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p2lras: An Oncoprotein Functioning in Growth 
Factor-induced Signal Transduction 
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p2lras is a small GTPase that functions as a molecular switch in intracellular signal transduction pathways 
activated by a large variety of growth factors. In 50% of colorectal tumours, one of the genes for p2lras is mutated 
resulting in a constitutive active protein. Recently, progress has been made in the elucidation of the signalling 
pathways in which p2lras is involved. After a ligand binds to growth factor receptors, in particular receptor 
tyrosine kinases, a guanine nucleotide exchange factor is activated, which results in p2lras in the GTP-bound 
form. This GTP-bound form of p2lras interacts with the protein kinase rafl and induces the activation of a kinase 
cascade, resulting in various cellular responses. This kinase cascade is part of an integrated network of both 
positive and negative signalling events. 
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INTRODUCTION 
p2lras IS AN important mediator of growth factor-induced 
differentiation and proliferation. Signalling pathways from 
growth factor receptors, via p2lras, to several cellular effecters 
have been identified. p2lras is the general name for three 
proteins encoded by the HRAS, KRAS and NRAS proto- 
oncogenes. These proteins differ structurally at their C-termini 
only, and thus far few, if any, functional differences between the 
proteins have been observed. p2lras is a small GTPase that 
cycles between an active GTP-bound form and an inactive GDP- 
bound form, and functions as a molecular switch in signal 
transduction. In a large number of tumours, one of the genes for 
pflras is mutated resulting in a constitutive active protein, and 
in colorectal cancer, mutated RAS genes have been found. 
Mutated RAS genes can be detected both in carcinoma tissue 
and in the villous type of adenomas in approximately 50% of 
cases [l]. In several tumours with both carcinomatous and 
adenomatous tissue, the RAS mutation has been found in both 
tissue types, indicating that usually the mutation occurs prior to 
the conversion to malignant carcinoma. In the smaller adenomas, 
the frequency of RAS mutations is much lower (approximately 
10% of cases) than in the larger villous adenomas [2]. This may 
imply that, in the majority of the cases, the mutation occurs later 
in development or, alternatively, that mutation of the RAS gene 
is (partly) responsible for the development of a small fraction of 
the polyps, but polyps with a mutated RAS gene have a higher 
probability to progress to malignancy. 

The first clues to the function of p2 lras were obtained when 
p2lras function was studied by micro-injection of neutralising 
antibodies. These studies have shown that, in a variety of 
cell types, p2lras is required for growth factor-induced DNA 
synthesis and gene expression [3], as well as for the induction of 
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differentiation, i.e. nerve growth factor (NGF)-induced neurite 
outgrowth in PC12 cells. A second approach to studying the 
function of p2lras has been the use of dominant negative 
(interfering) mutants of p2lras [4]. One commonly used inter- 
fering mutant is p21ras”“““. This mutant displays a reduced 
affinity for GTP, but normal affinity for GDP, and interferes in 
the GDP-GTP cycling of normal p2lras. Introduction of this 
mutant also inhibits ligand-induced proliferation and differen- 
tiation in various cell types. All these results point to a function of 
p2lras in growth factor receptor-mediated signal transduction. 

RECEPTOR TYROSINE KINASES ACTIVATE p2lras 
Convincing evidence that receptor stimulation can indeed 

activate p2lras has been obtained by experiments showing that 
epidermal growth factor (EGF) and insulin treatment result in a 
shift from p2lrasGDP to p2lrasGTP [S, 61. The activation of 
p2 lras is rapid and parallels the autophosphorylation of receptor. 
Activated EGF and insulin receptors are not unique in their 
ability to activate p2 lras, and most, if not all, factors that activate 
receptor tyrosine kinases have been shown to activate p2lras. 
Ligands that activate (non-receptor) tyrosine kinases indirectly 
or certain members of the seven transmembrane receptor famil- 
ies also induce the activation of p2lras. However, the level and 
duration of p2lras activation depends on the cell type and the 
growth factor receptor that is activated. 

MECHANISM OF p2lras ACTIVATION 
Two rate-limiting steps can be distinguished in the cyclic 

regulation of the nucleotide content of p2lras. First, the dis- 
sociation of GDP followed by the binding of GTP, and secondly, 
the hydrolysis of p2lras-bound GTP. p2lras exhibits a slow 
intrinsic guanine nucleotide exchange and a slow intrinsic 
GTPase activity. However, guanine nucleotide exchange pro- 
teins regulate rapid GDWGTP exchange, and GTPase activating 
proteins (GAPS) are present for the stimulation of GTP hydroly- 
sis (Figure 1). p2 lras can be activated by one of two mechanisms: 
an increase in guanine nucleotide exchange activity and/or an 
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Figure 1. The p2lras cycle. p2lras cycles between an inactive GDP- 
bound and an active GTP-bound conformation. The cycle is regulated 
positively by gnanine nucleotide exchange factors such as rasGRF 
and mSos and regulated negatively by GTPase activating proteins 
such as pl20GAP and nenrofibromin. Neurofibromin is the gene 

product of the neurofibromatosis type 1 gene. 

inhibition of GAPS. For several reasons, initial attention focused 

on the possibility that a GAP was involved in the activation of 
p2lras. Indeed, following platelet derived growth factor (PDGF) 
stimulation, p12OGAP rapidly associates with the activated 
PDGF receptor and is phosphorylated on tyrosine residues [7]. 
However, the function of p12OGAP and its tyrosine phosphoryl- 
ation in receptor tyrosine kinase signalling is still elusive. 

Guanine nucleotide exchange on p2lras can be analysed by 
measuring the rate of labelled nucleotide binding to p2lras in 
permeabilised cells. Using this approach, it has been found 
that both insulin and EGF can induce a 2-3-fold increase in 
nucleotide binding to p2lras [S]. In the elucidation of the 
signalling pathway from growth factor receptor to p2lras, the 
genetic analysis of lower eukaryotes has been crucial, particularly 
the analysis of vulval development in Caenorhabditis &guns and 
eye development in Drosophila melunoguster (for references, see 
[9]). In both developmental processes, a receptor tyrosine kinase 
(Let23, Sevenless) receives an inductive signal and a p2lras 
homologue (Let60, Dras) serves as an intermediate to transduce 
signals to downstream targets. By genetic analysis, several genes 
have been identified that function in this pathway. One of these 
genes encodes Sem5, a protein containing an SH2 domain 
flanked by two SH3 domains. SH2 and SH3 domains were first 
identified as regions of homology between Src and Fps outside 
the kinase domain. SH2 domains are regions of approximately 
100 amino acids that serve as a separate protein domain which can 
bind to phosphotyrosine-containing peptides. The specificity of 
binding is determined by the first few amino acids C-terminal of 
the phosphotyrosine. SH3 domains are smaller and bind to 
proline-rich sequences. Genetic evidence places Sem5 between 
Let23 and Let60. A protein homologous to SemS has been 
identified by virtue of either its ability to bind to the phosphoryl- 
ated EGF receptor in vitro (Grb2) or its homology to SH2 
domains. 

In Drosophila melunoguster, a gene has been identified that 
shows identity with a yeast exchange factor for RAS. The 
encoded protein (Son of Sevenless or SOS) has been placed 
genetically between the Sevenless receptor and Dras. Surpris- 
ingly, both the Drosophila melunoguster SOS protein and the 
mammalian counterparts mSos1 and 2, contain a proline-rich 
sequence at the C-terminal end of the protein. This has led to 
the hypothesis that Grb2 functions as an adaptor protein, which 

can bind to phosphotyrosine residues of the receptor through its 
SH2 domain, and to the proline-rich segment of mSos through 
its SH3 domains. Indeed, it has been shown in Drosophila 
melunoguster that the SemS homologue Drk binds to both the 
Sevenless receptor and to SOS. This model has been tested for 
the EGF receptor [lo]. It was found that a GrbZ-mSos complex 
associates with the EGF receptor after EGF treatment, resulting 
in the translocation of the mSos protein to the particulate fraction 
of the cell. Interestingly, inhibition of the Grb2-EGF receptor 
interaction, by a phosphopeptide that mimics the Grb2 binding 
site on the EGF receptor, inhibits EGF-induced guanine nucleo- 
tide exchange in permeabilised cells [ 111. This strongly suggests 
that binding of GrbZ-mSos to the EGF receptor triggers the 
activation of p2lras. It should be noted that the association 
between Grb2 and mSos appears to be constitutive, and may not 
be, or only partially, induced by EGF treatment. 

An alternative pathway for the EGF receptor to recruit p2 lras 
is through the She protein. She is a protein containing an SH2 
domain and a glycineiproline-rich sequence. It binds to the 
activated EGF receptor, and is phosphorylated on tyrosine 
residues upon EGF receptor activation [12]. In addition, upon 
EGF treatment, Grb2 associates with She. Therefore, it is 
possible that the observed interaction between the EGF receptor 
and mSos is (in part) mediated by She [13]. The possibility 
that She functions in p2lras signalling is supported by the 
observation that She overexpression induces p2 lrus-dependent 
neurite outgrowth in PC12 cells [ 141. 

Adding to this complexity, is the observation that Syp, a 
phosphotyrosine phosphatase, can also bind to Grb-2-mSos [15]. 
All these interactions may recruit mSos to the plasma membrane, 
the location of p2lras, or induce a conformational change of 
mSos that results in the activation of guanine nucleotide 
exchange activity. 

DOWNSTREAM EFFECTS OF GROWTH FACTOR- 
INDUCED ACTIVATION OF p2lras 

p2lras has been implicated in the activation of a variety of 
cellular proteins. The first demonstration in mammalian cells 
that p2lras mediates insulin-induced cellular responses came 
from studies using the interfering mutant p21rasasn1’. In transi- 
ent expression assays, this mutant inhibits insulin-induced acti- 
vation of the C-FOS-promoter and the collagenase promoter 
[16]. Using a recombinant vaccinia virus with p21raPn1’ as a 
transgene, it was shown that expression of the interfering mutant 
inhibits insulin-induced activation of ERK2 kinase [17]. These 
results are part of a large series of reports on the signalling 
pathway from p2lras to downstream targets. Key enzymes in 
this pathway appear to be the serine/threonine kinases of the 
MAP2 kinase family [ 181. These enzymes phosphorylate, at least 
in vitro, a variety of different cellular targets, and appear to play 
a crucial role in their activation. Among these targets are 
transcription factors, such as SRF (serum response factor) and 
CMYC, and other kinases, like MAPKAP kinase-2 and p9Orsk 
[ 191. In addition, ERK phosphorylates and activates phospholi- 
pase A2 [20] and may regulate through this pathway cytoskeletal 
rearrangements [21]. Indeed, this latter pathway, involving the 
small GTPases rat and rho seems to be most important for 
migratory events [22] including tumour invasiveness [23]. 

A picture of the signalling pathway between p2lras and ERKs 
is emerging (Figure 2). First, ERKs are phosphorylated on 
tyrosine and threonine residues, which results in the activation 
of the enzymes. A dual specificity kinase, MEK, is responsible 
for the phosphorylation, and thus for the activation. This kinase 
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Figure 2. Activation of rafl by activated p2lras. Receptor tyrosine 
kinases activate p2lras. Active p2lras, pZlrasGTP, associates to the 
serine threonine kinase rafl, which is translocated to the plasma 
membrane. By some, as yet, unknown mechanism rafl is activated. 
A protein of the 14-3-3 family may be involved in this process. 
Subsequently, MEK is phosphorylated and activated, followed by 

phosphorylation and activation of ERK. 

is also activated by phosphorylation, in particular by members 
of the rafl kinase family. 

rafl is encoded by the CRAF proto-oncogene. The 70 kDa 
rafl protein is phosphorylated on several serine and, in some 
cases, also on tyrosine residues after growth factor stimulation. 
Analogous to oncogenic p2lras, v-raf is able to transform 
established cell lines. Inhibition of p2lras by neutralising anti- 
bodies or by interfering mutants of p2lras, does not abolish o- 
raf transformation, indicating that v-raf transforms cells inde- 
pendently of p2lras. An interaction between p2lras and rafl 
was observed lirst by Moodie and associates [24], showing that 
rafl could interact with p2lrasGTP in vitro, but not or with 
reduced efficiency with p2lrasGDP. Subsequently, it was shown 
that the p2lras and rafl interaction results in the translocation 
of rafl from the cytosol to the plasma membrane. Association of 
rafl with pZlras-GTP, however, is not sufficient to activate rafl, 
and another signal may be required to establish full activation of 
rafl. Recently, one such protein has been identified, a chapa- 
rone-like molecule called 14-3-3 [25]. This protein is a member 
of a family of abundant proteins which bind to a variety of 
different proteins. The precise role of 14-3-3 in p2lras-mediated 
activation of rafl is still unclear. 

INTERFERENCE IN p2lras SIGNALLING 
The role of protein kinase C in p2lras signalling has been a 

matter of debate. It has been postulated that protein kinase C is 
involved in growth factor-induced activation of p2lras as well as 
in growth factor-induced activation of ERKs. Although many 
different PKC isoenzymes are present, in NIH-3T3 cells there 
is no evidence that PKC is involved in insulin-induced activation 
of ERK2. Downregulation of PKC by prolonged pretreatment 
with the phorbol ester TPA or inhibition of PKC with H7 or 
sphingosine does not affect insulin-induced activation of p2 lras 
or ERK2 [ 171. Activation of PKC by TPA does activate ERKs. 
Apparently, PKC mediates a separate pathway to activate ERKZ, 
which is operative in certain cell types and with certain ligands 
only (Figure 3). Indeed, EGF can activate ERK2 through 
different pathways. One of these pathways is mediated by 
p2lras, the other by PKC and a third by a calcium-dependent 
factor. The use of each of these pathways by EGF is cell type- 
dependent (261. 

Growth factor-induced activation of p2lras signalling can be 
antagonised by signals that elevate the levels of CAMP, thereby 
activating PKA [27]. This leads to an inhibition of growth factor- 
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Figure 3. Agonists and antagonists of p2lras-mediated signaBing. 
Receptor tyrosine kinases may activate rafl via different pathways, 
one of which is p2lras, another protein kinase C (PKC). Activation 
of rafl triggers the activation of MEK and ERKs. Certain serpentine 
receptors may activate rafl through p2lras, but may inactivate rafl 

through protein kinase A (PKA). For further explanation, see text. 

induced activation of rafl (Figure 3). The inhibition is cell type- 
specific, i.e. it occurs in NIH/3T3 and rafl fibroblasts, but not 
in Swiss-3T3 fibroblasts and PC12 cells. Surprisingly, this 
inhibition of rafl reflects the inhibition of cell growth by CAMP 
in these cells, suggesting that inhibition of rafl is (part of) the 
molecular basis of CAMP-induced inhibition of cell growth. 

The inhibition of rafl also affects TPA-induced activation of 
ERKZ, supporting the notion that PKC activates the ERK2 
pathway by activating rafl. The inhibition of rafl may be due to 
direct phosphorylation of ser 43 by PKA, which reduces the 
affinity of rafl to p2lrasGTP [28]. Alternatively, Rapl, which is 
a substrate for PKA and which can antagonise p2lras signalling, 
may be involved in this process. 

FUTURE PROGRESS 
From the above discussion, it is clear that p2 lras mediates an 

important signalling pathway which triggers various events in 
the cell. Furthermore, this signalling pathway is subject to both 
positive (PKC) and negative (PKA) interference. Mutations in 
the p2lras gene result in the constitutive activation of this 
pathway. A number of the early steps that lead to early responses 
have been elucidated during the last few years. However, little 
is known about the steps that lead to later events, for instance, 
the intermediate steps before the induction of DNA synthesis, a 
process that starts 8 h after the induction of cell proliferation. 
Also, a connection between p2lras signalling and survival of 
cells from apoptosis has been implicated [29], but details are still 
lacking. Finally, the connection of p2lras with cytoskeletal 
rearrangements, motility and invasiveness is an intriguing field 
just being explored. Elucidation of these pathways is crucial to 
understand fundamental questions in cancer biology, and to 
design future therapeutic approaches. 
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