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ABSTRACT: The notion that ras proteins are required for the stimulation of mitogenesis by different receptor
tyrosine kinases (RTKSs) has spurred researchers to investigate the precise role of p21ras in signal transduction,
A large number of stimuli can drive p2 1ras in the active conformation, and several proteins that play an important
role in regulating the GTP/GDP balance on p2lras have been identified. Indeed, activation of p21ras has been
demonstrated to occur by stimulation of guanine nucleotide-releasing proteins (GNRPs) or inhibition of GTPase-
activating proteins (GAPs). Moreover, a number of SH2-containing proteins have been implicated in this
signaling pathway, such as shc and sem-5/grb2. On the other hand, downstream signaling from p21ras involves
an important protein kinase cascade. This pathway seems to be conserved in evolution, and analogous routes have
been described in organisms such as yeast, nematodes, and fruit flies. Nevertheless, the direct effector molecule
of p21ras that could couple to this kinase cascade is still unknown. Some indications have been obtained that
suggest that this function might be partially performed by p120GAP. This review gives an overview of the role
of p2iras in signaling from diverse RTKs. Elucidation of this pathway will improve our understanding of
mitogenic signaling pathways and the basis of cancer,
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l. p2iras AS MOLECULAR SWITCH
A. ras Genes

Ras genes were initially identified as the trans-
forming genes of the Harvey and Kirsten rat sar-
coma virus strains (Harvey, 1964; Kirsten and
Mayer, 1967). The cellular homologs of these
viral ras genes were subsequently isolated as domi-
nant oncogenes by their ability to transform
NIH3T3 cells after DNA transfection (Chang et
al., 1982; Parada et al., 1982; Shih and Weinberg,
1982). In addition, a third ras oncogene, called
N-ras, was isolated from a neuroblastoma cell
line (Hall et al., 1983; Shimizu et al., 1983). The
transforming genes turned out to be mutated alle-
les of the normal cellular ras genes (protoonco-
genes) Reddy et al., 1982; Tabin et al., 1982).
Oncogenic forms of p21ras have been detected in
a large variety of human tumors, and the trans-
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forming potential of the ras oncogenes can be
attributed to a single amino acid substitution at
position 12, 13, or 61 of the ras protein (reviewed
by Bos, 1989).

The ras genes constitute a family of highly
conserved genes that code for 21-kDa proteins
localized at the inner side of the plasma mem-
brane (for a review, see Barbacid, 1987). The ras
proteins can bind GTP and GDP with high affin-
ity (Scolnick et al., 1979; Shih et al., 1980) and
have intrinsic GTPase activity (McGrath et al.,
1984; Sweet et al., 1984). By analogy with other
GTP-binding proteins, such as EF-Tu (Jurnak,
1985), the ras proteins were proposed to function
as molecular switches, cycling between an inac-
tive GDP-bound state and an active GTP-bound
state (reviewed by Bourne et al., 1990a). Based
on radical changes in cellular growth that occur
upon expression of oncogenic mutants of p2lras,
the GTP-bound protein was most likely to have a
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positive effect on cellular growth and differentia-
tion. This hypothetical function was substantiated
by a number of experimental observations. First,
oncogenic p2 lras can induce morphological trans-
formation and proliferation of NIH3T3 cells
(Feramisco et al., 1984; Stacey and Kung, 1984),
morphological differentiation of rat
pheochromocytoma cells (PC12) (Bar-Sagi and
Feramisco, 1985), and maturation of Xenopus
laevis oocytes (Birchmeier et al., 1985). The GTP-
bound, but not the GDP-bound, form of p2lras
seems to be responsible for the observed effects
(Satohet al., 1987; Trahey and McCormick, 1987).
Second, oncogenic mutations in the ras protoon-
cogenes invariably cause a loss of GTPase activ-
ity McGrathetal., 1984; Sweet et al., 1984) or an
increased GTP/GDP exchange rate (Feig and
Cooper, 1988b; Sigal et al., 1986b), indicating
that the transforming potential is a result of a
higher steady-state level of the GTP-bound form
of p21lras in the cell.

Mutational analysis of oncogenic forms of
p2lras indicated that, apart from the regions es-
sential for nucleotide binding, two other domains
are indispensable for transformation: the so-called
“effector region” (residues 32 to 40) (Sigal et al.,
1986a; Willumsen et al.,, 1986) and an intact
CAAX motif at the C terminus of the protein,
which is essential for membrane localization
(Willumsen et al., 1984). Mutations in the effec-
tor region destroy the transforming ability of on-
cogenic ras mutants without altering the cellular
localization, stability, and nucleotide-binding prop-
erties of the protein. Therefore, it has been pro-
posed that the cellular effector of p21ras binds to
this region. Analysis of the crystal structures of
the GDP- and GTP-bound forms of p21ras has
shown that the most significant conformational
differences that occur upon GTP hydrolysis are
restricted to two regions of the protein that are
exposed on the molecular surface (Milburn et al.,
1990; Schlichting et al., 1990). One of these re-
gions is the effector region, and it is plausible that
the effector of p21ras binds specifically to GTP-
bound p21ras by recognition of these two regions.
In addition, analysis of the crystal structure of
p21ras has provided more insight in the mecha-
nism of the GTPase reaction of p2lras. A water
molecule is hydrogen-bound to the carbonyl of
Thr35, which positions it directly opposite to the
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B-phosphate of the guanine nucleotide, ideal for a
nucleophilic attack on the y-phosphate (Pai et al.,
1990). Oncogenic mutations in p2 1ras are thought
to be unable to polarize this water molecule for
attack on the y-phosphate (Krengel et al., 1990),
or thought to be less efficient at stabilizing the
transition state of this reaction (Prive et al., 1992),

Membrane association of p2lras requires
posttranslational processing, starting with poly-
isoprenylation (farnesylation) of the cysteine resi-
due of the CAAX motif (Casey et al., 1989;
Hancock et al., 1989), followed by proteolytic
cleavage of the last three amino acids (Gutierrez
et al., 1989) and methylation of the newly formed
o-carboxyl group of the cysteine residue (Clarke
et al., 1988; Gutierrez et al., 1989). These modi-
fications are stable and allow some low-avidity
membrane binding and biological activity
(Hancock et al., 1989). In addition, p2lras re-
quires palmitylation at cysteine residues located
immediately upstream of the CAAX motif [H-ras,
N-ras, or K-ras(A)] (Buss and Sefton, 1986; Magee
et al., 1987), or a polybasic domain [K-ras(B)]
(Hancock etal., 1991a, b), for efficient membrane
binding. Palmitylation increases the avidity of
membrane binding, but the palmityl group has a
half-life of ~20 min (Magee et al., 1987), indicat-
ing that high-affinity membrane binding of p21ras
is unstable, which suggests that the localization of
p2lras is subject to some kind of control mecha-
nism.

Because polyisoprenylation is a prerequisite
for the transforming potential of oncogenic forms
of p21ras, investigators have aimed at pharmaco-
logical approaches to control the farnesylation of
p2lras (reviewed by Gibbs, 1991). Drugs that
inhibit the biosynthesis of mevalonate, a precur-
sor of sterols and other isoprenes such as farnesyl
pyrophosphate, were shown to block the effects
of oncogenic forms of p21ras in X. laevis oocytes
(Schafer et al., 1989) and PC12 cells (Mendola
and Backer, 1990). However, mevalonate is an
important precursor for many other isoprenoid
derivatives (Goldstein and Brown, 1990), and it
seems unlikely that general inhibitors of meva-
lonate synthesis will provide fruitful anticancer
reagents. Indeed, lovastatin, which can block the
isoprenylation of p21ras, inhibits cell growth, but
does so independent of the function of pZ2lras
(DeClue et al., 1991a). A more selective approach




would be to inhibit the enzyme(s) required for
farnesylation of p2lras. A protein-farnesyltrans-
ferase has been purified from rat brain (Reiss et
al., 1990), and specific inhibitors have been de-
signed (Goldstein et al., 1991; Reiss et al., 1990).
Still, this approach does not distinguish active
oncogenic p2lras from normal p2lras or other
proteins that are farnesylated, which is a major
drawback for possible drug therapy. Neverthe-
less, the finding that certain oncogenic forms of
p21ras that no longer have the CAAX motif can
function as dominant-negative mutants (Gibbs et
al., 1989; Medema et al., 1991b; Michaeli et al.,
1989) is reason for optimism. These dominant-
negative mutants presumably couple efficiently
to the effector molecule and can trap it in the
cytosol, thereby blocking the formation of a func-
tional complex at the membrane. Moreover, it has
been shown that oncogenic forms of p21ras are
more sensitive to this type of inhibition than nor-
mal p21ras (Farnsworth et al., 1991; Stacey et al.,
1991). In addition, nonprocessed oncogenic forms
of p2lras are the most potent interfering mutants
inasmuch as oncogenic forms of p21ras will bind
the effector more efficiently than wild-type p21ras.
Thus, (a partial) inhibition of farnesylation is
expected to have a profound effect on cells that
express oncogenic p21ras, whereas normal cells
would be less affected.

B. The ras Cycle

The balance between GTP- and GDP-bound
p2lras is controlled by its GTPase activity, as
well as the exchange of GDP for GTP. This is
exemplified by the transforming potential of
mutations that affect either one of these character-
istics (Feig and Cooper, 1988b; Sigal et al., 1986b).
However, the intrinsic GTPase activity of p21ras
and the dissociation rate for GDP are very slow,
which activated a search for factors that could
accelerate these steps to ensure rapid cycling of
p21ras in the cell. Two classes of regulatory pro-
teins have been identified: GTPase-activating pro-
teins (GAPs), which accelerate GTP hydrolysis,
and guanine nucleotide-releasing proteins (GNRPs
or exchange factors), which facilitate the release
of bound GDP that, under the conditions prevail-
ing in the cytoplasm, is most likely to result in the

binding of GTP (for a review, see Bourne et al.,
1990b). Therefore, two control mechanisms for
the activation state of p21ras exist, either through
regulation of GAP activity or through regulation
of the activity of GNRP (Figure 1). The existence
of these factors enables p2 1ras to respond rapidly
to incoming signals and at the same time makes it
possible for the signal to be quickly shut off,
which is a prerequisite for efficient signal trans-
duction.

Until now, two different proteins with GAP
activity for p21ras have been identified in mam-
malian cells: p120GAP (Gibbs et al., 1988; Trahey
etal., 1988; Vogel et al., 1988) and the product of
the neurofibromatosis type 1 (NF-1) gene
(Ballester et al., 1990; Cawthon et al., 1990; Martin
et al., 1990; Viskochil et al., 1990; Wallace et al.,
1990; Xu et al., 1990a). p120GAP was first iden-
tified as an abundant cytoplasmic factor for
Xenopus oocytes with the ability to stimulate the
GTPase activity of p2lras (Trahey and
McCormick, 1987). The p120GAP protein fails
to stimulate the hydrolysis of GTP on oncogenic
mutants of p21ras, although the physical interac-
tion between the two proteins was judged to be
normal on the basis of competition experiments
(Vogel et al., 1988). The effect of pi20GAP on
p2lras suggests that it functions as a negative
regulator of p21ras, The finding that overexpres-
sion of pl20GAP can suppress transformation of
NIH3T3 cells by normal Ha-ras supports this
notion (Zhang et al., 1990). Also, overexpression
of p120GAP reduces the level of GTP-bound
p2lras in unstimulated as well as platelet-derived
growth factor (PDGF)-stimulated cells (Gibbs et
al., 1990). In addition to this negative regulatory
function, pl20GAP also may be required for
p2lras effector function because it binds to the
effector region (Adari et al., 1988; Cales et al.,
1988).

The NF-1 gene was cloned by different groups
as the gene affected in patients suffering from von
Recklinghausen neurofibromatosis (Cawthon et
al., 1990; Viskochil et al., 1990; Wallace et al.,
1990). The sequence showed significant similar-
ity to p120GAP in the region known to be essen-
tial for interaction with ras proteins, and sub-
sequent experiments with recombinant NF-1 pro-
tein (neurofibromin) showed that it also could
function as a negative regulator of p2lras

617




rasL&uGl,Se,rlSG

-RTKs |« { pl20GAP
N !
?
- RNA binding : ﬁ:le transcription

FIGURE 1. The p21ras cycle. Schematic representation of the cycling of
p21ras between the inactive GDP-bound conformation and the active GTP-
bound conformation. GTP/GDP exchange and GTP hydrolysis on p21ras are
relatively slow events. The exchange of GTP for GDP on p21ras is catalyzed
by a GNRP (guanine nucleotide-releasing protein), and GTP-hydrolysis by
p21iras is accelerated by two different GAPs (GTPase-activating proteins):
p120GAP and neurofibromin. The ratio between p21ras-GDP and ras-GTP
is therefore determined by the activity of the GNRPs compared to that of the
GAPs. Accumulation of p21ras-GTP may be a consequence of an accelera-
tion of the GTP/GDP exchange as a result of activation of GNRP. Alterna-
tively, inactivation of the GAPs would result in slower GTP hydrolysis, which
also would amount to an increase in p21ras-GTP. The active GTP-bound
conformation of p21ras interacts with the effector molecule, which may be
either p120GAP or NF-1. Potential targets of the p21ras-p120GAP complex
are indicated, such as: the activated RTKs (shown to bind p120GAP), p62
{an RNA-binding protein), p190 (which has GAP activity for the rho-family of
small GTP-binding proteins and homology with the glucocorticoid repressor).

(Ballester et al., 1990; Martin et al., 1990; Wallace
et al., 1990; Xu et al.,, 1990b). Neurofibromin
binds p2lras with a much higher affinity than
p120GAP, indicating that it could be a more sig-
nificant regulator of p21ras than p120GAP, con-
sidering the concentration of p2lras in the cell
(Bollag and McCormick, 1991). Indeed, a reduc-
tion in the level of expression of neurofibromin in
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Schwannoma cells results in an elevation of the
level of GTP-bound p2lras, although the expres-
sion of p120GAP is normal (Basu et al., 1992;
DeClue et al., 1992). Low basal levels of p21ras-
GTP in these cells could be restored by overex-
pression of the catalytic domain of p120GAP,
indicating that pl20GAP also can function as a
negative regulator when present in high amounts.




Nevertheless, one could argue whether p120GAP
functions as a true negative regulator of p21ras in
vivo. The action of p120GAP in vitro is blocked
by physiological salt concentrations (Gibbs et al.,
1988), and interference with p21ras signaling has
only been observed when p120GAP is expressed
at high levels (Bortner et al., 1991; DeClue et al.,
1991b; Nori et al., 1991). At this point, a regula-
tory function for pl20GAP should definitely not
be excluded, nor should it be taken for granted.

Several groups have reported the identifica-
tion and partial purification of exchange factors
from mammalian cells with the ability to stimu-
late the release of GDP for recombinant ras pro-
teins. First, a cytosolic protein with a molecular
size between 100 and 160 kDa, which is active on
ras proteins but not on other small GTP-binding
proteins, was purified from rat brain (Wolfman
and Macara, 1990). Second, a cytosolic protein of
about 60 kDa, which also specifically stimulates
the rate of guanine nucleotide exchange of several
ras proteins, was purified from human placenta
(Downward et al., 1990b). Third, a membrane-
associated protein with similar activity was puri-
fied from bovine brain (West et al., 1990). How-
ever, this membrane-associated protein of 35 kDa
increased the exchange of guanine nucleotides on
all small GTP-binding proteins that were tested
(Huang et al., 1990).

More recently, several (putative) mammalian
GNRPs for p21ras were cloned by homology to
yeast Saccharomyces cerevisiae and Drosophila
melanogaster ras GNRPs. In S. cerevisiae, ge-
netic and biochemical evidence indicate that the
CDC25 gene product is the major GNRP for RAS
(Broek et al., 1987; Jones et al., 1991), and in D.
melanogaster, the son of sevenless (SOS) gene
product has been identified genetically as the
potential GNRP for ras/ (Bonfini et al., 1992;
Rogge et al., 1991; Simon et al., 1991). The first
mammalian GNRP shown to be specific for p21ras
(Ras-GRF) was cloned by homology to CDC25
from a rat brain library (Shou et al., 1992). Anti-
bodies against the protein product detected a pro-
tein of 140 kDa in brain cytosol, similar to the
molecular weight of a mammalian protein that
cross-reacts with anti-CDC25 polyclonal antibod-
ies (Gross et al., 1992b). The expression of Ras-
GRF appeared to be brain specific. Others cloned
a mammalian CDC25 homolog (type I CDC25M™)

by functional complementation of yeast CDC25-
minus mutants with a mouse cDNA expression
library (Martegani et al., 1992). The predicted
protein encoded by this partial cDNA contains a
region of 234 amino acids with 34% homology to
CDC?25, and a recombinant protein that contains
this region was later shown to stimulate guanine
nucleotide exchange on p2iras (Jacquet et al.,
1992). Multiple full-length cDNAs were subse-
quently isolated from a mouse brain cDNA (type
I to IV CDC25M™), and these CDC25-like cDNAs
also seem to be expressed in a brain-specific
manner, although small amounts of mRNA couild
be detected in other tissues, such as heart and
liver (Cen et al., 1992). Analysis of the type IV
CDC25M™ ¢cDNA revealed that it is the murine
homolog of Ras-GRF from rat. Antibodies raised
against a peptide encoded by all types of CDC25M™
cDNAs detected proteins of 75 and 95 kDa in
NIH3T3 cells. In addition, two putative mamma-
lian GNRPs for p21ras have been cloned by ho-
mology to SOS from a mouse eye cDNA library
(mSosl and mSos2) and these seem to be ex-
pressed ubiquitously (Bowtell et al., 1992). How-
ever, evidence that their gene products can spe-
cifically enhance the exchange of guanine nucle-
otides on p2lras has not yet been provided. Fi-
nally, smg p21 GDS (GDP dissociation stimula-
tor), originally cloned as GNRP for two ras-re-
lated small GTP-binding proteins, smg p21 A and
B (or raplA and rap1B), also can stimulate ex-
change on p21K-ras4B, but not p21Ha-ras, p2IN-
ras, or p21K-ras4A (Kaibuchi et al., 1991; Mizuno
et al., 1991). Thus, it appears that a class of mam-
malian GNRPs for p21lras exists with a tissue-
specific distribution.

Remarkably, in addition to the homology with
CDC25 in the C-terminal region of the proteins
encoded by Ras-GRF and type IV CDC25%™, a
241-amino acid domain near the N terminus shares
homology with the human breakpoint cluster re-
gion (ber) protein (Hariharan and Adams, 1987),
the vav oncogene product (Bustelo et al., 1992;
Katzav et al., 1989; Margolis et al., 1992}, and the
dbl oncogene product (Ron et al., 1988) (Figure
2). The latter proteins are assumed to regulate ras-
like small GTP-binding proteins. Ber encodes a
GAP protein for p21rac (Diekmann et al., 1991)
that is involved in growth factor-induced mem-
brane ruffling (Ridley et al., 1992). The region of
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FIGURE 2. Homologous regions in guanine nuclectide-releasing proteins (GNRPs). (Putative} GNRPs for p21ras
and ras-like proteins from Saccharomyces cerevisiae (CDC25, SDC25, CDC24), Schizosaccharomyces pombe
(steB), Drosophila (SOS) and mammals (Ras-GRF, CDGC25M, dbl, ber, and vav), and their homologous domains.
Boxes of CDC25-like homology are represented by black boxes; dbl-like homology is indicated by hatched boxes.
In addition, the SH2/SH3 domains in vav and the region of ber that is involved in stimulating the GTPase activity

of Rho- and Rac-like proteins are indicated.

ber that is important for this activity is distinct
from the region of homology shared with dbl and
the ras GNRPs. The dbl oncogene appears to be
the mammalian homolog of CDC24 from S.
cerevisiae and has been shown to encode a GNRP
for CDC42Hs (Hart et al., 1992), which is closely
related to the rac and rho proteins (Munemitsu et
al., 1990). Therefore, it is possible that Ras-GRF
is active on different members of the ras super-
family, allowing cross-talk between different sig-
naling pathways. Such cross-talk also is possible
at the level of the GAP proteins inasmuch as
p120GAP has been shown to associate with a
protein of 190 kDa (Ellis et al., 1990), which has
a region of similarity with ber (Settleman et al.,
1992b). The 190-kDa protein has been shown to
have GAP-like activity for the rho family of small
GTP-binding proteins (Settleman et al., 1992a).
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Therefore, the activation state of a number of
small GTP-binding proteins may be tightly linked
through bifunctionality, or direct interaction, of
their regulatory proteins. Such a fine-tuning of
small GTP-binding proteins has been observed in
the case of rac and rho, where growth factor-
induced activation of p21rac seems to drive acti-
vation of p2irho (Downward, 1992; Ridley and
Hall, 1992; Ridley et al., 1992).

C. ras-Mediated Effects

The transforming potential of oncogenic forms
of p21ras and the similarity to the heterotrimeric
G proteins involved in signal transduction implies
that ras proteins function in signal transduction
pathways that control cell proliferation. This hy-




pothesis was initially tested by microinjection of
recombinant ras proteins to analyze the direct
effects of p21ras on different cell types. Such an
approach has the advantage that long-term and
indirect effects of transformation that occur after
introduction of oncogenic p21ras by DNA trans-
fection can be disregarded. In NIH3T3 cells, mi-
croinjection of p21ras causes morphological trans-
formation and stimulation of DNA gynthesis in
the absence of growth factors (Feramisco et al.,
1984; Stacey and Kung, 1984). Also, a large va-
riety of other effects have been reported, such as
membrane ruffling (Bar-Sagi and Feramisco,
1986), induction of c-fos expression (Stacey et
al., 1987), maturation and stimulation of diacyl-
glycerol (DAG) production in X. laevis oocytes
(Birchmeier et al., 1985; Lacal et al., 1987b), and
differentiation of PC12 cells (Bar-Sagi and
Feramisco, 1985; Noda et al,, 1985). Because
microinjection is rather laborious and only a lim-
ited number of cells can be studied, scrape load-
ing of p2lras into quiescent cells was used to
study the role of p2lras in the activation of cellu-
lar kinases. Scrape loading of active p2lras in
Swiss 3T3 cells leads to the activation of protein
kinase C (PKC) (Morris et al., 1989), induction of
c~myc expression (Lloyd et al., 1989), and DNA
synthesis (Morris et al., 1989). In addition, rapid
activation of extracellular signal-regulated kinases
(erks) was observed after scrape loading of onco-
genic p21ras (Leevers and Marshall, 1992). These
findings indicated that active p2lras can indeed
mimic the action of growth factors, suggesting
that p21ras functions as a mediator of their mes-
sage.

To analyze which cellular stimuli actually
require the function of p21ras for efficient signal
transduction, a monoclonal antibody (Y 13-259)
that can neutralize the function of p21lras was
used in microinjection experiments, Microinjec-
tion of Y13-259 has shown that the function of
p21ras is required for growth factor-induced cell
proliferation (Mulcahy et al., 1985) and transfor-
mation by a number of viral oncogenes (Smith et
al., 1986). In X. laevis oocytes, ras proteins are
required for insulin-induced maturation (Korn et
al., 1987), and in PC12 cells, NGF-induced dif-
ferentiation is blocked by microinjection of Y 13—
259 (Hagag et al., 1986). An alternative approach
to elucidate the involvement of p2lras in certain

signaling routes was made possible by the isola-
tion of a mutant of p21lras with the ability to
inhibit cellular p21ras function in vivo (Feig and
Cooper, 1988a). This dominant inhibitory mu-
tant, p2lras(Asnl7), has a reduced affinity for
GTP, and therefore is locked in the inactive state.
Its inhibitory potential is thought to be a conse-
quence of a constitutive association of the GNRP
with p2Iras, forming an inactive complex, thereby
blocking the activation of normal p2lras
(Farnsworth and Feig, 1991). Recently, direct
proof that this mutant inhibits the activation of
p2lras by different extracellular stimuli has been
obtained (Medema et al., 1993). Expression of
p21ras(Asnl7) inhibits proliferation of normal and
v-src-transformed NIH3T3 cells (Feig and Coo-
per, 1988a). Also, p21ras(Asn17) has been used
to show a requirement for p2 1ras in NGF-induced
differentiation of PC12 cells (Szeberényi et al.,
1990), growth factor-induced stimulation of DNA
synthesis (Cai et al., 1990), and growth factor-
induced fos expression in NIH3T3 cells (Cai et
al., 1990; Medema et al., 1991b). Furthermore,
induction of interleukin (IL)-2 expression in re-
sponse to protein kinase C and T-cell receptor
stimulation in T lymphoblasts is inhibited in cells
expressing p21lras(Asnl7) (Rayter et al., 1992).
Recently, the activation of extracellular signal-
regulated kinases (erks), raf-1 kinase, and a ribo-
somal S6 kinase (pp90rsk) by a variety of growth
factors was shown to require the function of p21ras
by making use of p21ras(Asn17) (de Vries-Smits
et al., 1992; Thomas et al., 1992; Wood et al.,
1992). Another dominant inhibitory mutant of
p2lras, p21ras(Leu61Ser186), which apparently
interferes with binding of the effector molecule to
active p2lras at the cell membrane, inhibits insu-
lin-induced maturation of X. laevis oocytes and
insulin-induced gene expression (Gibbs et al.,
1989; Medema et al., 1991b), Altogether, these
observations place p2lras at a crucial point in
signaling pathways that regulate proliferation and
differentiation, Ras proteins apparently exert their
effects through activation of cellular kinases and
induction of the expression of certain early re-
sponse genes. The most straightforward cascade
of events would be activation of p2lras in re-
sponse to these extracellular stimuli, in turn caus-
ing activation of cellular kinases. However, based
on the experiments described earlier, it also is
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possible that p21ras activation is not a direct con-
sequence of these extracellular stimuli, but that
manifestation of their effects requires the func-
tion of p2lras in a separate pathway.

Il. p2iras IN RECEPTOR TYROSINE
KINASE SIGNALING

A. Activation of p21ras

Although a requirement for p21ras activity in
RTK signaling had been proposed as early as
1986 on the basis of experiments with neutraliz-
ing antibodies against p21ras (Smith et al., 1986),
no direct evidence for activation of p2lras by
these RTKs was available for some time. The first
reports that external signals control the activation
state of p21ras came from different groups; one
group used stimulation of the antigen receptor of
T lymphocytes to induce a rapid and dramatic
activation of p2lras (Downward et al., 1990a),
whereas others showed that PDGF and serum can
cause a small but consistent increase in the level
of p21ras-GTP (Gibbs et al., 1990; Satoh et al.,
1990b). Since then, a variety of extracellular
stimuli have been shown to cause an activation of
p21ras. Epidermal growth factor (EGF) (Osterop
etal., 1993; Satoh et al., 1990a), insulin (Burgering
et al., 1991), thrombin, and lysophosphatidic acid
(LPA) (van Corven et al., 1993) were shown to
drive p21ras into its active conformation in fibro-
blasts. Also, in cells carrying activated oncogenes
with tyrosine kinase activity, such as v-src, v-abl,
or erbB2/neu, the levels of p21ras-GTP are in-
creased (Gibbs et al., 1990; Satoh et al., 1990a).
In PC12 cells, NGF and EGF induce an accumu-
lation of the GTP-bound conformation of p21ras
(Qiu and Green, 1991). This also can be achieved
by stimulation of PC12 cells with fibroblast growth
factor (FGF), insulin, insulin-like growth factor
(IGF)-1, and IL-6, but only in the presence of
sodium vanadate (Nakafuku et al., 1992). In addi-
tion, many cytokines, including IL-2, IL-3, IL-5
(Duronio et al., 1992), granulocyte/macrophage
colony-stimulating factor (GM-CSF) (Satoh et al.,
1991), erythropoietin (Torti et al., 1992), and steel
factor (Duronio et al., 1992), activate p2lras in
hematopoietic cells. Also, stimulation of epithe-
lial cells with transforming growth factor-p
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(TGFp) results in activation of p21ras (Mulder
and Morris, 1992). Most recently, a relatively
slow, but dramatic activation of p21lras was ob-
served in response to UV irradiation (Devary et
al., 1992). Activation of p2lras by a specific ex-
tracellular stimulus appears to be independent of
the cell type inasmuch as transfection of the IL-2
receptor into a murine myeloid progenitor cell
line conferred IL-2 responsiveness to these cells
with respect to p21ras activation (Izquierdo et al.,
1991). Similarly, EGF stimulation of a myeloid
cell line containing a stably transfected EGF re-
ceptor resulted in activation of p21ras (Satoh et
al., 1991). It is clear that activation of p21ras can
occur in response to a large variety of extracellu-
lar stimuli, which indicates that they share at least
some common intracellular pathways. This is
somewhat surprising because the growth regula-
tory receptors through which these different fac-
tors signal and the respective cellular responses
they elicit are rather diverse.

B. Mechanism of Activation

Activation of p21ras in response to triggering
of a growth regulatory receptor could occur
through two basically different mechanisms. First,
by analogy with receptor-coupled G proteins,
agonist binding could stimulate GTP/GDP ex-
change. Conversely, growth factors may cause an
inactivation of GAP activity. In T lymphocytes,
activation of p2lras by the TCR and CD2 anti-
gens correlates well with a decrease in GAP ac-
tivity measured in cell extracts (Downward et al,,
1990a; Graves et al., 1991). Also, erythropoietin
treatment of human erythroleukemia cells causes
inhibition of in vitro GAP activity, although the
timing of this inhibition does not exactly coincide
with the time course of p21ras activation (Torti et
al., 1992). Remarkably, the exchange of nucle-
otides onto p2lras in permeabilized T lympho-
cytes is very rapid, both in quiescent and stimu-
lated cells, suggesting that a constitutively active
GNRP is present in these cells (Downward et al.,
1990a). In contrast, in fibroblasts, no evidence for
an inactivation of GAP activity in response to
different growth factors has been obtained, sug-
gesting a different mechanism of activation. In-
deed, activation of nucleotide exchange is (at least




partially) responsible for insulin- and EGF-in-
duced activation of p21ras (Medema et al., 1993).
Also, NGF-induced activation of p2lras corre-
lates with an increase in membrane-associated
exchange activity, although this activity may not
be ras specific and may coincide with a matching
increase in GAP activity (Li et al., 1992). Indirect
evidence also has suggested that activation of
p21ras in response to serum or PDGF is mediated
by enhanced nucleotide exchange rather than by
inactivation of GAPs (Zhang et al., 1992). There-
fore, the intracellular pathway that eventually leads
to activation of p21ras seems to be dependent on
the type of receptor that is causing the effect,

Diversity in the mechanism by which activa-
tion of p21ras can occur also is illustrated by the
fact that PKC can regulate p21ras in T lympho-
cytes, whereas a non-PKC-dependent pathway has
been proposed to cause activation of p2lras in
response to insulin (Medema et al., 1991a), PDGF
(Molloy etal., 1992), IL-2 (Izquierdo et al., 1991),
and NGF (Nakafuku et al., 1992). Moreover, PKC
activation by the phorbol ester 12-O-tetradeca-
noylphorbol-13-acetate (TPA) in fibroblasts does
not result in activation of p21ras (Medema et al.,
1991a). The TCR-induced activation of p21ras is
mediated only partially by PKC, and an alterna-
tive pathway independent of PKC coexists in T
cells (Izquierdo et al., 1992). This PKC-indepen-
dent pathway also causes a reduction in GAP
activity and is sensitive to tyrosine kinase inhibi-
tors.

Tyrosine phosphorylation seems to be an
important event for p2 Iras activation by all growth
regulatory factors studied thus far. For example,
tyrosine kinase inhibitors can block activation of
p2lras by NGF, EGF (Qiu and Green, 1991),
steel factor, IL.-3 (Duronio et al., 1992), erythro-
poietin (Torti et al., 1992), phorbol esters, IL-6
(Nakafuku et al., 1992), and LPA (van Corven et
al., 1993). Activation of p21ras by insulin, EGF,
and LPA is inhibited by phenylarsine oxide, a
putative tyrosine phosphatase inhibitor (Medema
et al., 1991a; Medema and Bos, unpublished ob-
servations). Tyrosine kinase activity also seems
to be one of the initial events in TCR signaling.
Although the T-cell receptor (TCR) itself has no
tyrosine kinase activity, a large body of evidence
indicates that it is functionally coupled to
nonreceptor tyrosine kinases in T cells (reviewed

in Klausner and Samelson, 1991) (Figure 3).
Among the candidates are p56lck and p59fyn,
two tyrosine kinases of the src family, and ZAP-
70, a tyrosine kinase of 70 kDa that associates to
the C-subunit of the TCR in response to receptor
activation (Chan et al., 1992). As already men-
tioned, the PKC-independent pathway that causes
p2lras activation in response to TCR activation is
inhibited by a tyrosine kinase inhibitor (Izquierdo
et al., 1992). Therefore, a tyrosine phosphoryla-
tion/dephosphorylation cascade could very well
precede activation of p21ras.

Clearly, signaling via p2lras is a common
pathway for many growth regulatory factors.
However, variations exist in the mechanism of ras
activation, as well as the persistence and extent of
activation. For instance, some growth regulatory
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FIGURE 3. T-cell receptor signaling via nonreceptor
tyrosine kinases. The T-cell receptor complex, com-
posed of an of heterodimer, associated with a number
of CD3 polypeptides — a £ homodimer {{-module) and
a 8¢ and ve heterodimer (e-module) (see Abraham et al.,
1992, for a review) — is activated upon binding of the
antigen-major histocompatibility complex. This binding
results in activation of nonreceptor tyrosine kinases p56lck
(which associates to the CD4 and CD8 molecules),
p59fyn, and ZAP-70 (which associates to the {-sub-
units). Efficient coupling of TCR activation to p56lick and
p59fyn activation is dependent on the dephosphoryla-
tion of pséick and p59fyn by the transmembrane ty-
rosine phosphatase CD45. Activation of this signaling
complex results in activation of PLC~y, PKC, p21ras (via
inhibition of GAP activity), raf-1 kinase, and erkt.
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factors seem to exert their effect on p21ras through
inactivation of GAP activity (Downward et al.,
1990a; Torti et al., 1992), whereas others can
activate exchange factors (Li et al., 1992a;
Medema et al., 1993), but it is possible that a
combination of both is required for the full effect.
Also, the increase in p2lras-GTP can be very
transient, as is the case for thrombin-induced ras
activation in CCL39 cells (van Corven et al.,
1993), but on the other hand, insulin-induced ras
activation can persist for more than 1 h (Osterop
et al., 1993). Finally, activation of p21ras in re-
sponse to T-cell activation results in 50% of total
p2lras complexed to GTP (Downward et al.,
1990a), but PDGF stimulation of NIH3T3 cells
causes only 15% of total p2lras to bind GTP
(Gibbs et al., 1990). Thus, the mechanism of ac-
tivation of p2 Iras and the ultimate effect on p2lras-
GTP levels seem to be dependent on the stimulus
and the cell type under investigation.

C. Receptor Tyrosine Kinase

Some of the early events that occur upon
RTK activation have been studied extensively.
Receptors with tyrosine kinase activity possess a
glycosylated extracellular ligand-binding domain,
a single hydrophobic transmembrane region, and
a cytoplasmic domain that contains a tyrosine
kinase catalytic domain. The IGF- and insulin-
receptor tyrosine kinases are somewhat excep-
tional because they preexist as a disulfide-stabi-
lized receptor dimer of two of chains. Ligand
binding to its cognate RTK triggers a large num-
ber of cellular responses, eventually leading to a
stimulation of cell proliferation. Depending on
the cell type and the type of receptor, these effects
include stimulation of tyrosine kinase activity,
stimulation of serine/threonine kinase activity,
elevation of intracellular Ca®* concentration, acti-
vation of phospholipase C-y (PLC-vy), activation
of phosphatidylinositol-3'-kinase (PI3K), increased
phosphatidylinositol turnover, stimulation of glu-
cose and amino acid transport, and stimulation of
Na/H antiport activity (Yarden and Ullrich, 1988)
(Figure 4). The tyrosine kinase domain of all
RTKSs and nonreceptor tyrosine kinases contains
a consensus sequence, GlyXGlyXXGlyX(15-
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20)Lys, that functions as part of the binding site
for ATP, which is the phosphate donor for the
kinase reaction (Hanks et al., 1988). Replacement
of the lysine residue in this consensus in PDGF,
EGF, and insulin receptors completely abolishes
their kinase activity (Chen et al., 1987; Chou et
al., 1987; Ebina et al.,, 1987; Escobedo et al.,
1988; McClain et al.,, 1987). Although ligand-
binding characteristics are normal, these kinase-
minus mutants are not mitogenic when transfected
into cells (Chen et al,, 1987; Chou et al., 1987,
Honegger et al., 1987; Williams, 1989). In addi-
tion, many ligand-induced effects appear to be
dependent on the tyrosine kinase activity of the
receptor (Escobedo et al., 1988; Glenney et al.,
1988; Honegger et al., 1987, Moolenaar et al.,
1988:; Russell et al., 1987; Westermark et al.,
1990). This indicates that the activation of ty-
rosine kinase activity is the first event in the
signaling cascades initiated by RTKs, Activation
of these cascades will eventually lead to prolifera-
tion, an event that seems to require the function of
p2lras. Other receptors that lack intrinsic tyrosine
kinase activity, such as the T-cell receptor, are
thought to be linked to nonreceptor tyrosine ki-
nases. The events that occur upon activation of
members of the nonreceptor tyrosine kinases, e.g.,
c-src, show many similarities to those observed in
response to activated RTKs (Cantley et al., 1991).
However, here we limit ourselves to a discussion
of signaling pathways initiated by RTKs.

The tyrosine kinase activity of RTKs is stimu-
lated by ligand binding to the extracellular do-
main, which induces dimerization (except for the
IGF and insulin receptors). The adjacent cytoso-
lic domains will then cross-phosphorylate each
other on tyrosine residues, causing a conforma-
tional change that presumably enhances kinase
activity (Schlessinger, 1988). In the case of the
IGF and insulin receptor, ligand binding is thought
to cause a conformational change in the extracel-
lular domain and, consequently, a conformational
change in the cytosolic domain could result in
kinase activation (Ullrich and Schlessinger, 1990).
Upon agonist binding, RTKs will autophos-
phorylate on specific tyrosine residues and phos-
phorylate a panel of cellular substrates that con-
trol distinct signaling pathways, including activa-
tion of p21ras.
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FIGURE 4. RTK-signaling pathways. Signaling pathways that are activated upon agonist
binding to its cognate RTK. (1) PI3K associates to and becomes phosphorylated by the
activated RTKs and catalyzes the phosphorylation of phosphatidylinasitols at the 3' position
of the inosital rings. (2) Phospholipase C-y, associates to and is phosphorylated by the
active RTKs and produces DAG and IP3, which in turn cause activation of PKC and release
of Ca? from intracellular stores. (3) c-src is activated in response to various growth factors,
and results in increased tyrosine phosphorylation of a number of proteins. (4) p120GAP
associates to a number of activated RTKs and also is involved in the regulation of p21ras,
although a clear link between both phenomena is unclear at this moment. (5) Grb2 and shc
associate to activated RTKs and are most likely involved in the pathway toward p21ras,
presumably via the GNRP for p21ras. Activation of p21ras results in activation of raf-1,

which in turn causes activation of MEK-1 and erk1 and erk2.

D. RTK Signaling Complex

Signaling proteins that physically associate to
various activated RTKs include PLC-y (Margolis
etal., 1989; Meisenhelder et al., 1989; Rottapel et
al., 1991), pl120GAP (Kaplan et al., 1990;
Kazlauskas et al., 1990; Margolis et al., 1990a;
Pronk et al., 1992; Reedijk et al., 1990), PI3K
(Bjorge and Kudlow, 1987, Coughlin et al., 1989;
Kazlauskas and Cooper, 1989; Reedijk et al., 1990;
Rottapel et al., 1991; Varticovski et al., 1989),
pp60src (Kypta et al., 1990), and raf-1 kinase
(App et al., 1991; Morrison et al., 1988, 1989)
(Figure 4). In the case of the insulin receptor,
PI3K associates to the docking protein IRS-1 (Sun
etal., 1991). Therefore, ligand binding may result
in the formation of a signaling complex, consist-

ing of the active RTK and a number of associated
proteins, which triggers the activation of cellular
signal transduction molecules. The fact that these
RTKSs seem to require the function of p21ras for
stimulation of mitogenicity raises the question of
which components of this signaling complex are
involved in the activation of p21ras.

The association of pl20GAP to various acti-
vated RTKs and its subsequent tyrosine phospho-
rylation provides the most obvious possible link
between RTK signaling and p21ras signal trans-
duction pathways (Ellis et al., 1990; Kaplan et al.,
1990; Kazlauskas et al., 1990; Molloy et al., 1989;
Pronk et al.,, 1992; Reedijk et al., 1990). How-
ever, growth factors that drive p2lras into the
active conformation and simultaneously stimu-
late tyrosine phosphorylation of p120GAP have
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no obvious effect on the overall GAP activity as
measured in an in vitro assay (Bollag and
McCormick, unpublished results; Burgering, un-
published observations). Moreover, for insulin-
induced activation of p21ras in NITH3T3-L1 fibro-
blasts, p120GAP phosphorylation is not required
(Porras et al., 1992) and PDGF receptor mutants
that will no longer bind and phosphorylate
pl20GAP on tyrosine can still signal through
p21ras (Burgering et al., 1993b). In response to
various activated TRKs, p120GAP tightly associ-
ates to two tyrosine-phosphorylated proteins of
62 and 190 kDa (Ellis et al., 1990). Although a
reduction in the in vitro GAP activity toward
p21ras has been observed upon association with
the 190-kDa protein (Moran et al., 1991) and the
activated EGF receptor (Serth et al., 1992), no
correlation has been established between these
associations and the activation state of p2lras.
Thus, even if these modifications of pl20GAP
would affect its activity toward p21ras, they are
not the only determinants of the activation state of
p2lras. These findings do not necessarily mean
that regulation of p120GAP cannot contribute to
the activation of p21ras, but they do indicate that
mechanisms different from tyrosine phosphoryla-
tion and receptor association must exist. For ex-
ample, areduction in GAP activity could be caused
by activation of an inhibitor protein (or lipid), and
this inhibition could be lost upon lysis of the cells
and would therefore remain undetected in an in
vitro assay. Tyrosine phosphorylation of p120GAP
could, of course, have important- consequences
for its function as an effector molecule (as is
discussed later). Whatever the effect of RTKSs on
the enzymatic activity of pl20GAP, some RTKs
have been shown to stimulate nucleotide exchange
on p2lras, which indicates that other pathways
exist.

Raf-1 kinase is a serine/threonine kinase that
is phosphorylated on serine residues in response
to many growth factors, concomitant with an in-
crease in kinase activity (Morrison et al., 1988).
The raf-1 kinase has been proposed to participate
in the RTK signaling complex because receptor
association has been observed with the PDGF and
EGF receptors (App et al., 1991; Morrison et al,,
1989). However, receptor association to the PDGF
receptor could not be reproduced by others
(Baccarini et al., 1990) and no data regarding the
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requirement of this association for mitogenesis
have been obtained, nor has the site of association
for raf-1 kinase been mapped. Also, unlike the
other RTK substrates discussed here, raf-1 kinase
does not contain an SH2 domain (discussed in
detail later). Therefore, a definite conclusion about
the significance of the association of raf-1 kinase
to the PDGF- and EGF-receptor signaling com-
plexes awaits further study. Regarding a possible
role for raf-1 kinase as intermediate between the
RTKs and p2lras, data have been obtained that
place raf-1 kinase downstream of p2lras in RTK
signaling (as is discussed later).

PLC-y converts phosphatidylinositol (PI)-4,5-
biphosphate (PIP,) into DAG and inositol triphos-
phate (IP,), both representing second messengers
(Berridge, 1987; Nishizuka, 1984). DAG is the
natural activator of PKC, which in turn may phos-
phorylate a variety of proteins on serine and threo-
nine, and IP, is released into the cytosol where it
binds to a specific intracellular receptor, leading
to a release of Ca®* from intracellular stores. Ca?*
can act as a cofactor for many enzymes, including
PKC and calmodulin (Berridge, 1987). PLC-y,
and -y, couple PDGF stimulation to PI turnover,
whereas the B-isoforms appear to mediate the
classical G protein-coupled PI response (Margolis
et al., 1990b; Sultzman et al., 1991). PLC-y seems
to require tyrosine phosphorylation for its activity
in vivo (Kim et al., 1991). The activity of PLC-y
is negatively regulated by profilin, which binds
the major substrate of PLC-y, PIP,, with high
affinity (Goldschmidt-Clermont et al., 1990).
Phosphorylation of PLC-y is necessary to hydro-
lyze PIP,, which is bound to profilin (Goldschmidt-
Clermont et al., 1991). Hydrolysis of PIP, is as-
sumed to relieve the inhibition of PIP, on the
function of profilin as a cofactor in actin poly-
merization and cytoskeletal reorganization
(Goldschmidt-Clermont and Janmey, 1991). This
indicates that PLC~y may control growth factor-
induced actin rearrangement, although activation
of PLC-y per se is not sufficient for this effect
(Severinsson et al.,, 1990). Also, activation of
PLC-yby different RTKs does not seem to medi-
ate the effects on DNA synthesis. For instance, a
mutant of the PDGF receptor that lacks the ki-
nase-insert domain (AKji), can induce PI turnover,
but is no longer mitogenic (Escobedo and Will-
iams, 1988). Furthermore, insulin and CSF-1 re-




ceptors can stimulate mitogenesis, although no
effect on PLC-yactivity has been observed (Down-
ing et al., 1989) and mutants of the FGF receptor
that do not stimulate PI turnover are still mitoge-
nic (Mohammadi et al., 1992; Peters et al., 1992).
These findings make it unlikely that PLC-y could
in some way mediate activation of p2lras since
this seems to be required for the mitogenic effect
of RTKs.

PI3K catalyzes the phosphorylation of PI at
the 3' position of the inositol ring (Whitman et al.,
1988). This leads to formation of phospha-
tidylinositides that are resistant to the action of
known PLCs (Lips et al., 1989; Serunian et al.,
1989). PI3K was first identified as an associating
protein of v-src and v-ros (Macara et al., 1984,
Sugimoto et al., 1984). This association was sub-
sequently observed with polyoma middle T, where
a strong correlation between PI3K association
and transforming potential could be demonstrated
(Whitman et al., 1985). The activity of PI3K can
be stimulated by a number of mitogenic growth
factors, such as PDGF (Auger et al., 1989), CSF-1
(Reedijk et al., 1990), EGF (Bjorge and Kudlow,
1987), and insulin (Endemann et al., 1990;
Ruderman et al., 1990). The presence of PI3K
activity complexed to pp60src, middle T, and the
PDGF receptor has been correlated with an 85-
kDa phosphoprotein (Courtneidge and Heber,
1987; Kaplan et al., 1987), and partial purifica-
tion of PI3K has shown that the active fraction
consists of a tightly associated heterodimer of the
85-kDa protein and a 110-kDa protein (Carpenter
et al., 1990). Both subunits of PI3K were recently
cloned and the 85-kDa protein appears to be a
regulatory subunit of the enzyme (Escobedo et
al., 1991b; Otsu et al., 1991; Skolnik et al., 1991),
whereas the 110-kDa subunit carries the catalytic
activity (Hiles et al., 1992). Apparently, tyrosine
phosphorylation is not required for activation of
PI3K inasmuch as binding to IRS-1 alone results
in activation (Backer et al., 1992). Conflicting
results have been obtained with mutations within
the PDGF receptor that abrogate PI3K associa-
tion, In some cases, a loss of mitogenicity was
observed (Coughlin et al., 1989; Escobedo and
Williams, 1988; Fantl et al., 1992), whereas other
groups report loss of PI3K association without an
effect on the mitogenic response (Heideran et al.,
1991; Kazlauskas et al., 1992; Yu et al,, 1991).

Therefore, no straightforward conclusions as to
the role of PI3K in RTK-stimulated mitogenesis
can be drawn from these experiments. However,
PI3K also has been found associated to oncogenic
ras proteins, which suggested a direct involve-
ment of PI3K in p2lras signaling (Sjolander et
al., 1991). Neverthless, the fact that the AKi PDGF
receptor mutant can no longer activate PI3K, but
can still signal through p2lras toward erk] and
erk2, makes it unlikely that PI3K functions up- or
downstream of p21ras (Burgering et al., 1993b).

E. SH2 Domains and Tyrosine
Kinase Signaling

The association of substrates of RTKSs to the
activated receptors occurs between specific auto-
phosphorylation sites in the RTKs and conserved
domains in the substrates. These domains are
known as SH2 domains and were originally iden-
tified in members of the src family of nonreceptor
tyrosine kinases, such as v-src and v-fps (Sadowski
et al., 1986). SH2 domains have since been iden-
tified in a large variety of proteins, such as
pl120GAP, PLC-y, the 85-kDa PI3K subunit,
PTP1C (a phosphotyrosine phosphatase [Shen et
al., 19911) and a number of novel transforming
genes, including v-crk, nck, grb2, she, and vav
(discussed later) (Figure 5). An SH2 domain con-
sists of about 100 amino acids, and mutations
within this domain often reduce the transforming
potential of v-src (Koch et al., 1991). This finding
suggested that these SH2 domains may direct the
interaction of src with several cellular proteins
that are necessary for transformation. This in-
teraction was shown to be mediated by the bind-
ing of src-SH2 domains to phosphorylated ty-
rosine residues of target proteins (Anderson et al.,
1990a). In addition, the SH2 domains can nega-
tively regulate the tyrosine kinase activity of c-src
through interaction with phosphorylated Tyr-527
(Cantley et al., 1991). This is supported by the
finding that certain mutations in the SH2 domains
can enhance the catalytic and transforming poten-
tial of c-src (Hirai and Varmus, 1990; Seidel-
Dugan et al., 1992). Most proteins with SH2 do-
mains also contain one or more copies of another
conserved src homology domain of about 50 amino
acids, the SH3 domain (Koch et al., 1991). Muta-
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FIGURE 5. Proteins containing SH2/SH3 domains. SH2 domains are depicted as
black boxes (approximately 100 amino acids) and the hatched boxes represent the
SH3 domains (approximately 50 amino acids). The SH2/SH3-containing proteins
can be grouped into two groups, those that have a known enzymatic activity and
those that presumably function as adaptor proteins for other proteins.

tional analysis of SH3 domains suggests a role for
this domain in regulation of the tyrosine kinase
activity of c-src and c-abl (Franz et al., 1989;
Hirai and Varmus, 1990; Jackson and Baltimore,
1989; Kato et al., 1986; Seidel-Dugan et al., 1992).
SH3 domains also have been identified in several
proteins without SH2 domains that associate with
the cytoskeleton or cellular membranes (Chenevert
etal., 1992; Drubin et al., 1990; Kochet al., 1991;
Rodaway et al,, 1989), which indicates that this
region may be involved in the targeting of pro-
teins to specific subcellular locations.
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A first indication that SH2 domains are in-
volved in the binding of phosphorylated tyrosine
residues came from the analysis of the p47gag-
crk oncoprotein. This protein activates tyrosine
kinase activity, although it has no apparent enzy-
matic activity by itself (Mayer et al., 1988).
p47gag-crk associates with a large number of
tyrosine-phosphorylated proteins, including pp60-
v-src (Matsuda et al., 1990; Mayer and Hanafusa,
1990). The region of p47gag-crk that is important
for association with tyrosine-phosphorylated pro-
teins appeared to be its SH2 domain. This finding




was followed by the observation that the isolated
SH2 domains of different RTK substrates could
bind to the activated RTKs (Anderson et al., 1990a;
Hu et al., 1992; Mayer et al., 1991; McGlade et
al., 1992; Mohammadi et al., 1991; Moran et al.,
1990; Reedijk et al., 1992). This suggests that the
autophosphorylation of the RTKs triggered by
ligand binding results in a panel of phosphoty-
rosine residues that function as recognition sites
for different substrates. The insulin receptor is
somewhat exceptional in this respect because it
seems to require a separate SH2-docking protein
to bind certain SH2-containing proteins, such as
PI3K (Lavan et al., 1992; Sun et al., 1991). This
function is fulfilled by the most prominent sub-
strate of the insulin receptor, insulin receptor sub-
strate-1 (IRS-1), a protein of approximately 185
kDa, which contains several potential tyrosine
phosphorylation sites that could serve as recogni-
tion sites for SH2 domains (Sun et al., 1991).

The amino acids adjacent to the phosphory-
lated tyrosine appear to determine the affinity of
different SH2-containing proteins for that specific
site (Cantley et al., 1991). Thus, the binding speci-
ficity of a given SH2-containing protein is dictated
by the amino acid sequence surrounding each phos-
phorylated tyrosine. This is exemplified by the fact
that small phosphopeptides (as small as five amino
acids), identical to the proposed binding sites, can
specifically inhibit the binding of SH2-containing
proteins that normally bind at this position
(Escobedo et al., 1991a; Fantl et al., 1992;
Kashishian et al., 1992). With these peptides, and
by making use of mutants of the PDGF receptor
that lack specific tyrosine residues, it has been
demonstrated that the PDGF receptor has different
binding sites for PLC-y, p120GAP, and PI3K (Fantl
et al., 1992; Kashishian et al., 1992; Kazlauskas et
al., 1992). This suggests that a given receptor can
mediate its signal through a receptor-specific panel
of SH2-containing proteins for which it contains
high-affinity binding sites. However, the fact that
each substrate will bind to the PDGF receptor at a
different position does not necessarily mean that
one receptor molecule can bind all of these sub-
strates at the same time.

The identification of SH2 domains as specific
binding sites for tyrosine-phosphorylated proteins
sheds more light on the possible mechanism of
signaling from activated RTKs to p2lras. Re-

cently, candidate proteins containing SH2/SH3
domains that could link activated RTKs to signal-
ing pathways involving ras proteins have been
identified. First, in Caenorhabditis elegans, the
sem-3 gene encodes a small protein with two SH3
domains flanking a SH2 domain, and this protein
plays an important role in vulval development
(Clark et al., 1992). Genetic evidence places sem-
5 between the let-23 gene and the let-60 gene,
also involved in correct vulva formation. The let-
23 gene shows similarity to the EGF receptor, and
let-60 is homologous to mammalian ras genes.
This suggests thatin C. elegans, sem-5 is required
for signaling from the RTK to p2lras. Interest-
ingly, grb2, the human homolog of the sem-5
gene, has been identified and cloned by virtue of
its association to the EGF receptor (Lowenstein et
al., 1992). Microinjection of grb2 protein together
with normal p21ras, at concentrations where nei-
ther protein alone has any effects, results in an
induction of DNA synthesis (Lowenstein et al.,
1992). This strongly suggests that the function of
grb2 and that of p2iras is somehow linked, al-
though they are not necessarily involved in the
same pathway. Each could function in a separate
pathway and act synergistically in the induction
of DNA synthesis. Second, a gene was cloned by
screening cDNA libraries with DNA probes of
SH2 domains (Pelicci et al., 1992). The resulting
cDNA, which encodes a protein with a single
SH2 domain and a region homologous to the ol
chain of collagen, was termed shc. The shc pro-
tein associates to the activated EGF receptor
(McGlade et al., 1992; Pelicci et al., 1992). In
addition, this protein is phosphorylated on ty-
rosine upon activation of the EGF receptor and in
v-src- or v-fps-transformed cells (McGlade et al.,
1992; Pelicci et al., 1992; Pronk et al., 1993).
Overexpression of the shc gene transforms
NIH3T3 cells, which indicates the importance of
the gene product in the regulation of cellular pro-
liferation. A link between shc and p21ras signal-
ing was recently provided by the finding that the
shc protein will bind to the grb2 protein upon
RTK activation, and overexpression of shc in-
duces ras-dependent neurite outgrowth in PC12
cells (Rozakis-Adcock et al., 1992). Third, the
nck protein, which consists of three SH3 domains
and one SH2 domain (Lehman et al., 1990), is
phosphorylated on serine and tyrosine in response
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to stimulation with EGF, PDGF, and NGF in
A431 cells, NIH3T3 cells, and PC12 cells, re-
spectively (Li et al., 1992b; Meisenhelder and
Hunter, 1992; Park and Rhee, 1992). In addition,
increased phosphorylation of nck is also observed
in src-transformed NIH3T3 cells (Meisenhelder
and Hunter, 1992) and in T lymphocytes upon
activation of the T-cell receptor (Park and Rhee,
1992). Nck binds to the activated EGF and PDGF
receptors, and this association is mediated by the
SH2 domain of nck (Li et al., 1992b; Park and
Rhee, 1992). At present, no data have been ob-
tained that place nck in one signaling pathway
with p21ras, but overexpression of nck in NIH3T3
cells and 3Y1 rat fibroblasts causes oncogenic
transformation (Chouet al., 1992; Liet al., 1992b),
suggesting that nck plays an important role in the
mitogenic signaling of RTKs. Taken together,
this suggests that a cascade of SH2/phosphoty-
rosine interactions may link the RTKSs to the even-
tual activation of p2lras. However, one should
bear in mind that some of the experiments rely on
overexpression of the SH2-containing proteins.
High levels of the SH2-containing proteins could
result in interaction with proteins for which they
have a relatively low affinity. Under physiologi-
cal conditions, these interactions may not occur.

Similarly, other regulatory proteins of small
G-proteins that contain SH2/SH3 domains or in-
teract with SH2/SH3-containing proteins have
been identified. For example, 3BP-1, a protein
that associates with the SH3 domain of c-abl,
shows similarity to the ber protein and n-chimaerin,
suggesting it might have GAP activity for the rtho
family of small GTP-binding proteins (Cicchetti
et al., 1992). The SH3 binding site of 3BP-1 was
recently localized to a ten-amino acid stretch very
rich in proline (Ren et al., 1993). Also, the vav
protein, which contains an SH2 domain flanked
by two SH3 domains (Margolis et al., 1992), has
a region of homology to the dbl oncogene, a
possible exchange factor for rho- or rac-like GTP-
binding proteins (Hart et al., 1991). Moreover,
BUDS, a putative GTP-GDP exchange factor
cloned from §. cerevisiae, interacts with BEM1,
which contains two SH3 domains (Chant et al.,
1991; Chenevertet al., 1992; Powers et al., 1991).
Therefore, the SH2/SH3 domains may perform
important functions in the regulation of small
GTP-binding proteins.
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F. Lipids as Activators of p21ras

The activation state of p2lras can be con-
trolled by lipids. For instance, activation of PKC,
in response to phorbol esters, causes activation of
p21ras in T lymphocytes (Downward et al., 1990a),
indicating that DAG, the physiological activator
of PKC, is involved in the regulation of p2lras.
However, such activation of p2lras by PKC has
been observed only in T cells, which shows that
the RTKs, most of which will activate PKC, do
not signal to p21ras via PKC. Also, the phospho-
lipid LPA can induce a transient activation of
p2lras in rat-1 fibroblasts (van Corven et al.,
1993). The effect of LPA, however, is probably
mediated by a protein tyrosine kinase (van Corven
et al., 1993),

In addition to these more or less indirect ef-
fects of lipids on the activation state of p2lras, a
more direct role for lipids in the regulation of
p21ras by GAPs has been proposed. Initially, it
was found that the mitogenicity of certain lipids is
virtually completely inhibited by microinjection
of the neutralizing anti-ras antibody Y13-259 (Yu
et al., 1988), suggesting that their mitogenic sig-
nals are mediated exclusively by p21ras. Subse-
quent studies have shown that the ability of the
purified GAPs to stimulate the GTPase activity of
p21ras in vitro is inhibited by several lipids (Tsai
et al., 1989). Interestingly, the metabolism of the
lipids with inhibitory potential, such as phospha-
tidic acid, arachidonic acid, and PI monophos-
phate, changes upon mitogenic stimulation. Lip-
ids with the ability to inhibit GAP activity irn vitro
are produced within 1 to 5 min of serum stimula-
tion of NIH3T3 cells (Yu et al., 1990). These
findings have led to the proposal that certain
growth factors may regulate the activation state of
p21lras by regulating lipid metabolism, resulting
in the inhibition of GAP activity. The inhibition
appears to be a consequence of a direct interac-
tion of p120GAP with the mitogenically active
lipids, and this interaction is dependent on diva-
lent ions (Tsai et al., 1991), However, the concen-
tration dependence of the inhibition suggests that
formation of micelles may be the prerequisite of
this effect, especially since the lipids with low
critical micellar concentration (CMC) values are
the most potent inhibitors (Serth et al., 1991).
Nevertheless, the local concentration of certain




lipids at the cellular membrane could reach the
values required for inhibition, and certain lipids
can inhibit the activity of both p120GAP and
neurofibromin at concentrations well below their
CMC (Golubic et al., 1991). Mitogenically active
phospholipids also may regulate p21ras via acti-
vation of a putative GTPase inhibitory protein.
Such a protein, which binds phospholipids, was
partially purified from mouse brain (Tsai et al.,
1990), although no further evidence for the iden-
tity and physiological importance of the protein
has been provided.

Neurofibromin and p120GAP are affected
differently by certain lipids. For instance, neuro-
fibromin is very sensitive to PIP,, arachidonic
acid, and phosphatidic acid, whereas p120GAP is
much less sensitive to these compounds (Bollag
and McCormick, 1991). These lipids do not pre-
vent the interaction of pl120GAP or neurofibro-
min with p21ras, suggesting that lipids could sta-
bilize the interaction of p21ras-GTP with a spe-
cific GAP. This could have important implica-
tions for the interaction of p21ras with its down-
stream target, as is discussed later. However, regu-
lation of the activation state of p2lras requires
more than production of mitogenically respon-
sive lipids because serum, which efficiently stimu-
lates formation of these lipids, is a poor activator
of p21ras. Of course, it remains to be determined
if inhibition of lipid production can block activa-
tion of p21ras. It could be that these lipids poten-
tiate the effect of a growth factor that has an effect
on nucleotide exchange on p2lras, a possibility
that requires further study.

Ill. DOWNSTREAM SIGNALING
OF p21ras

A. p120GAP as Effector

A number of experimental observations have
indicated that p120GAP, in addition to negatively
regulating p21ras, may play a role in the down-
stream signaling from p21ras as well (reviewed in
McCormick, 1989). Initial data showed that
p120GAP interacts with p21ras at a site denoted
as the effector region. Antibodies directed against
the effector region of p21ras can block the inter-
action with p120GAP (Rey et al., 1989), and most

mutations in the effector region that reduce the
transforming potential of ras oncoproteins also
impair the interaction with p120GAP (Adari et
al., 1988; Cales et al., 1988). Moreover, mutants
of p21ras, which have a high affinity for p120GAP
but lack the consensus membrane localization site,
inhibit signaling from active p21ras (Gibbs et al.,
1989; Medemaet al., 1991b; Michaeli et al., 1989).
Also, K-rev (rap1A), a member of the ras family
that can revert ras-transformed cells, has been
suggested to do so through competition for
p120GAP, on the basis of its identical effector
region (Frech et al., 1990; Kitayama et al., 1989).
However, all these observations may be a conse-
quence of an effector molecule different from
p120GAP, which has a binding site on p21ras that
(partially) overlaps the binding site for p120GAP.

Further evidence for an effector function for
p120GAP came from experiments with isolated
atrial cell membranes, where p120GAP can cause
inhibition of potassium channel opening induced
by the activated muscarinic receptor (Yatani et
al., 1990). This effect requires interaction of
pl20GAP with p2lras because the addition of
Y13-259 blocked the p120GAP-induced inhibi-
tion (Yatani et al., 1990). In X. laevis oocytes, a
simjlar situation has been observed for activation
of the maturation-promoting factor (Dominguez
et al., 1991). Here an induction of H1-kinase ac-
tivity was measured upon microinjection of
pl20GAP or oncogenic p2lras, and this effect
was blocked by Y13-259 or a neutralizing anti-
pI120GAP antibody (Dominguez et al., 1991). In
addition, antibodies against phosphocholine (PC)-
specific PLC (PC-PLC) also blocked the effect of
oncogenic p2lras and p120GAP, suggesting that
PC-PLC is somehow activated by the active
p21ras/p120GAP complex and mediates oocyte
maturation (as is discussed later). However, in
contrast to microinjection of oncogenic p2lras,
microinjection of pl20GAP did not stimulate
germinal vesicle breakdown (GVBD), which is a
good parameter of oocyte maturation. This was
explained by the fact that only a minor fraction of
endogenous p21ras (required for interaction with
p120GAP) will be in the active conformation in
resting oocytes (Dominguez et al., 1991). Never-
theless, insulin-induced maturation of oocytes was
inhibited by microinjection of p120GAP in the
same study. Because insulin-induced maturation
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is mediated by p21ras, one would expect that this
effect would be enhanced, rather than inhibited,
by p120GAP. Thus, the interaction of p21ras and
pl120GAP alone appears to be insufficient for
induction of cocyte maturation.

In the isolated atrial cell membranes, it was
shown that p120GAP deletion mutants encoding
only the SH2/SH3 domains can establish inhibi-
tion of potassium channel opening independently
of p21ras (Martin et al., 1992). This suggests that
the effector function of pl120GAP resides in the
SH2/SH3 domains, and that interaction of
p120GAP with p2lras causes a conformational
change in the GAP protein that enables the
SH2/SH3 domains to interact with their down-
stream target. The same deletion mutants of
pl20GAP can induce expression from the fos
promoter in a transient expression system
(Medema et al., 1992). However, in this case, the
induction is dependent on ras activity because
coexpression of p21ras(Asnl7) blocks the effect.
Therefore, it is unlikely that pl20GAP alone is
the target of p2lras in this particular signaling
pathway, but other signals that stem from p21ras
are required to induce various effects (Figure 1).
This notion is supported by the finding that
p21ras(Glu38), has a normal affinity for pI20GAP
(Krengel et al., 1990), although the transforming
ability of normal p2lras is destroyed by this
mutation (Cales et al,, 1988), thus indicating that
interaction between p21ras and p120GAP per se
is not sufficient for transformation. Deletion mu-
tants of p120GAP that encode only the catalytic
domain involved in interaction with p21ras
(Marshall et al., 1989) can inhibit induction of
gene expression by activated forms of p21ras, an
effect that can be reverted by coexpression of
full-length p120GAP (Schweighoffer et al., 1992).
This suggests that the catalytic domain of
p120GAP competes with full-length p120GAP
for binding to p2lras, but that the catalytic do-
main of pl20GAP alone cannot perform the ef-
fector function, in agreement with the finding that
this function is localized in the SH2/SH3 do-
mains.

The targets of other G proteins have been
shown to contain GAP activity. For instance, in
the control of protein synthesis, the ribosomes act
as both effector and GAP for the bacterial elonga-
tion factor EF-Tu (Bourne et al., 1990a). Interac-
tion of the photoreceptor heterotrimeric G pro-
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tein, transducin, with its effector, cGMP phos-
phodiesterase, accelerates GTP hydrolysis on
transducin (Arshavsky and Bownds, 1992). Simi-
larly, phospholipase C-P1, which is an effector
for the heterotrimeric G, protein, has GTPase
stimulatory activity toward G, (Berstein et al.,
1992). These observations point to the possibility
that a general theme exists in which the effector
molecule for GTP-binding proteins could control
their upstream regulators (Bourne and Stryer,
1992). This raises the question whether neurofi-
bromin, the other GTPase-activating protein for
p2lras, also can function as an effector. In that
way, multiple signals could stem from p21ras by
selection of different effector proteins, a decision
that could be controlled by mitogenic lipids (Bollag
and McCormick, 1991). It should be noted how-
ever, that deletion of neurofibromin results in
increased levels of the GTP-bound form of p2 Iras,
which is thought to cause the transformed pheno-
type of the Schwannoma cell lines (Basu et al.,
1992; DeClue et al., 1992). If so, then the effector
function of neurofibromin, if such exists, seems
dispensable for transformation by p21ras. Intro-
duction of oncogenic p21ras in normal Schwann
cells causes a block in cell proliferation (Ridley et
al,, 1988), indicating that active p2lras in the
presence of neurofibromin leads to growth arrest
in these cells. This has led to the proposal that
neurofibromin could be an effector for p2lras,
which mediates growth-inhibitory effects (Bollag
and McCormick, 1992) (also see Figure 1).

Proteins that bind to pl120GAP are potential
targets of the p21ras-p120GAP effector complex.
First, two p120GAP-associated proteins, p62 and
p190, that were cloned recently could participate
in p21ras signaling (Figure 1). The p62 protein
has significant homology to a putative hnRNP
protein and binds RNA, suggesting a role in RNA
processing, but the relevance of this with respect
to p2 iras signal transduction is still obscure (Wong
et al., 1992). The p190 protein can function as a
GAP for p2lrac and p2lrho, and interaction of
p120GAP and p190 may allow coupling of sig-
naling pathways involving p21ras and rho family
members (Settleman et al., 1992a). Second, the
protein appears to be identical to the transcrip-
tional repressor of the glucocorticoid receptor,
which raises the possibility that p21ras can signal
directly to the nucleus through the pl120GAP-
p190 complex (Settleman et al., 1992b).




B. Kinases Downstream of p21iras

Raf-1 kinase is a 70- to 75-kDa phosphopro-
tein with intrinsic kinase activity toward serine
and threonine residues (Rapp, 1991). Several lines
of evidence suggested that p21lras and raf-1 ki-
nase function in the same signaling pathway. First,
expression of oncogenic forms of p21ras leads to
enhanced phosphorylation of raf-1 kinase in
NIH3T3 and PC12 cells (Morrison et al., 1988;
Wood et al., 1992). Second, a dominant-negative
mutant of raf-1 kinase or antisense raf-1 RNA can
suppress transformation of NIH3T3 and normal
rat kidney (NRK) cells by oncogenic forms of
p21ras (Kizaka-Kondoh et al., 1992; Kolch et al.,
1991). Third, transformation by v-raf does not
require the function of p21ras (Feig and Cooper,
1988a; Smith et al., 1986). In addition, both raf-
1 kinase and p2 1ras appear to be essential compo-
nents of a signaling pathway shared by EGF and
PDGEF (Kizaka-Kondoh et al., 1992). This notion
is supported by the fact that raf-1 kinase activity
is stimulated in response to many different ligands,
a situation that is remarkably similar to activation
of p21ras (App et al., 1991; Baccarini et al., 1990;
Blackshear et al., 1990; Carroll et al., 1990;
Kovacina et al., 1990; Morrison et al., 1988; Siegel
et al., 1990; Tumner et al., 1991). In addition,
activation of raf-1 kinase by different growth fac-
tors is blocked in the presence of p21ras(Asnl7)
(Troppmair et al., 1992; Wood et al., 1992), dem-
onstrating that activation of raf-1 kinase by RTKs
is mediated by p21ras. Such a mechanism is some-
what contradictory to the direct activation of raf-
1 kinase, which is assumed to occur upon stimu-
lation of the PDGF receptors (Morrison et al.,
1989). However, PDGF stimulation of tyrosine
phosphorylation of raf-1 kinase was not observed
by other investigators (Baccarini et al., 1990), and
other growth factors, such as EGF, insulin, and
CSEF-1, elicit only serine phosphorylation of raf-
1 kinase (App et al., 1991; Baccarini et al., 1990;
Blackshear et al., 1990; Kovacina et al., 1990).
Thus, activation of raf-1 kinase in general appears
to be a more indirect effect of RTK activation.

In addition to raf-1 kinase, the activation of
erks, or mitogen-activated protein (MAP) kinases
(erk1 or p44mapk and erk? or p42mapk), by a
number of growth factors requires the activity of
p21ras (de Vries-Smits et al., 1992; Thomas et al.,
1992; Wood et al., 1992). In some ras-transformed

cells, these kinases are constitutively activated,
and oncogenic p21ras can cause activation of erk 1
and erk2 when introduced into quiescent cells
(Leevers and Marshall, 1992). Erks are serine/
threonine kinases, and activation requires phos-
phorylation of erkl and erk2 at a threonine and a
tyrosine residue separated by one amino acid
(Anderson et al., 1990b; Boulton et al., 1991;
Payne et al., 1991). The activation of a serine/
threonine kinase by phosphorylation at tyrosine
residues was initially thought to provide the link
between RTK activation and the observed in-
crease in serine/threonine phosphorylation of cel-
lular proteins (Anderson et al., 1990b). However,
the kinase responsible for activation of erkl and
erk2 (MAP kinase kinase or mapkk) has charac-
teristics of a kinase that is activated by serine/
threonine phosphorylation (Alessandrini et al.,
1992; Crews and Erikson, 1992; Gémez and
Cohen, 1991; Kosako et al., 1992; 1.’ Allemain et
al.,, 1992; Matsuda et al., 1992; Nakielny et al.,
1992a, b). Mapkk is a “dual kinase™ because it
can phosphorylate erks on both tyrosine and threo-
nine residues (Nakielny et al,, 1992b; Posada and
Cooper, 1992; Rossomando et al., 1992), Recently,
mapkk was cloned from a murine pre-B cell cDNA
library (and named MEK) (Crews et al., 1992). It
should be noted that activation of erks also can
occur in a ras-independent manner. For example,
TPA-induced activation of erks in rat-1 cells is
not dependent on the activity of p21ras (de Vries-
Smits et al., 1992), Moreover, activation of erk2
by EGF inrat-1 cells is only partially inhibited by
expression of p21ras(Asn17), and full inhibition
is accomplished when the calcium chelator EGTA
is added in combination with expression of
p2liras(Asnl7) (Burgering et al, 1993a). This
suggests that EGF stimulates both a ras- and a
Ca2*-dependent route, each of which can mediate
erk2 activation.

The findings that activation of both raf-1 ki-
nase and erk1/erk2 requires the function of p21ras
suggested a relationship between these protein
kinses. Initially, two groups reported that erks
could phosphorylate raf-1 kinase in vitro (Ander-
son et al., 1991; Lee et al., 1992), suggesting that
raf-1 kinase is downstream of erk. However, raf-
1 kinase, which is phosphorylated by erk1/erk2 in
vitro, is only slightly activated. More recently,
different groups have shown that immunoprecipi-
tated raf-1 kinase can reactivate dephosphory-
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lated mapkk (Dent et al., 1992; Howe et al., 1992;
Kyriakis et al., 1992) and that erks are constitu-
tively activated in raf-transformed cells (Dent et
al., 1992; Howe et al., 1992). This suggests that
raf-1 kinase is the mapkk kinase or activates this
kinase through another kinase present in the prepa-
rations used for in vitro phosphorylation. This
places raf-1 kinase upstream of erk1 and erk2 and
downstream of p2lras. Thus, an important signal
transduction pathway is emerging in which p21ras
controls raf-1 kinase, which can activate erk1 and
erk2 via mapkk (Figure 6). The fact that erk 1/erk2
also can phosphorylate raf-1 kinase suggests that
some feedback mechanism may exist by which
erks regulates raf-1 kinase activity. Nevertheless,
some data, which are apparently in conflict with
this straightforward pathway, have been obtained.
For example, mutants of the EGF receptor that
lack kinase activity can no longer activate raf-1
kinase (Baccarini et al., 1991), whereas activation
of erkl and erk2 is still observed (although the
response is sharply reduced) (Campos-Gonzélez
and Glenney, 1992), suggesting that other (redun-
dant) routes may exist. However, a small residual
kinase activity of the mutant EGF receptor also
could explain this result. In addition, optimal ac-
tivation of raf-1 kinase in insect cells requires
coexpression of oncogenic p2lras and pp60src,
suggesting that the mechanism of activation is
more complex (Williams et al., 1992). Also, v-raf

Serine/Threonine

(B0

Transcription phosphorylation
c-jun J/ p90rsk
P62TCF | —> | MAPKAP
c-myc kinase-2

FIGURE 6. A kinase cascade that is initiated by
p21ras. Activation of p21ras results in activation of raf-
1, which in turn can activate mapkk (MEK-1). MEK-1
can activate erki and erk2. These latter kinases are
thought to be involved in the activation of a variety of
transeription factors and other serine/threonine kinases.
Therefore, this pathway may mediate many ras-induced
effects, such as an altered gene expression.
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expression in PC12 cells fails to activate erk2
(Wood et al., 1992), although immunoprecipi-
tates of raf from PC12 cells are able to reactivate
dephosphorylated mapkk (Howe et al., 1992). The
reason for this difference is unclear, but suggests
that for the activation of erk2 in vivo, the presence
of active raf-1 kinase is not sufficient.

Activation of erkl and erk2 has important
consequences for transcriptional and translational
activity in the cell. Erk2 can activate other ki-
nases, such as p90rsk (S6 kinase II) (Erikson,
1991; Sturgill et al., 1988) and a newly identified
kinase, termed MAP kinase-activated protein ki-
nase-2 (MAPK AP kinase-2), whose the substrates
are still unknown (Stokoe et al., 1992) (Figure 6).
Also, the relevant substrates of p90rsk are still
elusive inasmuch as phosphorylation of S6 by
p90rsk in vitro results only in a partial reactiva-
tion (Ahn et al., 1990), and another kinase, p70 S6
kinase, is held responsible for the activation of S6
in vivo (Ahn et al., 1990; Ballou et al., 1991;
Chung et al., 1992). The latter kinase is not acti-
vated by erkl or erk2 and is part of a distinct
signaling pathway (Ballou et al., 1991; Chung et
al., 1992), for which the involvement of p2lras
has not yet been addressed. In addition, purified
erks can directly phosphorylate a number of tran-
scription factors in vitro, such as c-myc (Alvarez
et al., 1991; Seth et al., 1991), c-jun (Alvarez et
al.,, 1991; Pulverer et al., 1991), and p62TCF
(Gille et al., 1992) (Figure 6). Thus, activation of
erks may be responsible for the induction of gene
expression observed in response to different
growth factors. However, one should bear in mind
that phosphorylation of these transcription factors
is observed with purified kinases in an in vitro
kinase assay. Therefore, kinases that copurify with
erk1/erk2 or associate to them may be responsible
for the observed phosphorylations.

Several possibilities exist by which p2lras
could cause activation of raf-1 kinase. The raf-1
protein has its kinase domain in the carboxy-
terminal half of the protein, whereas the amino-
terminal region of the protein negatively regu-
lates kinase activity (Li et al., 1991). The amino-
terminal domain of raf-1 kinase has been impli-
cated to function like the regulatory lipid-binding
domain of PKC, and activation of raf-1 kinase
may take place by an allosteric regulatory mech-
anism (Stanton et al., 1989). On the other hand,




activation of the kinase activity of raf-1 kinase
correlates with increased phosphorylation of raf-
1 kinase, suggesting that activation also may be a
consequence of phosphorylation. Therefore,
p21ras should either activate the allosteric activa-
tor of raf-1 kinase or activate (directly or
indirectely) the raf-1 kinase. The fact that phorbol
esters can cause activation of raf-1 kinase in all
cells suggests that PKC is a common intermediate
(Lietal., 1991), which would argue against allos-
teric regulation of raf-1 kinase by p2lras. Never-
theless, TPA-sensitive PKC is not involved in
ras-dependent activation of erk1 and erk2 by PDGF
or insulin in fibroblasts. Possibly p120GAP could
affect the activity of a kinase through binding of
a tyrosine-phosphorylated residue by means of its
SH2 domains. A positive regulatory function for
the SH2 domains of pl20GAP in p2lras signal-
ing has indeed been demonstrated (Martin et al.,
1992; Medema et al., 1992; Schweighoffer et al.,
1992). Whether these domains can cause activa-
tion of a protein kinase remains to be shown.

C. Phospholipases

RTK stimulation frequently results in the
generation of DGA, which is a potent activator of
PKC (Nishizuka, 1988). The initial formation of
DAG is a consequence of a rapid and transient
hydrolysis of PI by Pl-specific PLC, which also
produces IP,, causing a transient Ca** release from
intracellular stores (Berridge, 1987). This PLC-
mediated degradation of inositol phospholipids is
an important step in the signal transduction cas-
cades triggered by different growth factors
(Berridge, 1987; Williams, 1989). This transient
DAG production is often followed by a more
sustained elevation of DAG, which is thought to
be a consequence of phosphatidylcholine (PC)
hydrolysis (Exton, 1990). Also, cells transformed
with ras oncogenes display increased steady-state
levels of DAG (Fleischman et al., 1986; Wolfman
and Macara, 1987), and microinjection of onco-
genic p21ras in X. laevis oocytes causes a rapid
production of DAG (Lacal et al., 1987a). The
increased level of DAG is most likely responsible
for the sustained activation of PKC observed in
ras-transformed cells (Diaz-Laviada et al., 1990).
Sustained activation of PKC is a prerequisite for

long-term physiological responses, such as prolif-
eration and differentiation (Asaoka et al., 1991;
Berry et al., 1990; William et al., 1990), and cells
that stably overexpress PKC show disturbed
growth control and enhanced tumorigenicity
(Cuadrado et al., 1990; Housey et al., 1988; Krauss
et al., 1989; Megidish and Mazurek, 1989: Per-
sons et al.,, 1988; Watanabe et al., 1992). This
suggests that formation of DAG may be an im-
portant event in ras transformation, although the
mechanism by which p21ras can stimulate DAG
formation is not fully understood.

The elevated levels of DAG inras-transformed
cells may be a consequence of an induction of PI-
specific PLC (PI-PLC) inasmuch as microinjec-
tion of neutralizing anti-PI-PLC antibodies can
block ras-induced DNA synthesis (Smith et al.,
1990). However, ras-transformed cells do not
contain elevated levels of inositol phosphates
(Lacal et al., 1987d), nor do they show enhanced
basal PI-PL.C activity (Seuwen et al., 1988), and
scrape loading of p2lras into Swiss 3T3 cells
causes a rapid activation of PKC in the absence of
any measurable effect on PI turnover (Morris et
al., 1989). Also, microinjection of oncogenic
p21ras in oocytes does cause a dramatic increase
in DAG, but only minor differences in the levels
of other products of PI turnover are observed
(Lacal et al., 1987a). Therefore, PI-PLC-catalyzed
hydrolysis of PI is an unlikely source for DAG in
ras-transformed cells.

An alternative source for DAG is hydrolysis
of PC. Indeed, analysis of the molecular species
of 1,2-diacylglycerides produced upon EGF and
PDGF treatment demonstrates that DAG forma-
tion is due primarily to PC hydrolysis, and hy-
drolysis of other phospholipids contributes only
to a very minor extent (Pessin et al., 1990). In
addition, ras-transformed cells exhibit increased
levels of phosphocholine (PCho), the other prod-
uct of PC-PLC-catalyzed hydrolysis of PC (Lacal,
1990). A similar elevation of PCho has been ob-
served in PDGF-stimulated fibroblasts (Besterman
et al., 1986; Pessin et al., 1990). However, it
should be noted that the increased levels of PCho
in ras-transformed cells, as well as in response to
various mitogens, may be caused in part by el-
evated choline-kinase activity (Besterman et al.,
1986; Lacal, 1990; Macara, 1989, Warden and
Friedkin, 1985). Also, the increase in PCho pre-
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cedes the observed increase in DAG in the oo-
cytes microinjected with active p21ras, suggest-
ing that PC is not the only source of DAG (Lacal
et al., 1987b). Nevertheless, sufficient data indi-
cate that part of the DAG produced in ras-trans-
formed cells is a result of PC-PL.C-catalyzed hy-
drolysis of PC.

Indeed, PC-PLC plays an important role in
ras- and growth factor-induced mitogenesis. For
instance, addition of PC-PLC from Bacillus cereus
to the medium of Swiss 3T3 fibroblasts stimu-
lates DNA synthesis (Larrodera et al., 1990) and
can induce gene expression (Diaz-Meco et al.,
1991). Remarkably, maximal induction of DNA
synthesis by addition of PC-PLC to the medium
is detected ~9 h before the maximal stimulation
triggered by PDGE. This is the same time lag
required for PDGF to stimulate formation of PCho,
suggesting that activation of PC-PLC s a relatively
late event (Larrodera et al., 1990). Similarly, mi-
croinjection of PC-PLC in X. laevis oocytes in-
duces maturation, and neutralizing antibodies
against PC-PLC can block maturation induced by
insulin or microinjected p2 1ras (Garcia de Herreros
et al,, 1991). Again, induction of maturation by
PC-PLC is faster than insulin-induced maturation
and the time lag correlates with the time required
to stimulate PCho production. The time course of
induction of oocyte maturation by microinjection
of p21ras closely resembles that generated by mi-
croinjection of PC-PLC, indicating that activation
of p21ras and PC-PL.C are both late events, Interest-
ingly, expression of PC-PLC can overcome inhibi-
tion of proliferation of NIH3T3 cells by a dominant
inhibitory p21ras mutant [p21lras(Asn17)] (Cai et
al., 1992), suggesting that PC hydrolysis is the target
of p2lras, which mediates mitogenic signaling. In
addition, stimulation of PC-PLC-catalyzed hydroly-
sis of PC induced by EGF or serum is inhibited by
expression of p21ras(Asnl7), indicating that p21ras
mediates growth factor-induced activation of PC-
PLC (Cai et al., 1992). Altogether, these data sug-
gest the existence of a mitogenic signaling pathway
in which p21ras would, as a late but crucial event in
mitogenesis, activate PC-PLC,

However, some questions remain, for ex-
ample, the timing of this mitogenic signaling path-
way. For PDGF-stimulated mitogenesis, activa-
tion of PC-PL.C seems to occur around 8 h after
addition of PDGF (Larrodera et al., 1990). Also,
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serum-stimulated DNA synthesis is sensitive to
inhibition by the anti-ras neutralizing antibody
Y 13-259 up to around 8 h after addition of serum
(Mulcahy et al., 1985). This suggests that activa-
tion of PC-PLC by p2lras occurs at a very late
stage in mitogenic signaling. However, we know
that p2lras is activated rapidly in response to
different growth factors, and from experiments
with X. laevis oocytes, itis suggested that PC-PLC
is activated rapidly upon microinjection of onco-
genic p2lras (Lacal et al., 1987a). Why, then,
would activation of PC-PL.C occur as a late event
in mitogenic signaling by these growth factors?
One could argue that the levels of p2lras-GTP
after growth factor stimulation are not compa-
rable with those as a result of microinjection, but
this would lead to the conclusion that activation
of PC-PLC cannot occur in response to physio-
logical levels of p21ras-GTP. To add to this con-
fusion, PDGF stimulation was initially reported
to give rise to a very rapid release in PCho
(Besterman et al., 1986; Pessin et al., 1990), but
these early time points were not studied in later
studies, where a delayed response was observed,
Because addition of PC-PLC seems sufficient to
overcome inhibition of p2lras, this would sug-
gest that activation of PC-PLC is the only crucial
event in mitogenic signaling downstream of
p21ras. If this is so, then one would come to the
remarkable conclusion that all early events occur-
ring within minutes of growth factor stimulation
(such as activation of p2lras, erks, induction of
fos expression, etc.) are required only for the
eventual induction of PC-PLC, which occurs § h
later. It should be noted that a discrepancy exists
as to the kinetics of PCho release upon microin-
jection of oncogenic p2lras in X. laevis. In one
study, PCho release was detected 2 h after micro-
injection of oncogenic p2lras (Diaz-Meco et al.,
1992), whereas others detected increased levels
of PCho at 30 min after microinjection (Garcia de

- Herreros et al., 1991; Lacal et al., 1987a). There-

fore, activation of p21ras could be very closely
linked to activation of PC-PLC, but these events
might just as well be separated by more than 1 h
in mitogenic signaling.

Confusion also exists as to the signals pro-
duced by PC-PLC. At first sight, the production of
DAG would provide an adequate second messen-
ger, causing activation of PKC. However, PC-PLC-




induced DNA synthesis in Swiss 3T3 fibroblasts
(Larrodera et al., 1990), as well as induction of
stromelysin expression (Diaz-Meco et al., 1991), is
independent of phorbol ester-sensitive PKC. In
contrast, maturation of X. laevis oocytes by PC-PLC
requires the function of PKC-{ (Dominguez et al.,
1992). It could be that this isoform also is respon-
sible for the induction of DNA synthesis in Swiss
3T3 fibroblasts because it is insensitive to TPA
downregulation (Ono et al., 1989). In addition,
activation of PC hydrolysis by oncogenic p2 Iras in
Swiss 3T3 cells seems to require a phorbol ester
PKC (Price et al., 1989). This would place PKC
both up- and downstream of PC-PLC in Swiss 3T3
cells, the PKC, with the isoform upstream being
sensitive to phorbol esters, and the PKC isoform
downstream being insensitive to phorbol esters.
Other metabolites that are produced as a result of
increased levels of DAG, such as arachidonic acid,
phosphatidic acid (PA), and LPA, also could func-
tion as “second” messengers. Indeed, PA and LPA
are very good mitogens when added to A431 and
rat-1 cells (Moolenaar et al., 1986; van Corven et
al., 1989), and mitogenic signaling by EGF in
Balb/c 3T3 cells requires arachidonic acid metabo-
lism, although the sole addition of arachidonic acid
metabolites is not sufficient for mitogenesis (Han-
dler et al., 1990). Taken together, a function for
PC-PLC somewhere downstream of p21ras in mi-
togenic signal transduction is a serious possibility,
although many questions are still unanswered con-
cerning the timing of this effect and the character
of the signal that is generated.

D. Role of Protein Kinase

As already mentioned, PKC appears to play
an important role in the transformation of cells by
oncogenic forms of p21ras. However, the exact
position and role of PKC in signal transduction by
p21ras is a matter of debate. Most of this contro-
versy stems from the fact that no experimental
approaches are available at present that can inhbiit
or distinguish all of the different isoforms of PKC.
A present, ten different isoforms of PKC have
been identified, with distinct enzymological char-
acteristics and tissue-specific distribution. The four
classical isoforms, or cPKC isoforms (o, f;, B.,
and y) are activated by Ca** and DAG (Nishizuka,

1988), whereas the isoforms of the nPKC (novel
PKC) subspecies (8, £, N(L), and ) are activated
by DAG in the absence of Ca* (Koide et al.,
1992; Ogita et al., 1992). All these isoforms re-
spond well to phorbol esters (Koide et al., 1992;
Nishizuka, 1988; Ogita et al., 1992). The two
isoforms of the most recently discovered PKC
subspecies, the atypical PKC isoforms (aPKC) ({
and ) apparently do not respond to DAG or Ca?*,
nor to phorbol esters (Ono et al., 1989; Ways et
al., 1992). This indicates that retention of PKC
activity is possible after prolonged treatment with
phorbol esters, an approach that is widely used to
investigate the involvement of PKC in signaling
pathways. Indeed, examples show that not all
PKC activity is downregulated after prolonged
treatment with phorbol esters (Cooper et al., 1989;
Isakov et al., 1990; Ways et al., 1992), Moreover,
even isoforms that are sensitive to phorbol esters
can be retained (Bomer et al., 1992; Strulovici et
al., 1991). Therefore, conclusions based on deple-
tion of PKC activity by prolonged exposure to
phorbol esters need to be viewed with caution.
Even more frustrating is the fact that some iso-
forms of PKC, which are downregulated in a
specific cell type, may not behave as such in
another cellular background. For instance, PKC-{
is not downregulated by phorbol esters in a vari-
ety of cell lines (Ways et al., 1992), but can be
downregulated in R6 rat embryo fibroblasts
(Borner et al., 1992). Specific phosphorylation of
PKC substrates, such as the 80-kDa MARCKS
protein, is often used as a measure for the state of
total PKC activity in the cell. Since the MARCKS
protein itself was recently found to be down-
regulated by prolonged treatment with TPA, this
measurement may not be a good readout for total
PKC activity (Brooks et al., 1991). The use of
PKC inhibitors, such as staurosporine, sphin-
gosine, and H7, would be more appropriate, but
the specificity of these compounds also is ques-
tionable. More specific inhibition can be accom-
plished by making use of the pseudosubstrates of
PKC isoforms, but these compounds do not easily
enter the cell, so that permeabilization or trans-
fection of expression plasmids is required. It seems
that with the current knowledge of PKC, it would
be more appropriate to draw conclusions about
the involvement of specific isoforms and not to
address PKC as one enzymatic entity.
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Nevertheless, some conclusions can be drawn
from the vast amount of data that is available on
the role of PKC in p2lras signaling. For in-
stance, TPA-induced DNA synthesis in NIH3T3
cells can be inhibited by microinjection of Y 13—
259 or expression of p21lras(Asnl7) (Cai et al.,
1990; Yu et al., 1988). Also overexpression of
pl20GAP can block c-fos expression, activation
of erk2, and DNA synthesis induced by TPA in
Swiss 3T3 cells (Nori et al., 1991), suggesting
that p21ras mediates TPA-induced PKC signal
transduction. In PC12 cells, TPA-induced acti-
vation of raf-1 kinase, erks, and p90rsk is blocked
by the expression of p21ras(Asnl7) (Thomas et
al., 1992; Wood et al., 1992). In contrast, TPA-
induced activation of erk2 in COS-1 cells (Howe
et al., 1992) or rat-1 cells (de Vries-Smits et al.,
1992) and induction of fos expression by TPA
also are not blocked by the expression of
p21ras(Asnl7) (Cai et al., 1990). It is possible
that these conflicting results are a consequence
of the difference in cell type. Alternatively, as
mentioned previously, inhibition through inter-
ference with the function of p2lras does not
necessarily point to a common pathway, but could
just as well plead for cooperating routes.

Direct proof that PKC can function as up-
stream activator of p21lras comes from T cells,
where a rapid and profound increase in the level
of p21ras-GTP could be observed after TPA treat-
ment (Downward et al., 1990a). Also, in PC12
cells, the combination of TPA and the tyrosine
phosphatase inhibitor vanadate can cause activa-
tion of p2lras through the TPA-sensitive PKC
(Satoh et al., 1991). However, functional PKC
does not seem to be required for activation of
p2lrasin T cells inasmuch as pseudosubstrates of
PKC could not prevent activation of p2lras by
stimulation of the T-cell receptor in permeabilized
cells (Izquierdo et al., 1992), demonstrating that
the TCR-signaling pathway does not necessarily
signal via PKC. Also, in fibroblasts, no evidence
has been found that activation of PKC can drive
p21ras in the active conformation. Indeed, phor-
bol ester-sensitive isoforms of PKC are not re-
quired for activation of p21ras by different growth
factorsin fibroblasts (Medema et al., 1991a; Satoh
etal., 1991), which shows that activation of p21ras
by (phorbol ester-sensitive) PKC is limited to
certain cell types.
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PKC also plays an important role downstream
of p21ras. For instance, scrape loading of p21ras
into Swiss 3T3 cells rapidly activates PKC (Morris
et al., 1989). Moreover, microinjection or scrape
loading of oncogenic p21ras fails to induce DNA
synthesis in cells where PKC has been
downregulated by prolonged treatment with phor-
bol esters (Lacal et al., 1987¢; Morris et al., 1989).
In ras-transformed cells, the sustained activation
of PKC is observed, without a concomitant
downregulation of the enzyme (Diaz-Laviada et
al., 1990). Furthermore, PKC-{ functions down-
stream of p21ras in insulin-induced oocyte matu-
ration (Dominguez et al., 1992). As mentioned
previously, different isoforms of PKC mediate
signaling to and from PC-PLC in ras signaling
(Diaz-Laviada et al., 1990; Price et al., 1989).
These data suggest that PKC could be required at
multiple stages during p21ras signal transduction.
Most likely, separate isoforms are responsible for
signal transduction at each stage. However, a re-
liable determination of the position of PKC iso-
forms in this pathway will await the development
of good reagents that can specifically inhibit each
of the different isoforms.

E. Transcription Factors

In ras-transformed cells, many genes are dif-
ferently expressed, but initially it was unclear
whether the altered expression of these genes was
a direct consequence of the presence of active
p21ras or an indirect consequence of transforma-
tion. Therefore, investigators analyzed the ex-
pression of certain genes in cells where oncogenic
p21ras could be conditionally expressed or intro-
duced by microinjection. Using these methods, a
number of genes were shown to be upregulated
upon the appearance of oncogenic p21ras, such as
the stromelysin gene (Matrisian et al., 1986), the
collagenase gene (Schonthal, 1988), the c-fos gene
(Schonthal, 1988; Stacey et al., 1987), VL30-
driven constructs (Owen et al., 1990), and the
TGF-f gene (Owen and Ostrowski, 1990). Tran-
scriptional activation of these genes by oncogenic
p21ras is mediated by a number of binding sites:
the TRE (TPA-responsive element) (Gutman and
Wasylyk, 1990; Imler et al., 1988), the PEA3-
binding site (Wasylyk et al., 1989), or the RRE




(ras-responsive element) (Owen and Ostrowski,
1990). This indicated that p21ras can specifically
regulate the activity of the transcription factors
that bind to these sites. The AP-1 transcription
factor (which binds to the TRE) is composed of
heterodimers of c-jun and c-fos family members,
which are themselves oncoproteins (reviewed in
Vogt and Bos, 1990). The products of the ets-1
and ets-2 oncogenes can activate transcription by
binding to the PEA3 binding site (Wasylyk et al.,
1990), and the RRE binds AP-1, ets-2, and a
protein of 120 kDa functionally related to known
ets-coded proteins (Langer et al., 1992; Owen and
Ostrowski, 1990; Wasylyk et al., 1990). The ets-1
protein cooperates with c-jun and c-fos for activa-
tion of transcription from the polyoma enhancer
(Gutman and Wasylyk, 1990). The AP-1 binding
site in the collagenase promoter is sufficient to
confer ras responsiveness, but when the PEA3-
binding site is present, this response is enhanced
(Imler et al., 1988). This indicates that p2 Iras can
activate transcription through c-jun or c-fos and
that ets can enhance this effect (for a review, see
Bortner et al., 1993). Several mechanisms by
which p21ras can stimulate AP-1-dependent tran-
scription have evolved. First, the c-jun protein is
posttranslationally modified upon the appearance
of active p21ras, resulting in a stimulation of its
transactivating potential (Binétruy et al., 1991;
Pulverer et al., 1991; Smeal et al., 1991, 1992). In
addition, the expression of c-fos is transiently
induced by active p2lras, resulting in increased
AP-1binding activity (Schonthal, 1988; Stacey et
al., 1987). The transient nature of this induction is
a consequence of repression of fos-promoter ac-
tivity by elevated levels of c-fos (Schonthal, 1988).
Finally, this initial stimulation of AP-1 activity
gives rise to a more sustained increase in c-jun
expression mediated by a TRE in the c-jun pro-
moter (Angel et al., 1988).

Activation of the c-jun protein is associated
with phosphorylation of its activation domain, as
well as dephosphorylation of at least one of three
inhibitory phosphorylation sites next to its DNA-
binding domain (Boyle et al., 1991). In unstimu-
lated cells, c-jun is phosphorylated on the inhibi-
tory sites (Boyle et al., 1991). Initially, glycogen
synthase kinase 3 (GSK3) was held responsible
for this phosphorylation (Woodgett, 1991), but
recently evidence has been obtained that casein

kinase II (CKII) phosphorylates c-jun at these
sites (Lin et al., 1992). This finding suggests that
CKIl negatively regulates the expression of genes
that are transactivated by c-jun. This is in appar-
ent contradiction with the finding that several
growth factors that stimulate expression of AP-1-
inducible genes also enhance CKII activity
(Ackermann et al., 1990; Klarlund and Czech,
1988; Sommercornetal,, 1987). In addition, CKII
can stimulate c-fos expression through activation/
phosphorylation of the serum-response factor
(SRF), suggesting that CKII has a positive effect
on gene expression (Gauthier-Rouviére et al.,
1991; Manak et al., 1990). At present, no data are
available concerning the effect of p2lras on the
activity of CKII.

Phosphorylation of the sites in the activation
domain of c-jun can be established by erk2 in
vitro, suggesting that erk2 is the connection be-
tween p2lras and c-jun (Pulverer et al., 1991).
However, a c-jun protein kinase has been isolated
by association to recombinant jun protein, but
does not appear to be erkl or erk2 (Adler et al.,
1992). Jun activity is required for ras transforma-
tion, indicating that c-jun is a mediator of p21ras
action (Lloyd et al., 1991). Moreover, ras-induced
expression from promoters containing AP-1- and
PEA3-binding sites requires raf-1 kinase, sug-
gesting that this route is likely to involve erk2
(Bruder et al., 1992). Other possible candidates
for phosphorylation by erk2 are p62TCF and myc
(Gille et al., 1992; Seth et al., 1991), but not much
is known about the involvement of p21ras in the
regulation of the transcriptional activity of these
factors.

IV. p21ras IN DEVELOPMENT
A. Proliferation vs. Differentiation

The identification of ras genes as transform-
ing oncogenes made researchers initially focus on
the positive role of p2lras in the proliferative
signals of various growth factors. Clearly, as dis-
cussed herein, p21ras activation plays a decisive
role in the onset of proliferation in fibroblasts.
However, not long after the discovery of p21lras
as an oncoprotein, it became apparent that ras
proteins also play a crucial role in differentiation.
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For instance, microinjection of oncogenic forms
of p21ras into PC12 cells causes an induction of
neurite outgrowth and a block of cellular prolif-
eration (Bar-Sagi and Feramisco, 1985; Noda et
al., 1985). Expression of oncogenic p21ras leads
to proliferation arrest in Schwann cells (Ridley et
al., 1988) and causes differentiation in F9 em-
bryonal carcinoma cells (Yamaguchi-Iwai et al.,
1990). Also, introduction of v-H-ras in cultured
human medullary thyroid carcinomas (MTC) in-
duces differentiation, a process that actually op-
poses the normal tumor progression of these car-
cinomas (Nakagawa et al., 1987). Again, intro-
duction of oncogenic p2lras causes a reduced
cellular proliferation. Furthermore, differentiation
of 3T3-L1 into adipocytes can be induced by
expression of oncogenic p2lras, a process that
normally requires insulin or IGF-1 (Benito et al.,
1991). In contrast, oncogenic p2lras seems to
have a negative effect on myogenic differentia-
tion (Olson et al., 1987) and Ca?*-induced differ-
entiation of keratinocytes (Weissman and Aaron-
son, 1983). Thus, it seems that the cellular context
determines whether p2lras controls differentia-
tion or proliferation,

This explanation was challenged, however,
by the finding that both NGF and EGF can cause
an activation of endogenous p21ras in PC12 cells
{Qiu and Green, 1991). Remarkably, only NGF
induces differentiation of PC12 cells, whereas
EGF will induce proliferation. Using neutralizing
antibodies and dominant inhibitory mutants, it
was shown that induction of differentiation de-
pends on the activity of p21ras, whereas normal
cellular proliferation is not affected (Hagag et al.,
1986, Szeberényi et al., 1990), Moreover, micro-
injection of oncogenic p21ras alone is sufficient
for neuronal differentiation (Bar-Sagi and
Feramisco, 1985; Noda et al., 1985). This raises
an intriguing question: why does EGF not induce
differentiation of PC12 cells? Of course, one could
argue that microinjection of oncogenic p2lras
overrules the requirement of synergizing path-
ways that are normally activated by NGF, but not
by EGF, which function independently of p21ras.
Also, EGF could activate additional routes that
may cause the cell to proliferate. Alternatively,
quantitative differences in the activation of p2 1ras
may exist that can explain the difference in re-
sponse. As a matter of fact, the activation of
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p2lras by EGF is transient, whereas the activa-
tion by NGF is a more lasting response (Qiu and
Green, 1992). This might seem a minor differ-
ence at first sight, but one that may have major
consequences for the downstream signaling from
p2lras. It turns out that translocation of erk2 to
the nucleus occurs only in response to NGF. EGF
causes activation of erk2, but no erk2 can be
detected in the nucleus after stimulation with EGF
(Traverse et al., 1992), possibly a consequence of
the transient nature of the erk2 activation. Active
erk?2 in the nucleus may phosphorylate various
transcription factors that cannot serve as substrates
of cytoplasmic erk2. These transcription factors
could then regulate the transcription of genes in-
volved in the differentiation of PC12 cells. How-
ever, it remains to be established whether this
translocation is the decisive factor for the cell to
differentiate.

Although these data suggest that in PC12
cells the time course of p2lras activation is cru-
cial for it to function in the induction of prolifera-
tion or differentiation, such criteria may not apply
to other cell types. For instance, insulin stimula-
tion of Al4 cells (NIH3T3 cells overexpressing
the human insulin receptor) results in a durable
activation of p21ras, concomitant with increased
DNA synthesis (Osterop et al., 1993). In contrast,
EGF-induced activation of p21ras in rat-1 cells is
transient, but also induces a marked stimulation
of DNA synthesis. Moreover, the hypothesis that
translocation of erk2 is required for it to activate
transcription factors remains to be tested. Clearly,
the different effects of EGF and NGF in PC12
cells plus the fact that they utilize common path-
ways make these cells an ideal model system to
study the events required to trigger either differ-
entiation or proliferation.

B. Development

So far, we have mainly discussed the involve-
ment of p21ras in signal transduction in mamma-
lian cells. Nevertheless, elegant studies concern-
ing the role of p21ras in signal transduction have
been performed in a number of different organ-
isms, in particular S, cerevisiae, Schizosaccharo-
myces pombe, C. elegans, and D. melanogaster.
These studies show not only a remarkable conser-




vation of the signaling pathways in which p21ras
is involved, but also that certain conceptual dif-
ferences exist. It is not within the scope of this
review to give a complete description of the de-
velopmental processes controlled by p21ras in the
various organisms; excellent reviews have ap-
peared on these issues (Broach, 1991; Greenwald
and Rubin, 1992; Rubin, 1989, 1991; Sternberg
and Horvitz, 1991). Here, we limit ourselves to an
overview of the more recent findings and discuss
their relevance with respect to the function of
p2lras in mammalian cells.

In budding yeast (Saccharomyces cerevisiae),
two genes, RAS1 and RAS2, have been identified
that are structurally and functionally homologus
to mammalian ras genes (Broek et al., 1985;
DeFeo-Jones et al., 1983; Powers et al., 1984).
However, despite the functional conservation, in
budding yeast, RAS proteins function (exclusively)
as upstream activators of adenylate cyclase
(CYR1) (Kataoka et al., 1985; Toda et al., 1985),
an enzyme that is not directly regulated by p21ras
in mammalian cells (Beckner et al., 1985). This
RAS/cAMP system in budding yeast controls ini-
tiation of the cell cycle (reviewed in Broach, 1991).
When nutrient levels are sufficiently high, cells
enter the mitotic cycle, On the other hand, starva-
tion causes an inactivation of this pathway, and
consequently cells will enter G, and sporulate,
Therefore, the activation state of RAST and RAS2
is in some way linked to the nutrient status. Sev-
eral regulatory proteins of RAS in budding yeast
have been cloned, such as two different GNRPs,
CDC25 and SDC25 (Broek et al., 1987; Camonis
et al., 1986; Créchet et al., 1990; Jones et al,.
1991), and two different GAPs, IRA1 and IRA2
(Tanaka et al., 1989, 1990). These proteins show
significant homology with their respective mam-
malian counterparts, and in fact, one mammalian
GNRP has been cloned by functional comple-
mentation of a CDC25- strain (Martegani et al.,
1992). Interestingly, both IRA1 and IRA?2 are not
believed to function as effectors for RAS pro-
teins, but solely downmodulate RAS activity, since
the loss of function of both IRA1 and IRA2 sup-
presses the lethality of CDC25-null mutations
(Tanaka et al., 1989). Finally, SRV2 (or CAP)
seems to be required for efficient coupling of
RAS to adenylate cyclase (Fedor-Chaiken et al.,
1990; Field et al., 1990), which raises the ques-

tion of whether similar proteins exist in mamma-
lian cells. Despite the clear linkage of RAS and
adenylate cyclase in budding yeast, it is unclear
how the nutrient status can control the RAS/cAMP
pathway. Recently, it was reported that in re-
sponse to glucose, the CDC25 protein dissociates
from RAS upon phosphorylation by cAMP-de-
pendent protein kinase (Gross et al., 1992a). This
indicates that activation of the cAMP/RAS path-
way results in a reduced interaction of RAS with
its upstream activator, CDC25, which could serve
as a feedback mechanism. It has been proposed
that allosteric (in)activation of regulatory pro-
teins of RAS by certain metabolites of glucose
could trigger the activation of RAS (Broach, 1991).
If so, this provides us with interesting options for
the regulation of p21ras in mammalian cells. This
situation would be somewhat similar to the regu-
lation of p2lras by lipid metabolites discussed
previously.

The fission yeast (Schizosaccharomyces
pombe) contains a single ras gene, rasl (Fukui
and Kaziro, 1985). This ras gene is not required
for growth control, as in budding yeast, but func-
tions in the sexual differentiation pathways (Fukui
et al., 1986; Nadin-Davis et al,, 1986). Loss of
function of rasl results in a loss of pheromone
response and sterile yeast strains. In fission yeast,
no effector for rasl has been identified, and the
ste6 gene is the only regulatory gene for rasl
identified thus far. The ste6 gene encodes a CDC25
homology and is therefore believed to be the
GNRP for ras1 (Fukui et al., 1986; Hughes et al.,
1990; Nadin-Davis et al., 1986). However, acti-
vation of ras1 alone does not seem to be sufficient
for entry into meiosis, indicating that other path-
ways must be activated that synergize with rasl
(Nielsen et al., 1992).

Recently, kinase cascades showing homol-
ogy to the erk-kinase cascades in mammalian
cells have been partially elucidated in both bud-
ding and fission yeast (Figure 7). In budding yeast,
FUS3 and KSS1 encode erk homologs. Analo-
gous to erks, FUS3 is phosphorylated on both
tyrosine and threonine residues (separated by one
amino acid) upon pheromone treatment (Gartner
et al., 1922). Genetic evidence places the protein
kinases STE7 and STE11 upstream of FUS3 and
KSS1, in a pathway in which activation of STE11
would precede activation of STE7 (Cairns et al.,
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FIGURE7. Conservation of a kinase cascade in yeast
and mammals. Known intermediates of the kinase
cascade initiated by p21ras in mammalian cells, even-
tually leading to activation of erk1 and erk2 are de-
picted for Saccharomyces cerevisiae, Schizosaccha-
romyces pombe, and mammals. Intermediates that
show homology throughout these species are boxed.
At places where two arrows are shown between two
intermediates, one or more proteins may be required
for transduction of the signal.

1992; Stevenson et al., 1992). Similarly, in fis-
sion yeast, the protein kinase spk1 represents an
erk homolog (Toda et al., 1991), whereas byrl
(Nadin-Davis and Nasim, 1988, 1990) and byr2
(Wang et al., 1991) represent protein kinases that
are both believed to function downstream of rasl.
Sequence comparison shows that byrl and STE7
resemble mapkk (Crews et al., 1992; Howe et al.,
1992), suggesting that the signal transduction
pathway has been conserved. However, the mam-
malian raf-1 kinase, which has been proposed to
be the kinase that activates mapkk (Dent et al.,
1992; Howe et al., 1992; Kyriakis et al., 1992),
shows no apparent homology to STE11 or byr2
(Howe et al., 1992). These kinases have been
proposed to play a role upstream of STE7 and
byrl, respectively, but are not necessarily imme-
diately upstream of STE7 and byrl, and could just
as well represent the yeast raf-kinase kinases.
Altogether, the signal transduction pathway of
fission yeast, more than that in budding yeast,
shows a remarkable resemblance to the pathway
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that has recently become apparent in mammals,
i.e., p2lras activates a kinase cascade that in-
cludes mapkk (STE11, byr2), which phosphory-
lates and activates erk (STE7, byr1). Further ge-
netic analysis of this pathway in yeast will pro-
vide us with novel intermediates and targets of
this pathway. Because the pathway is apparently
so well conserved, homologs in mammals are
likely to exist, although the RAS/cAMP system in
Saccharomyces cerevisiae has clearly demon-
strated that such extrapolations do not always
hold.

C. elegans is the only multicellular organism
for which a complete cell lineage map is avail-
able. The induction of vulva formation in this
nematode is believed to be initiated by an induc-
tive signal produced by a gonadal anchor cell that
triggers the vulva precursor cells to divide and
produce the vulva, Correct development of the
vulva depends on the strength of the inductive
signal. The inductive signal produced by the an-
chor cells will override an inhibitory signal and
cause the cells close to the anchor cell to have the
vulval fate. Interest for this organism from the ras
field boomed when a gene was identified in
C. elegans (let-60), that was shown to encode a
protein homologous to mammalian p21ras (Han
and Sternberg, 1990) (Figure 8). This gene was
originally isolated as a gene involved in vulva
induction (Ferguson et al., 1987). Dominant mu-
tations in let-60, which are similar to the onco-
genic mutations in mammalian ras genes, lead to
formation of the multivulva phenotype, whereas
loss-of-function mutations invariably result in a
vulvaless phenotype (Beital et al., 1990). By ge-
netics, many other genes involved in vulva induc-
tion have been identified (Ferguson et al., 1987).
Let-23, the first to be characterized, encodes a
RTK with similarities to the EGF receptor (Aroian
et al., 1990). More recently, a protein containing
SH2/SH3 domains was cloned from C. elegans
(sem-5), and is involved in vulva induction (Clark
et al,, 1992). Genetic evidence places this protein
downstream of let-23 and upstream of let-60,
suggesting that SH2/SH3 domains perform im-
portant functions in this pathway. An homolo-
gous protein from humans was tested for its func-
tion in p2lras signaling, based on the genetic
linkage in nematodes. Remarkably, the human
homolog, grb2, could cause DNA synthesis in




Caenorhabditis Drosophila Mammals
elegans melanogaster
) Vulv.al Eye Pattern differentiation,
induction: formation: formation: proliferation:
inductive signal: Anchor cell boss torso-like? Growth factors
RTK: let-23 sevenless torso reciptor
l}— lin-15 | ! |
SH2/Tyr-P: sem3 ? corkscrew grb2/she

ras regulatory:

’)/ \/
-

N

GNRP pli20GAP

\\/NF-I

ras: letl60 Dras ras
raf-1: ? D§af raf-1
RN
MEK-1: ‘J’% ) ? MéK—l
Erks: i % erkl/erk?
transcription ? sina? huckebein, c-jun,l;:-myc
factors: tailless? p62TCF, etc.

FIGURE 8. Ras signal transduction pathways in C. elegans, D. melanogaster, and mammals. RTK
signaling via p21ras is initiated by an inductive signal, resulting in activation of the RTK. The next step most
likely involves a network of tyrosine phosphorylations/dephosphorylations and SH2-mediated interactions,
of which a few components have just recently become clear. This network must somehow result in
activation of p21ras by means of activation of a GNRP or inactivation of a GAP, the level indicated as ras
regulatory proteins. Ras activation then can activate the raf-1 kinase, although many intermediates could
precede this particular activation. Raf-1 kinase initiates a kinase cascade, which will eventually result in the
transduction of the signal to the nucleus by phosphorylation of a number of transcription factors. The simple
schemes presented here are partially based on speculations and serve to indicate the conservation in this
particular signaling pathway, but it is likely that many other intermediates are critical to this pathway.

cells when coinjected with normal p2lras (see
above). This clearly illustrates that the biological
approach benefits from the groundwork layed by
the genetic approach to p21ras signaling.

In D. melanogaster, ras proteins regulate cell
fate in the developing eye (Figure 8). The signal-
ing pathway is somewhat reminiscent of that in
C. elegans. Development of the R7 photoreceptor
cell requires the interaction of the sevenless re-
ceptor (sev) with its ligand bride-on-sevenless
(boss), which is expressed on the surface of an
adjacent R8 cell (Krdmer et al., 1991). The
sevenless receptor encodes a transmembrane re-

ceptor with tyrosine kinase activity (Hafen et al.,
1987). Several mutant flies were subsequently
isolated with aberrant R7 development. Analysis
of these mutants revealed that the Drosophila
ras! gene was involved in this signal transduction
pathway in control of R7 cell fate (Fortini et al.,
1992; Simon et al., 1991). Moreover, a CDC25
homolog, son-of-sevenless (SOS), was identified
as another gene involved in this pathway (Bonfini
et al., 1992; Fortini et al., 1992; Simon et al.,
1991). Therefore, it seems acceptable that the
interaction of boss with the sevenless receptor
causes activation of rasl. The activation of ras!,
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as in mammalian cells, requires the action of a
guanine nucleotide release factor, a function that
is most likely fulfilled by the sos protein. Also, a
gene encoding a Drosophila homolog of the mam-
malian GAPs has been identified, called Gapl
(Gaul et al., 1992). Deletion of the Gapl gene
leads to formation of supernumerary R7 cells,
similar to what is seen in flies expressing rasl
(Val12). This suggests that, at least for R7 induc-
tion, the Gapl protein does not function as an
effector for ras/. Most interestingly, a Droso-
phila homolog of human rapl A (roughened) has
been identified that apparently antagonizes the
function of ras! (Hariharan et al., 1991). This is
very similar to the finding that overexpression of
raplA can revert ras-transformed cells (Kitayama
et al., 1989). The gain of function mutations of
roughened affect a phenylalanine at position 157
that is conserved in raplA and H-ras, but no
functional role has been ascribed to this amino
acid. It will be of great interest to see whether a
similar mutation in rap/A could also potentiate
its role as a suppressor of ras transformation.
Finally, the Drosophila homolog of raf-1 kinase,
lethal(a)polehole or Draf (Mark et al., 1987), plays
a crucial role in the R7 pathway (Dickson et al.,
1992). Therefore, also in Drosophila, the p2lras
signaling pathway seems to be similar to what has
been proposed in mammalian cells.

In addition to the function in eye development,
functional Drafis required for head and tail forma-
tion in the developing Drosophila embryo
(Ambrosio et al., 1989; St Johnston and Niisslein-
Volhard, 1992). This developmental process re-
quires the protein products of torso and corkscrew
(csw) (Casanova and Struhl, 1989; Klingler et al.,
1988; Perkins et al., 1992; Sprenger et al., 1989),
as well as two transcription factors, tailless and
huckebein (reviewed in St. Johnston and Niisslein-
Volhard, 1992) (Figure 8). Torso appears to en-
code a RTK and corkscrew encodes a putative
tyrosine phosphatase with two SH2 domains, simi-
lar to mammalian PTP1C (Shen et al., 1991). The
involvement of Draf in this pathway suggests a
function for rasl as well, based on the proposed
signaling pathway in mammalian cells. Indeed, it
seems that ras! also is required for forso signaling
(cited in Roberts, 1992). Therefore, as in mamma-
lian cells, p21ras and raf-1 kinase are important
intermediates in signaling by different RTKs in
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Drosophila and SH2-containing proteins perform
important functions. The finding that a tyrosine
phosphatase with SH2 domains plays a role in a
RTK signaling route that also requires p21ras opens
up new perspectives. The importance of phos-
phatases in p2lras signaling in mammalian cells
has indeed been implicated (Medema et al., 1991a)
and therefore it will be of great interest to identify
the mammalian homolog of corkscrew. This pro-
tein may prove to be an important mediator of
RTK signaling toward p21ras.

Clearly, the conserved function of ras genes
in different organisms enables us to take a genetic
approach to tackling dilemmas such as the iden-
tification of the effector of p21ras, intermediates
required for activation by RTKs, etc. Genetic and
biochemical approaches to signal transduction
have benefited from the progress shown in the
separate fields, and it seems that future research
will depend on a combination of both,

V. CONCLUDING REMARKS

The last few years have provided us with
many new insights into the role of p21ras in sig-
nal transduction, although important topics, such
as the effector molecule of p21ras, mechanism of
p2lras activation, and the role of PKC in the
p21ras pathway, remain to be covered. Most im-
portantly, the ras protein seems to couple RTKs to
kinase cascades, involving raf-1 kinase and erks,
making signal transduction toward the nucleus
possible. Clearly, SH2-containing proteins play
an important adaptor function in this signaling
pathway, possibly by altering the enzymatic ac-
tivity of certain proteins by an allosteric activa-
tion. These functions as well as many compo-
nents of the p21ras signaling pathway, are appar-
ently conserved through evolution. The available
model systems in genetically well-defined organ-
isms will certainly speed up the identification of
regulatory proteins, as well as the downstream
targets of p2lras. As usual, some questions have
been answered, but many more have been cre-
ated. Most importantly, a general scheme for sig-
nal transduction from RTKs via p2lras has
evolved, which will direct future research to fill in
many of the missing links. Ultimately, combined
research efforts will elucidate the versatile role of




p2lras in many key processes in development,
i.e., cellular proliferation and differentiation. That
our understanding of discase processes like can-
cer will benefit from this knowledge needs no
explanation.
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