plus as described in the legend to Fig. 1B and Materials and Methods. Assays were performed in triplicate, and
the results are plotted with error bars representing the sample standard deviation of the mean (	n � 1). The results are representative of two
separate experiments.
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DISCUSSION

Akt plays a role in cell survival through phosphorylation of
Bad on Ser136 (5, 20, 22, 88). It is likely that Akt promotes cell
survival through mechanisms other than phosphorylation of
Bad (27, 56). For example, Akt also phosphorylates and inac-
tivates caspase 9 and members of the family of Forkhead
transcription factors (8, 11). We previously demonstrated that
c-N-Ras promotes cell survival through an Akt-dependent
pathway that results in the phosphorylation of Bad (129). Fur-
thermore, we find that this c-N-Ras-dependent survival func-
tion is operational at steady state in the absence of any treat-
ments. It was presumed that this c-N-Ras/Akt survival pathway
functions through the direct interaction of c-N-Ras with PI3-
kinase, the upstream activator of Akt. In fact, PI3-kinase in-
teracts with Ras in vitro in a GTP-dependent manner (29, 96).
More recently, however, a stable Ras–PI3-kinase complex has
been observed in FRTL5 cell lysates only after treatment of the
cells with cyclic AMP-elevating agents (15). We believe that
the survival function of c-N-Ras in producing steady-state
phosphorylation of Akt and Bad proceeds through one of the
PI3-kinase isoforms, since these phosphorylation events can be
downregulated through the use of PI3-kinase selective inhibi-
tors (Fig. 1A). It is unclear whether this c-N-Ras-dependent
survival function proceeds through a direct interaction be-
tween c-N-Ras–GTP and PI3-kinase.

Our data suggest that c-N-Ras promotes cell survival
through both Akt-dependent and Akt-independent mecha-
nisms. The possibility that JNK may play a role in apoptosis
prompted us to examine whether c-N-Ras provides a survival
function through the regulation of JNK activation. The biolog-
ical outcome of JNK signaling and its role in apoptosis remain
controversial and may depend upon the nature of the environ-
mental stimulus as well as the cell type and the presence of
other regulatory factors (48, 49, 64, 75). Emerging evidence
indicates that whether the activation of JNK is pro-survival or
pro-apoptosic may depend on the magnitude and duration of
JNK activation. There are several reports which provide evi-
dence indicating that persistent, rather than transient, JNK
activation or activity is associated with apoptosis (13, 14, 35, 46,
82, 87, 102, 113, 119, 121). Our data are consistent with the
concept that elevated and sustained phosphorylation of JNK is
proapoptotic. Cells that are more resistant to the induction of
apoptosis (control N�/� and c-N-Ras reconstituted cells) dis-
play only transient JNK phosphorylation and activity. Cells
that are more apoptotically sensitive (N-Ras knockout cells)
demonstrate prolonged activation of JNK. In fact, artificially
elevating and prolonging the duration of JNK activation re-
sulted in increased apoptotic sensitivity [N�/�(1)/MEKK3:ER]
(Fig. 5). Our data therefore suggest that c-N-Ras provides
protection from apoptosis through the attenuation of the mag-
nitude and duration of JNK activity (Fig. 2).

The activation of p38 plays a role in the apoptotic process in
some cell types (9, 52, 59, 62, 72, 131, 135). As has been
observed with JNK, in some cases elevated and sustained ac-
tivation of p38 correlates with apoptosis (33, 52, 62, 63, 131,
135). We found similar results when we examined p38 activa-
tion. Our data suggest that, as observed with JNK, elevated
and prolonged activation of p38 is associated with apoptosis
and that c-N-Ras functions to promote cell survival through

attenuation of the magnitude and duration of p38 activation
(Fig. 3).

One of the major questions in the present study is the nature
of the mechanism by which c-N-Ras regulates JNK and p38
activation. Three possibilities in answering this question exist:
(i) c-N-Ras reduces the activation of upstream kinase activa-
tors of JNK and p38; (ii) c-N-Ras upregulates a JNK- or
p38-specific phosphatase; or (iii) a combination of the two
mechanisms. There are a limited number of upstream dual-
specificity kinase activators of JNK and p38; they include
MKK4 and MKK7 for JNK activation (21, 45, 49, 65, 80, 101,
115), and MKK3 and MKK6 for p38 activation (24, 39, 95,
110). MKK4 is also capable of activating p38 as well as JNK
(24, 49). All four kinases activate JNK or p38, respectively,
through phosphorylation of both a threonine and a tyrosine
residue.

We investigated the activation kinetics of these upstream
JNK/p38 activators by examining their phosphorylation state
both at steady state and following treatment with apoptotic
agonists. The data reveal a pattern of MKK protein phosphor-
ylation that parallels the results obtained with JNK and p38
activation. Cells that are apoptotically sensitive (N-Ras knock-
out) display elevated and sustained activation of upstream
kinase activators for both the JNK and p38 signaling pathways.
Cells that are resistant to the induction of apoptosis (control
N�/� cells and c-N-Ras reconstituted cells) possess only tran-
sient activation of either MKK4 or MKK3/6. These results
were confirmed by indirect measurement of the activities of the
upstream kinase activators by using recombinant JNK and p38
in the in vitro double-kinase assays (Fig. 4). Taken together,
these results indicate that c-N-Ras promotes cell survival by
downregulating JNK and p38 activation through a mechanism
involving c-N-Ras-dependent downregulation of the upstream
dual-specificity kinase activators of both JNK and p38. These
results also suggest that c-N-Ras functions at a position that is
a branch point upstream of all of the MKK proteins, whereby
c-N-Ras prevents sustained activation of the MKK proteins
that function in both the JNK and p38 signaling pathways.

While the JNK group of MAP kinases are strongly stimu-
lated by extracellular stress and inflammatory cytokines, they
can be modestly activated by growth factors (36, 50, 64, 75).
We treated cells with EGF to investigate whether the N-Ras
knockout cells exhibit elevated JNK activity because they were
unable to downregulate JNK. We observed transient phos-
phorylation of JNK in all of the cell lines (Fig. 4E). These data
suggest that transient activation of JNK is not associated with
apoptosis and that the N-Ras knockout cells are capable of
downregulating JNK activity. We have not ruled out the pos-
sibility that different inactivation mechanisms might be in-
volved in JNK downregulation, one of which might be deficient
in the N-Ras knockout cells. However, our data clearly dem-
onstrate a failure to inactivate JNK/p38, as well as their up-
stream activators, following apoptosis induction in the absence
of c-N-Ras.

It therefore appears that c-N-Ras promotes cell survival
through upregulation of Akt activity and downregulation of
JNK. Our data also suggest that c-N-Ras functions at a branch
point upstream of the MKK activators of both the JNK and
p38 signaling pathways. We therefore chose to go downstream
of N-Ras to determine the effector(s) through which N-Ras
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causes downregulation of JNK activation. We stably expressed
three different switch 1 effector domain mutant N-Ras con-
structs in the N-Ras knockout cells. We were surprised to find
that only the RalGDS-binding N-Ras mutant (37G) was capa-
ble of both restoring JNK regulation and rescuing the apop-
totically sensitive phenotype of the parental N-Ras knockout
cells. While these results were unexpected, experiments using
the MEK-specific inhibitor U0126 have indicated that inhibi-
tion of the Erk/MAP kinase pathway does not lead to a further
increase in the apoptotic sensitivity of either the N-Ras knock-
out or control cells (data not shown). We have also demon-
strated that inhibition of PI3-kinase in the control N�/� cells
does not, by itself, increase their apoptotic sensitivity (Fig. 1B).
These data suggest that at least one cellular survival mecha-
nism is the downregulation of JNK signaling, which proceeds
through a mechanism that is independent of either Raf-1 or
PI3-kinase (p110� or p110�). We have also found that the 37G
switch 1 mutant N-Ras restores JNK regulation in the presence
of PI3-kinase inhibitors (data not shown). This, then, suggests
that attenuation of JNK activity by N-Ras occurs through a
unique set of downstream effectors independent of Raf-1 and
PI3-kinase.

One concern was the failure of the PI3-kinase-binding
N-Ras mutant to rescue the apoptotic sensitivity of the
N-Ras knockout cells. A large body of evidence supports a
survival role for PI3-kinase and Akt (4, 19, 28, 56, 86, 99,
129). While one of the survival functions of c-N-Ras is the
restoration of Akt activity, it is unclear whether this function is
the result of a direct interaction between c-N-Ras and PI3-
kinase. Further, we have evidence suggesting that a direct
interaction between oncogenic Ha-Ras and PI3-kinase is dis-
pensable for G12V-Ha-Ras-dependent transformation of
IEC-6 epithelial cells but not for their migration toward solu-
ble fibronectin (49a). It is conceivable that in some cases Ras
may lead to the activation of PI3-kinase and Akt by indirect
mechanisms. Another possibility is that c-N-Ras provides its
steady-state antiapoptotic function through the p110� subunit
of PI3-kinase. While the p110� isoform reportedly binds only
to the 40C switch 1 Ras mutant, p110� binds to the 37G and
not the 40C mutant Ras (60). This, then, suggests the possi-
bility that c-N-Ras might interact with only the p110� catalytic
subunit of PI3-kinase to provide an antiapoptotic signal. Nev-
ertheless, our data strongly support a survival function of c-N-
Ras through a direct interaction with RalGDS, AF-6, Rin 1,
PLCε, or p110�, which leads to the downregulation of JNK
activation and cell survival.

It is of interest that the Raf-1-binding mutant 35S does not
rescue the apoptotically sensitive phenotype of the parental
N-Ras knockout cells at levels of expression that are signifi-
cantly above that observed for the c-N-Ras in the control N�/�

cells (Fig. 6A). The PI3-kinase-binding mutant 40C does not
reverse the parental N-Ras knockout cell phenotype at levels
that are either below or above the level of c-N-Ras in the
control N�/� cells. In contrast, the 37G, “RalGDS/AF-6/Rin
1/PLCε/p110�”-binding N-Ras mutant rescues the apoptotic
sensitivity of the parental N-Ras knockout cells at levels of
expression that are considerably below the level of c-N-Ras
present in the control cells (Fig. 6A, 37G clones 4 and 5).
Expression of c-N-Ras in the N-Ras knockout cells also rescues
the apoptotic sensitivity of the parental N-Ras knockout cells

at levels of expression that are nearly identical to the levels of
c-N-Ras in the control N�/� cells (129). These results suggest
that if a protein expressed in cells is going to perform a par-
ticular function, it is likely that it will do so without the need
for vast overexpression. In fact, some of the complexity that
revolves around interpreting Ras function may result from
overexpression versus expression at endogenous levels or tran-
sient expression versus stable expression (106).

In summary, our results indicate that c-N-Ras promotes cell
survival through multiple mechanisms. c-N-Ras provides pro-
tection from apoptosis by the upregulation of Akt activity and
downregulation of the magnitude and duration of JNK and p38
activity. Recent evidence supports the concept that multiple
pathways contribute to Ras-dependent cell survival (71, 122).
While we cannot rule out the contribution of other, as yet
unidentified, effectors, it appears that c-N-Ras promotes cell
survival through upregulation of Akt activity and through a
RalGDS/AF-6/Rin 1/PLCε/p110�-dependent mechanism that
leads to downregulation of signaling through JNK and p38.

N-Ras provides a steady-state survival signal in a nonclassi-
cal signaling environment. Our previous work and the data
described in this report support the concept that Ras proteins,
or at least c-N-Ras, possess functions other than to regulate
acute proliferative signaling. The best illustration of tonic Ras-
dependent signaling is the reaction to serum withdrawal. Re-
moval of serum, which is usually associated with inactivation of
Ras proteins, results in increased apoptosis in the N-Ras
knockouts but not in control N�/� cells. This, then, implies
that c-N-Ras, in the absence of serum, is providing a functional
antiapoptotic signal. This suggests the possibility of a novel Ras
paradigm that is distinct from the control of acute, prolifera-
tive signal transduction.
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