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Abstract
The importance of Ras proteins as crucial crossroads in
cellular signaling pathways has been well established. In spite
of the elucidation of the mechanism of RAS activation by
growth factors and the delineation of MAP kinase cascades,
the overall framework of Ras interactions is far from being
complete. Novel regulators of Ras GDP/GTP exchange have
been identified that may mediate the activation of Ras in
response to changes in intracellular calcium and diacylgly-
cerol. The direct activation of Ras by free radicals such as
nitric oxide also suggests potential regulation of Ras function
by the cellular redox state. In addition, the array of Ras
effectors continues to expand, uncovering links between Ras
and other cellular signaling pathways. Ras is emerging as a
dual regulator of cellular functions, playing either positive or
negative roles in the regulation of proliferation and apoptosis.
The signals transmitted by Ras may be modulated by other
pathways triggered in parallel, resulting in the final order for
proliferation or apoptosis. The diversity of ras-mediated
effects may be related in part to differential involvement of Ras
homologues in distinct cellular processes. The study of Ras
posttranslational modifications has yielded a broad battery of
inhibitors that have been envisaged as anti-cancer agents.
Although an irreversible modification, Ras isoprenylation
appears to be modulated by growth factors and by the activity
of the isoprenoid biosynthetic pathway, which may lead to
changes in Ras activity.
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Introduction

Ras proteins are critical components of signaling pathways
that link the activation of cell surface receptors with
transcriptional events leading to the control of proliferation,
differentiation and apoptosis. The ras genes codes for 21 kDa
proteins (H-Ras, N-Ras, K-Ras4A and K-Ras4B) that function
as GDP/GTP-regulated switches1 (Figure 1). The two K-Ras
forms diverge in the C terminal as a consequence of alternate
exon utilization. Ras proteins are activated transiently in
response to diverse extracellular signals such as growth
factors, cytokines, hormones and neurotransmitters, which
stimulate cell surface receptors. Ras uses several functionally
diverse effectors that in turn activate multiple pathways.
Several excellent reviews have recently dealt with the topics
of Ras-mediated signalling pathways and cross-talk with other
low molecular weight GTP-binding proteins.2,3 The aim of this
article is to survey emerging aspects of Ras protein biology
focusing on novel mechanisms of Ras activation, as well as
on the involvement of Ras in pro-apoptotic or anti-apoptotic
signaling pathways.

Regulation of GDP/GTP exchange

The activity of Ras proteins is controlled by a cycle between a
GDP-bound inactive state and a GTP-bound active state.
Although Ras proteins possess intrinsic GTPase exchange
activity, it is too low to account for the rapid, transient GDP/
GTP cycling. A complete model for Ras function includes
regulatory proteins that control the GTP/GDP cycle, compris-
ing the guanine nucleotide exchange factors (GEF) and the
GTPase activating proteins (GAP) (Figure 2). Several GEFs
act on Ras, including Sos1 and 2, which couple tyrosine
kinase receptors with Ras activation, and GRF1 and 2, which
are activated by some G protein-coupled receptors and
calcium signals.4

Several recent studies have addressed the mechanism
of action and regulation of Sos. The solution of the crystal
structure of H-Ras coupled to the Ras guanine-nucleotide-
exchange factor region of Sos5 has shown that Sos inserts
an a-helix into Ras that opens the nucleotide binding site.
In turn, Sos activity has been proposed to be regulated by
intramolecular interactions. However, the data concerning
the role of Sos N- and C-terminal domains are conflicting;
while some studies suggest that both regions exert an
inhibitory effect on the activity of the catalytic domain,6
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others propose that the Dbl and pleckstrin homology (PH)
domains of the N-terminal region of Sos are critical for its
function.7 Sos activity is also regulated by phosphorylation
after growth factor stimulation of cells. In addition to MAP
kinases ERK1 and 2, it has been recently shown that
p90Rsk-2 can phosphorylate Sos.8 This phosphorylation is
believed to exert a negative feedback effect on Ras
stimulation. The observation that Sos activity can be
inhibited in vitro by binding of phosphatidylinositol 4,5-P2

(PI4,5P2) to the Sos PH domain9 has led to propose that
PI4,5P2 may serve as a negative regulator of Sos in the
cell, and that removal of PI4,5P2 may cause Sos and Ras
activation.

The mechanism of GRF activation has not been fully
elucidated. GRFs contain cdc25 and Dbl homology regions
plus an IQ region, considered the calmodulin (CaM)
interaction site. The interaction of GRP with Ca2+-CaM
leads to GRF activation in intact cells, however, this effect

does not occur in vitro.10,11 It has therefore been proposed
that the effect of Ca2+-CaM in vivo may be indirect,
modulating the interaction of RasGRF with its targets.10

Calcium signals could also contribute to GRF activation by
promoting the proteolytic removal of the N-terminal domain,
as it has been shown in vitro.11 A novel member of the
family of Ras-GEFs has recently been cloned from brain12

and lymphoid tissues.4 This factor, named RasGRP,
possesses calcium and diacyglycerol-binding domains and
may directly couple changes in diacylglycerol and possibly
calcium concentrations to Ras activation. The activation of
RasGRP4 is associated with membrane partitioning of the
factor, which suggests that recruitment of RasGRP to
membranes may be a primary mechanism for its activation.

GEFs act on G proteins other than Ras, thus functioning
as bifunctional signaling proteins that may coordinate the
activation of various cellular pathways. Ras GRF1 also
serves as a GEF for the Ras-related protein R-Ras,13

whereas Ras GRF2 has been reported to bind and activate
Rac, thereby coordinating the activation of the ERK and
SAPK pathways.10 Ras and Rac-activated pathways are
also potentially coupled through Sos.14

Reactive free radicals and cellular redox stress have
been proposed to directly activate Ras. Nitric oxide (NO)
promotes the direct posttranslational modification of Ras by
single S-nitrosylation at Cys118. This results in stimulation
of guanine nucleotide exchange, possibly by destabilization

Figure 1 Scheme of Ras showing the GTP-binding sites, which mediate
binding and hydrolysis of the guanine nucleotide, the effector loop, which
interacts with effector molecules, and the C-terminal CAAX motif

Figure 2 Schematic view of Ras regulatory factors. Ras proteins cycle between the active GTP-bound and the inactive GDP-bound states. Exchange factors (Ras
GRF, Sos, GRP) catalyze Ras activation by facilitating the dissociation of bound GDP. Free radicals such as nitric oxide (NO) may also promote Ras-GTP
formation. Ras remains active until it hydrolyzes bound GTP to GDP. This process is accelerated by GTPase activating proteins (p120GAP, NF1), which
complement the Ras active site
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of the interaction between residues in the GDP-binding
pocket and the nucleotide, and leads to activation of
downstream signaling.15 This suggests that Ras function
may be regulated directly by changes in the redox state of
the cell and provide a mechanism for the GEF-independent
activation of Ras.

The mechanism of action of Ras-GAP has recently been
elucidated in a series of biochemical and structural
studies,16 and will thus be addressed here only briefly.
p120 GAP has a C-terminal catalytic domain that contains
the Ras-binding domain and interacts with the Ras effector
domain. GAP complements the active site of Ras,
contributing amino acid residues which are critical for the
catalytic process. This represents a unique mechanism for
the formation of an active site by the transient association
of two different proteins. The N-terminal region of p120
GAP regulates the catalytic domain and interacts with
downstream effectors. In addition to its role as a negative
regulator of Ras, p120 GAP acts as a downstream effector
of Ras. The Ras GAP NF1 shares sequence identity and
substrate specificity with the C-terminal catalytic domain of
p120 GAP, and is serine- and threonine-phosphorylated
after growth factor stimulation.

Ras GDI represents a third class of proteins that
regulate the Ras GTP/GDP cycle. This factor inhibits the
dissociation of bound GDP from Ras by preventing the
action of GEFs; it does not, however, inhibit GAP action.17

Candidate effectors of Ras

Activated Ras transmits its signal through a wide array of
effector proteins. The best characterized Ras effector is the
serine/threonine kinase Raf.18 Ras/Raf association induces
translocation of Raf to the plasma membrane, leading to the
activation of its kinase function. After activation, Raf
phosphorylates and activates MEK1 and 2 kinases.
Activated MEKs are dual threonine and tyrosine kinases that
activate ERK1 and 2 kinase, also referred to as MAPKs. Once
activated, ERKs translocate to the nucleus, where they
phosphorylate and activate a variety of substrates such as
the transcription factor Elk1. Constitutively active Raf mutants
cause a transformed phenotype and overcome the loss of Ras
function caused by a dominant negative Ras mutant. The Raf
protein family is composed of three members: Raf-1, A-Raf
and B-Raf; B-Raf exists in multiple spliced forms. Ras
interacts with two different regions of Raf. The first Ras
binding site in Raf is required for translocation, whereas the
second is required for full activation.19,20 Ras stimulates the
kinase activity of Raf only when both molecules interact
physically. The mechanism by which Ras enhances Raf
activity may be due to the induction of conformation changes
in Raf, exposing residues that are substrates for kinases;
alternatively, Ras may participate in the assembly of
complexes between Raf and other proteins.20 The in vitro
interaction of Ras and Raf is insufficient to stimulate Raf
kinase activity, indicating that other molecules in addition to
Ras may be required for Raf activation, such as 14-3-3
proteins and phospholipids.21 On the other hand, it has been
shown that Raf activation is not required for Ras to induce
membrane ruffling,22 suggesting that Ras probably associ-

ates with other effectors, leading to transduction of Ras-
mediated signals through multiple pathways.

Among other candidate Ras effectors is phosphatidyli-
nositol-3-kinase (PI3 K). PI3 K is a lipid kinase that
phosphorylates phosphoinositides at the 3' position of the
inositol ring. PI3 K is composed of a p110 catalytic and a
p85 regulatory subunit. Multiple PI3 K isoforms have been
isolated and some can associate with Ras.23 The PI3 K
p110 subunit interacts with Ras-GTP through the domain
located between amino acids 133 ± 314. An intact Ras
effector domain is essential for this interaction. Mutants in
this region show differential impairment of effector
interaction, providing information concerning the contribu-
tion of Ras effectors to Ras function.24

In addition to Raf and PI3 K, other Ras effectors have
been proposed, including p120GAP, PKCz, Rin1, AF6,18

the GEFs for Ral, RalGDS, Rgl and Rlf,25,26 and Nore 1.27

p120GAP was the first molecule to be proposed as a Ras
effector. Although it acts as a negative regulator of Ras,
recent evidences suggest novel roles for p120GAP as a
Ras effector in the regulation of Rho function and as a
bridge that promotes association between Ras and other
putative effectors, such as GAP-binding proteins.28 Reg-
ulatory regions of PKCz associated with Ras-GTP,
suggesting that Ras localizes PKCz to the plasma
membrane, where it may be activated by PtdInsP3. Yeast
studies identified Rin1 as a Ras effector molecule. Rin1
interacts directly with H-Ras, competes with Raf for binding
to Ras in vitro, and forms stable complexes with Ras in
vivo. Finally, the Rin1 domain that binds Ras also binds the
14-3-3 protein, suggesting that Rin1 can interact with
multiple signaling molecules. AF6 is another Ras effector
candidate that was identified by yeast two-hybrid screening.
In vitro analysis showed that the AF6 N-terminal domain
interacts with Ras-GTP and that this interaction interferes
with the binding of Ras to Raf. Ras is able to activate Ral
GEFs. It has recently been shown that stimulation of the
EGF receptor results in rapid activation of Ral, which
correlates with Ras activation and is blocked by dominant-
negative Ras. This suggests that Ral activation can be a
downstream effect of growth factor-induced Ras activa-
tion.26 A new Ras effector, called Nore1, has recently been
identified by two-hybrid screening. This protein interacts
with Ras in vitro in a GTP-dependent manner and the
interaction requires an intact Ras effector domain. Ras/
Nore1 association also occurs in vivo following EGF
receptor activation.27 Another Ras effector candidate is
the mitogen-activated protein kinase kinase kinase 1
(MEKK1), a serine/threonine kinase that is an upstream
activator of SEK and may serve as a cdc42 and Rac
effector as well.29 Ras has also been reported to interact
with REKS30 and Bcl-1,31 although the physiological role of
this association is not yet clear. Finally, using the yeast
two-hybrid method, we have shown that Ras interacts with
the transcription factor Aiolos. IL-2 deprivation induces Ras/
Aiolos association. One functional consequence of this
interaction is the inhibition of the translocation of Aiolos
from the cytoplasm to the nucleus. This results in an
inhibition of Bcl-2 expression, leading to apoptotic cell
death. Our results suggest a novel role for Ras as a blocker
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of Bcl-2 expression through the cytoplasmic sequestration
of Aiolos.32

Anti-apoptotic and pro-apoptotic
Ras-mediated signaling pathways

Ras proteins have been implicated in both protection from and
promotion of apoptosis. This apparent contradiction is
resolved by the ability of Ras to regulate multiple signaling
pathways through interaction with different effector sets.33

Ras activation is linked to the cell cycle machinery at several
levels. Ras is involved in the regulation of cyclin D1
expression, as evidenced by transient transfection studies
employing the cyclin D1 promoter.34 Ras also plays a central
role in the downregulation of the cdk inhibitor p27/kip, possibly
through ERK-catalyzed p27kip phosphorylation, which pre-
vents binding of the inhibitor to cdk2,35 and may trigger p27kip
degradation by the ubiquitin-proteasome pathway. Ras also
mediates the signaling pathway responsible for phosphoryla-
tion and activation of the cdc25 phosphoserine phosphatases.
To become activated, cdks must be dephosphorylated by the
cdc25 phosphates A, B and C, all three of which have been
found in association with Raf, an interaction that may be
facilitated by the 14-3-3 proteins.36 c-Myc is involved in
transcriptional control of gene expresssion and is essential for
cell proliferation; c-myc expression is induced following
growth factor stimulation. Using dominant negative and
constitutively active Ras mutants, that Ras has been shown
to regulate c-Myc expression.37 On the other hand, Ras can
also mediate anti-proliferative effects. Ras activation can
induce p21cip expression and G1 arrest.38 In PC12 cells, the
extent and duration of Ras activation determines whether
cells proliferate or differentiate. Treatment of these cells with
EGF leads to transient activation of Ras and proliferation,
while stimulation with NGF results in sustained Ras activation,
leading to differentiation. The differentiation process is
accompanied by a negative regulation of the cell cycle and
accumulation of p21cip.39 Oncogenic Ras also causes growth
arrest and premature senescence associated with upregula-
tion of p53 and p16ink.40 In addition, p19arf is essential for
p53 activation in response to oncogenic Ras.41

Ras activation has been reported to protect cells from
apoptosis induced by various stimuli. The anti-apoptotic
activity of Ras has been linked to its ability to activate PI3
K. The PI3 K-mediated survival signal is triggered by the
activation of Akt/PKB, a serine/threonine kinase activated
by PtdIns-3,4P2.42 There is also evidence, however, that
Akt/PKB can be activated in a PI3 K-independent fashion,43

thus raising the possibility that Akt/PKB-mediated protection
from apoptosis can also occur without PI3 K activation. Akt/
PKB activation is involved in prevention of apoptosis in IL-
4-stimulated cells, since overexpression of wild type or
constitutively active Akt mutants protects cells from IL-4
deprivation-induced apoptosis. Moreover, overexpression of
a constitutively active Akt mutant in IL-4-deprived cells
correlates with inhibition of JNK2 activity.44 Akt/PKB inhibits
the activation of caspases, required for the apoptotic
response to serum withdrawal.45 One mechanism for Akt/
PKB protection against apoptosis is the phosphorylation
and inactivation of Bad, a pro-apoptotic Bcl-2 family

member.46,47 Raf is also able to phosphorylate Bad;
phosphorylated Bad does not heterodimerize with Bcl-XL,
but remains bound to 14-3-3 proteins in the cytoplasm in an
inactive form. This suggests that Raf can regulate Bad by a
mechanism independent of ERK pathway activation.

The interactions between the Ras and JNK pathways in
relation to apoptosis induction are not completely under-
stood. JNK activation may promote different cellular
consequences depending on the cell type or on the
coordinated activation of other pathways. Activation of
JNK has been claimed to be either a trigger or a
consequence of apoptosis. IL-2 deprivation correlates with
an increase in JNK1 activity directly related to apoptosis
induction.48 Indeed, downregulation of JNK1 expression
inhibits apoptosis induced by IL-2 withdrawal, whereas
overexpression of Bcl-2 promotes cell survival and blocks
JNK1 activation. This suggests that inhibition of the JNK1
signaling pathway may be a mechanism through which Bcl-
2 prevents growth factor deprivation-triggered apoptosis. In
contrast, activation of the ERK pathway suppresses JNK
activity and promotes cell survival.48 It has also been
shown, however, that inhibition of JNK activation can impair
Ras transformation, suggesting a growth-promoting role for
this kinase.

Ras activation has also been implicated in apoptosis
induction. Ras is reported to mediate signals triggered by
activation of the cell death receptor Fas.49 Ras activation is
also linked to the induction of apoptosis in the phaechro-
mocytoma cell line PC12, which are rescued from
apoptosis after expression of a dominant negative Ras
mutant.50 In T cells, Ras is activated following both IL-2
stimulation and deprivation; this can lead either to cell
proliferation or apoptotic cell death, depending on whether
other stimuli are acting simultaneously.51,52 In this context,
the above described interaction between Ras and Aiolos
delineates a novel Ras-mediated pro-apoptotic pathway.32

Other important targets for Ras signals are the
transcription factors NF-kB and NFAT. NF-kB is activated
in response to many extracellular stimuli and is involved in
the regulation of cytokine, chemokine and growth factor
genes.53 NF-kB has been shown to have an anti-apoptotic
effect. In NF-kB deficient cells, as well as in cells
expressing a dominant negative IkBa, the apoptotic
responses to external stimuli are enhanced.54 The
proposed mechanism for the anti-apoptotic effect of NF-
kB is the transcriptional regulation of specific genes that
are anti-apoptotic. The ability of activated Ras to transform
p53 null cells is dependent on the ability of Ras to activate
NF-kB. There are thus cell death pathways that can be
initiated by Ras after the inactivation of NF-kB.55

Oncogenic H-Ras activates NF-kB, required for cellular
transformation, suggesting that NF-kB is a critical down-
stream mediator of H-Ras signaling.56 There is also
evidence that in some cell types, NF-kB can be a pro-
apoptotic molecule.57 The finding that some proteins can
have a dual role, depending on the cell type and stimuli,
demonstrates that integration of signals plays an important
role in the induction of proliferation or apoptosis. In parallel
with the model proposed for the proto-oncogene c-Myc, it is
possible that two different Ras-mediated pathways may be
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triggered by an external stimulus, one involved in
proliferation and the other in apoptosis. Alternatively, Ras
may simultaneously induce both proliferation and apopto-
sis, the latter being blocked by the action of survival
factors, or Ras may induce either proliferation or apoptosis,
depending on external signals.

Homologue-speci®c roles

The H-, N- and K-Ras genes are ubiquitously expressed in
mammalian cells. Shortly after their identification, it was
realized that mutation of specific Ras homologues is
associated with different tumor types.1 Much of the effort in
Ras research in past years has been devoted to the
identification of Ras effectors and to the delineation of the
signaling pathways in which these proteins are crucial cross-
points. However, during this time, less attention has been paid
to potentially different behavior and/or Ras genes involvement
in distinct signaling processes. A number of recent works
suggest that the different Ras homologues may preferentially
mediate distinct cellular processes. K-Ras, but not H- or N-
Ras, plays an essential role in murine development.57,58 In
keeping with this, K- but not H-Ras interacts specifically with
microtubules,59 and oncogenic K- but not H-Ras disrupts
basolateral polarity in colon epithelial cells.60 Selective
activation of H-Ras by Ras-GRF has recently been
reported, suggesting the potential participation of each of
the Ras homologues in different signaling pathways.61 This
hypothesis is supported by recent findings that unveil a
differential ability of the four Ras homologues to induce focus
formation, cell migration or anchorage-dependent cell
growth.62 Interestingly, it has been found that Ras homo-
logues vary in their ability to activate the key effectors Raf-1
and phosphoinoside 3-kinase,63 with K-Ras more effective as
a recruiter and activator of Raf-1 and H-Ras more effective as
a PI3 K activator. The activation of these two effectors has
been related with either induction or protection from
apoptosis, respectively.33 In this context, results from our
laboratory have evidenced distinct behavior for Ras homo-
logues in cells undergoing apoptosis in response to
interleukin-2 withdrawal; K-Ras is present in mitochondria
only in IL-2-supplemented cells, and H-Ras is observed in
mitochondria only following IL-2 withdrawal.64 Taken
together, these observations suggest that each Ras protein
may mediate significantly different biological processes. The
picture of Ras signaling may thus offer a different view once
homologue-specific studies have been conducted.

Ras posttranslational modi®cations

Ras proteins are modified by farnesylation, C-terminal
proteolysis and methylation. In addition, H- and N-Ras
proteins can be reversibly palmitoylated. The observation
that C-terminal modification is important for Ras-mediated
transformation, spurred research on the enzymology of these
processes.65,66 In fact, the various activities participating in
Ras C-terminal processing have been marked as targets for
the design of antiproliferative drugs. An extensive battery of
substrates and inhibitors of Ras-modifying enzymes has
become available in recent years, and has helped unveil

unpredicted aspects of Ras regulation. The three Ras
homologues differ widely in their susceptibility to inhibition of
farnesyltransferase (FTase). H-Ras is uniquely sensitive
FTase inhibitors and K-Ras is highly resistant to inhibition,
due to its ability to be alternatively modified by geranylgeranyl
in cells treated with FTase inhibitors.67,68 Pharmacological
and genetic tools have made it possible to ascertain that Ras
posttranslational modifications are necessary for Ras inter-
action with both regulators and effectors.69 Novel mechan-
isms for regulation of Ras processing have recently been
proposed. Induction of the cholesterol/isoprenoid biosynthetic
pathway by lipoprotein depletion can upregulate the
farnesylation and membrane association of Ras, an effect
associated with Ras-driven changes in muscarinic receptor
and G protein expression.70 Conversely, cholesterol enrich-
ment may lead to a reduction in Ras farnesylation and
membrane association, and decreased MAP kinase activity.71

On the other hand, the modification of Ras posttranslational
status may contribute to the potentiation of growth factor-
induced DNA synthesis by insulin; it has been shown that
insulin can activate FTase, apparently by a phosphorylation-
dependent process, and augment levels of farnesylated
Ras.72 Moreover, FTase amplifies growth-factor mediated
proliferation and transformation of NIH 3T3 cells.73 Farnesyla-
tion of Ras proteins is necessary for proteolysis and carboxyl-
methylation. The most intensive research has thus been done
in the area of prenyltransferase enzymes, and has led to the
solution of the FTase crystal structure.74 Inhibition of the latter
processes is not without consequences, however, as
disruption of Ras C terminus proteolytic processing leads to
defects in Ras localization and signaling, and suppresses the
activated phenotype associated with the allele RAS2val19 in
yeast.75 Recently-conducted studies in yeast have led to the
identification of two gene products, Ste24p and Rce1p, which
partially overlap as C-terminal CAAX proteases.75,76 The
human homologue of Ste24p has been recently cloned, and it
appears that this protease can mediate multiple types of
proteolytic events.77 In addition, disruption of the mouse Rce1
gene results in defective Ras processing and mislocaliza-
tion.78 The CAAX methyltransferase family also comprises
functional homologues, as deduced from cross-species
complementation studies.79 It has recently been reported
that homocysteine, the levels of which are increased in
patients with high risk of myocardial infarction and stroke, can
act as an endogenous methyltransferase inhibitor due to its
ability to increase intracellular S-adenosyl-homocysteine
levels in endothelial cells. This effect is accompanied by a
marked reduction in Ras methylation, as well as membrane
association and MAP kinase activation.80 Farnesyl-based
inhibitors of prenylated protein methyltransferase (PPMTase)
inhibit Ras-dependent cell growth81 and impair various G
protein-dependent processes;65 it appears, however, that not
all effects of these molecules can be attributed to PPMTase
inhibition.82 It should also be taken into account that, just as
FTase inhibitors can target proteins other than Ras, including
Rho B, nuclear lamins A and B, TC21 or Rheb,83 the prenyl-
based PPMTase inhibitors can target an even wider array of
cellular proteins.84 Care must therefore be exercised when
attributing the effects of these inhibitors to the blockade of Ras
function. Ras palmitoylation also requires prior farnesyl
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attachment. The distinct contributions of these two lipid
modifications to Ras function have been recently explored
using non-farnesylated C-terminal mutants of H-Ras.85 These
mutants can be palmitoylated and trigger differentiation and
transformation, suggesting that palmitate can support H-Ras
membrane binding and two different biological functions.85
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