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ABSTRACT

The v-Crk oncogene product, while possessing no intrinsic tyrosine
kinase activity, causes an elevation in levels of cellular phosphotyrosine as it
transforms chicken embryo fibroblasts (CEF). Because of this similarity to v-Src
transformation and EGF receptor (EGFR) stimulation, signalling pathways that
might be activated in v-Crk transformed cells were investigated by analogy to
pathways utilized by v-Src and the activated EGFR, and a search for
serine/threonine kinases activated in v-Crk transformed CEF was conducted.

Mapk was identified as one kinase, the activity of which is constitutively
elevated in v-Crk transformed CEF. Mek activity was also somewhat elevated.
However, the Shc proteins, which probably mediate activation of the Ras
pathway in v-Src transformed and EGF-stimulated cells, were not tyrosine
phosphorylated, indicating that the activation of Mapk was probably mediated
by a different mechanism.

v-Crk transformed NIH-3T3 cell lines were established in order to
examine the effects of blocking the Ras pathway in v-Crk transformed cells. In
contrast to previous studies done in mammalian cells, v-Crk caused
morphological transformation and promoted anchorage-independent growth of
the transfected NIH-3T3 cells. In addition, elevated levels of tyrosine
phosphorylation were observed on the characteristic p70 and p130.

Expression of dominant negative Ras in the v-Crk NIH-3T3 caused
morphological reversion of these cells, as well as an inhibition of colony
formation.in soft agar, indicating a requirement for Ras function in v-Crk

transformation. However, no decrease in tyrosine phosphorylation of cellular



proteins was observed upon dominant negative Ras expression.

A delay in serum stimulation of Mapk activity in oncogene transformed
cells was also observed. This delay was shown to correlate with increase in
metabolic rate, rather than degree of morphological transformation. A possible

mechanism involving a delay in Shc phosphorylation is proposed.



INTRODUCTION

Cell growth is tightly controlled by a series of regulatory proteins,
responsible for transducing signals to the DNA replication machinery in the
nucleus. The genes encoding these essential regulatory proteins are capable
of causing oncogenic transformation if they are mutated in such a way that
increases the activity of a growth-promoting protein, or abolishes the activity of a
growth-suppressing protein.

Growth-promoting genes include those encoding growth factors, their
receptors, the signal transduction proteins necessary to transmit growth
information to the nucleus, and the nuclear proteins (including transcription
factors) that receive growth signals and initiate DNA replication. Signal
transduction pathways have been substantially explored for several growth
factors, including epidermal growth factor (EGF), platelet-derived growth factor
(PDGF), insulin, and colony-stimulating factor-1 (CSF-1). The EGF signal
transduction pathway will be described as a pathway typical of these growth
factors (reviewed in Ullrich and Schilessinger, 1990; Schlessinger and Ullrich,

1992). This pathway is schematically diagrammed in Figure 1 for reference.

Activation of the EGF Receptor

EGF, a polypeptide hormone comprised of 53 amino acids, was first
isolated from murine submaxillary glands (Savage et al., 1972) as an activity
promoting epithelial cell growth. Human EGF, or urogastrone, has been
detected in salivary glands, but it is not known if this is a site of synthesis

(Carpenter and Cohen, 1979).
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Figure 1. Signal transduction from the EGFR and v-Src, and input from participating G proteins.
References in text; also Taylor et al., 1991. Ras farnesylation omitted for clarity.



The epidermal growth factor receptor (EGFR) is a transmembrane protein
tyrosine kinase. It consists of an extracellular EGF binding domain, a
transmembrane region, an intracellular kinase domain, and a carboxy-terminal
tail with several autophosphorylation sites (Ullrich et al., 1984). Ligand binding
induces receptor dimerization (Cochet et al., 1988; Chantry, 1995) and activates
EGFR tyrosine kinase activity. Receptor dimerization is an essential function of
EGF: Biochemically isolated dimers have an elevated kinase activity relative to
the monomers (Sorokin et al., 1994), even in the absence of EGF (Boni-
Schnetzler and Pilch, 1987), and expression of a kinase-negative EGFR acts as
a dominant negative, suppressing stimulation of the endogenous EGFR via
receptor heterodimerization (Kashles et al., 1991; Redemann et al., 1992).

Activated EGFR dimers undergo intermolecular autophosphorylation
(Honegger et al., 1990), resulting in receptor phosphorylation at five sites on the
carboxyterminal tail: tyrosines 992, 1068, 1086, 1148, and 1173. Several signal
transduction proteins bind to these autophosphorylated tyrosines via Src-
homology 2 (SH2) domains, named for a region in the amino-terminal
regulatory portion of the Src tyrosine kinase. SH2 domains are found in a wide
variety of signal transduction proteins, and have been shown to bind
phosphotyrosine moieties in specific sequence contexts (Matsuda et al., 1991).
The crystal structure of the Src SH2 domain revealed a fairly shallow peptide
binding surface containing a deep pocket into which the phosphorylated
tyrosine residue is inserted. Several positively charged residues interact with
the phosphate group, as well as aromatic ring of the tyrosine. Phosphoserine
and phosphothreonine are clearly too short to make contact with the positive
amino acids at the bottom of the phosphotyrosine binding pocket (Waksman et

al.,, 1992). Variable sequences exposed on the peptide binding surface -
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probably account for SH2 specificity. Although the first three residues following
the phosphorylated tyrosine are the most important specificity determinants, a
contribution from the +4 and +5 amino acids has also been documented
(Larose et al., 1995). The preferences of several SH2 domains were
determined by measuring binding to a degenerate library of synthetic
phosphopeptides (Songyang et al., 1993).

A second binding module often found in SH2-containing signalling
proteins is the Src-homology 3 (SH3) domain. SH3 domains bind to specific
proline-rich sequences which form local left-handed type Il polyproline helices.
The minimal consensus sequence for SH3 binding peptides is Pro-X-X-Pro, in
which the two prolines directly contact the flat, mostly hydrophobic surface of the
SH3 domain. Additional basic residues surrounding these four amino acids
help to confer specificity for the SH3 of a particular protein (Ren et al., 1993; Yu
et al., 1994; Wu et al., 1995).

Different receptor tyrosine kinases bind different subsets of SH2/SH3
containing proteins when activated, and the phosphotyrosine docking sites of
these receptors are not necessarily in the carboxy-terminal tails. For example,
the platelet-derived growth factor receptor (PDGFR) can bind SH2-containing
proteins via tyrosines in an “insert” region of the catalytic domain; and the
insulin receptor does not directly bind all of its effector molecules, but rather
phosphorylates the docking protein IRS-1 (insulin receptor substrate 1), to
which specific SH2 containing proteins can then bind (reviewed in Pawson and

Schlessinger, 1993).

ignalling Proteins Recruit he Activated EGFR
SH2-containing proteins which bind the EGFR tail can be divided into
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two groups: those which contain a known catalytic activity, and those which
consist primarily of SH2 and/or SH3 domains. Phospholipase Cy (PLCy) falls
into the first category. PLCyis capable of hydrolyzing phosphatidylinositols to
produce 1,2-diacylglycerol and a series of inositol phosphates (reviewed in
Majerus et al., 1990). Diacylglycerol, in turn, activates protein kinase C (PKC), a
serine/threonine kinase involved in mitogenic signalling, while inositol
phosphates cause release of intracellular stores of calcium. The accumulation
of inositol phosphates in EGF-stimulated cells is well-documented (Wahl and
Carpenter, 1988; Hepler et al., 1987). Tyrosine 992 appears to be the major
PLCy binding site on the EGFR carboxyterminal tail, with lesser affinities for
tyrosines 1068 and 1173 (Vega et al., 1992; Rotin et al., 1992). It is likely that
binding of PLCyto phosphorylated tyrosine 992 is accompanied by tyrosine
phosphorylation and activation of the enzyme by the EGFR (Nishibe et al.,
1990).

The second group of growth factor receptor binding proteins, those that
consist primarily of SH2 and SH3 domains, are termed “adaptor proteins”
because their function appears to be linking tyrosine phosphorylated proteins
bound to the SH2 domain with proline-rich signalling proteins bound to the SH3
domain. This group is exemplified by the Grb2 protein, which consists of
domains SH3-SH2-SH3. Grb2 was isolated by screening an expression library
with the tyrosine-phosphorylated EGFR carboxy-terminal tail (Lowenstein et al.,
1992), and binds the phosphorylated EGFR at tyrosines 1068 and 1086 (Batzer
et al., 1994; Okutani et al., 1994). In addition, Grb2 can bind Shc, another SH2-
containing adaptor protein that is tyrosine phosphorylated upon EGF stimulation
(Pelicci et al., 1992). Shc binds the phosphorylated EGFR at tyrosines 1173
and 1148, creating two additional, indirect binding sites for Grb2 (Okabayashi et
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al., 1994; Batzer et al., 1994; Okutani et al., 1994). Recent evidence suggests
that most of the binding of Grb2 to the EGFR is in fact mediated by Shc
(Sasaoka et al., 1994).

This simple picture is complicated by studies involving EGFR mutants
with all five autophosphorylation sites mutated to phenylalanine. Unexpectedly,
these mutant receptors still permitted EGF-induced mitogenesis when
expressed in a strain of NIH-3T3 cells void of endogenous EGFR. Although
PLC7 was not activated in response to EGF in these cells, Shc was still
phosphorylated and complexed with Grb2, and signals were sent to effector
molecules downstream of Grb2 (Decker, 1993; Gotoh et al., 1994; Li et al.,
1994). Tyrosine phosphorylated Shc may be able to bypass binding to the
EGFR by binding to a recently-identified 145 kDa protein which is also tyrosine
phosphorylated in response to EGF stimulation. Shc binds the phosphotyrosine
moiety of p145 with its PTB domain, a newly-described phosphotyrosine
binding domain with little homology to SH2 sequences (Kavanaugh and

Williams, 1994).

Activation of Ras

Under normal circumstances, Grb2 thus binds the tyrosine-
phosphorylated EGFR via Shc or with its own SH2 domain. The Grb2 SH3
domains bind proline rich motifs of the mSos protein, a guanine nucleotide
exchange factor (GEF) for the Ras low molecular weight GTP binding protein
(Buday and Downward, 1993a; Egan et al., 1993; Chardin et al., 1993; Rozakis-
Adcock et al., 1993; Li et al., 1993). Ras cycles between GTP-bound “on”
(growth signal transmitting) and GDP-bound “off” states. Ras activity is modified

by two sets of proteins: GTPase activating proteins, which stimulate the intrinsic
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GTP hydrolysis activity of Ras, thereby switching Ras off; and GEFs, which
release bound GDP from Ras, allowing free GTP to bind and activate Ras
(reviewed in Satoh et al., 1992). EGF stimulation increases the GTP:GDP ratio
of Ras by upregulating the rate of guanine nucleotide exchange (Satoh et al.,
1990; Medema et al., 1993; Buday and Downward, 1993b; Gale et al., 1993).

Several Ras GEFs have been isolated to date, including a brain specific
Ras-GRF, the widely expressed mSos, and the S. cerevisiae Cdc25 and Scd25
(reviewed in Boguski and McCormick, 1993). Cdc25 was the first GEF
identified. Otherwise lethal Cdc25 mutations can be complemented by Scd25,
the GEF domain of which can also function to exchange bound nucleotide on
mammalian Ras (Broek et al., 1987; Crechet et al., 1990). The exchange factor
participating in EGF signalling is mSos. mSos is constitutively bound to Grb2 in
most cell types examined, and its exchange activity is upregulated when
translocated to the membrane by the binding of Grb2 to the EGFR. In fact,
membrane targeting of mSos by farnesylation or myristylation is sufficient to
activate Ras, independent of growth factor stimulation (Quilliam et al., 1994;
Aronheim et al., 1994). Overexpression of mSos with a deleted GEF domain
can prevent growth-factor induced activation of Ras (Sakaue et al., 1995).

The first Ras GAP (p120 GAP) was identified as an activity that stimulated
the intrinsic GTPase activity of Ras (Trahey and McCormick, 1987). GAP is
phosphorylated on tyrosine in response to EGF stimulation, as are two
associated proteins (p62 and p190), but initial reports of EGFR binding by GAP
remain unsubstantiated despite the presence of two SH2 domains and one
SH3 domain (Ellis et al., 1990; Liu and Pawson, 1991; Margolis et al., 1990).
No change in GAP activity in vitro after phosphorylation has been reported, and

the role of this protein in growth factor-induced Ras activation remains unclear.
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There are three low molecular weight Ras proteins that function in
mitogenesis: H-Ras, K-Ras, and N-Ras. The relative contributions of each to
EGF-stimulated growth induction has not been elucidated, except for the lack of
a phenotype in N-Ras null transgenic mice (Umanoff et al., 1995). H-Ras has
been shown to function as a substrate for the mSos GEF (Chardin et al., 1993),
and is generally used as a prototypical Ras protein. Ras proteins are
posttranslationally farnesylated on a cysteine appearing in a carboxy-terminal
CAAX motif, in which the A is an aliphatic residue and the X is any amino acid.
In addition, the hypervariable region just preceding the CAAX motif is
palmitoylated; or in the case of K-Ras B, a polybasic domain exists that
cooperates with the CAAX farnesyl. Both of these modifications are required for
Ras localization to the membrane (Hancock et al., 1990), which is required for
mSos-promoted nucleotide exchange on Ras and Ras-mediated cell growth
(Porfiri et al., 1994; Cox et al., 1992).

The role of Ras in mitogenesis has been underlined by studies with a
dominant-negative form of the protein, Ras N17. Substitution of Ser 17, a
residue near the GTP binding site, with Asn created a protein with a decreased
affinity for GTP, favoring the GDP bound state (Feig and Cooper, 1988; Milburn
et al., 1990). The resulting protein is thought to sequester nucleotide exchange
factors, preventing them from acting on endogenous Ras after growth factor
stimulation. Ras N17 suppresses endogenous Ras activation, but not signalling
by constitutively-activated Ras (Feig and Cooper, 1988; Cai et al., 1990; Vries-
Smits et al., 1992). A second recently-identified dominant negative Ras, in
which Asp 57 was replaced with Tyr, is thought to function in a manner similar to

Ras N17 (Jung et al., 1994).



Activation of Raf

It is only recently that a downstream effector of Ras has been identified.
Evidence including genetic studies in Drosophila (to be later discussed) and
similarities of phenotypes induced by activated forms of these signal
transduction proteins implicated the Raf-1 protein serine/threonine kinase. The
widely-expressed Raf-1 is a 70-75 kDa phosphoprotein that consists of an
amino-terminal regulatory region and a carboxy-terminal kinase domain
(reviewed in Daum et al., 1994). The tissue-specific Raf family genes A-rafand
B-rafhave a similar structure, but have not been extensively studied.

N-terminal truncation causes constitutive activation of Raf protein kinase
activity (Rapp et al., 1988). In addition, phosphorylation of Raf on serines 259
and 499 by PKC or tyrosines 340 and 341 by activated tyrosine kinases has
also been shown to stimulate Raf enzymatic activity (Kolch et al., 1993; Fabian
et al.,, 1993). None of the major growth factor-induced serine phosphorylation
sites (Ser 43, 259, and 621) appear to be autophosphorylated; Thr 268 is the
major autophosphorylation site. Ser 621 -> Ala mutants were nonactivatable in
the baculovirus system, indicating a role for phosphorylation in Raf-1 kinase
activation (Morrison et al., 1993).

A dominant negative Raf with a deleted kinase domain presumably
functions by binding and sequestering its upstream regulator without activating
downstream signal transduction proteins. Dominant negative Raf has been
shown to block EGF-induced Ras activation of these downstream proteins in
COS cells, thus establishing a position for Raf somewhere downstream of Ras
(Schaap et al., 1993). Results from two hybrid system screening and direct co-
immunoprecipitation experiments indicate that activated, GTP-bound Ras binds

to the amino-terminal region of Raf-1 (Moodie et al., 1993; Aelst et al., 1993;
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Zhang et al., 1993; Warne et al., 1993; Vojtek et al., 1993; Koide et al., 1993).
Raf-1 also binds a constitutively activated form of Ras. However, Raf-1 does not
complex with GDP-bound Ras or inactive Ras “effector domain” mutants. While
no Ras-Raf complexes were detected in intact cells without mitogenic
stimulation, 3% of total cellular Raf was found to associate with Ras after EGF
addition (Hallberg et al., 1994).

The region of Raf responsible for binding Ras was mapped to amino
acids 51 to 131 (Chuang et al., 1994). A Raf [Arg 89 -> Leu] mutation abolishes
binding to Ras and inhibits Ras-mediated activation of Raf kinase activity. The
same mutation in the truncated dominant negative Raf interferes with its ability
to block Ras-mediated growth stimulation (Fabian et al., 1994). However, Raf
activity stimulated by the nonreceptor-type tyrosine kinase v-Src is unaffected,
indicating a possible Ras-independent mode of Raf activation (Pumiglia et al.,
1995).

It is possible that the sole purpose of the binding of activated Ras to Raf is
translocation of Raf from the cytosol to the plasma membrane, where additional
factors would carry out activation of the Raf kinase. Several observations
support this hypothesis. First, Ras-GTP cannot stimulate Raf activity in vitro
(Zhang et al., 1993). Second, Ras farnesylation is necessary for activation of
Raf mediated by Ras binding (Kikuchi and Williams, 1994). Finally, membrane
targeting of Raf by addition of the Ras CAAX motif obviates the need for Ras:
membrane-bound Raf is constitutively activated, and this activity is not affected
by activated Ras. EGF stimulation, however, can further increase the level of
Raf activity, even in the presence of a dominant negative Ras, again indicating a
Ras-independent pathway of Raf activation (Leevers et al., 1994; Stokoe et al.,
1994).
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The 14-3-3 protein family, implicated in yeast cell cycle control (Ford et
al., 1994), has been suggested to enhance Raf kinase activity. Members of this
family, identified by two-hybrid screening, binding assays, and yeast genetic
experiments, can bind Raf-1 and activate its kinase activity in yeast or Xenopus
expression systems (reviewed in Morrison, 1994). However, 14-3-3 complexes
with Raf in vivo regardless of Raf subcellular localization, and attempts to
activate Raf in vitro with 14-3-3 are less than convincing (Freed et al., 1994; Irie
et al.,, 1994; Fu et al., 1994; Fantl et al., 1994; Li et al., 1995). 14-3-3 is therefore
probably not the direct activator of Raf at the membrane, although it may play a
structural or recruitment role. Interestingly, 14-3-3 has also been found in
complex with growth-promoting proteins bcr-abl and polyomavirus middle T
antigen (Reuther et al., 1994; Pallas et al., 1994).

The amino-terminal half of Raf was also found to interact with the Rap1b
protein in a two-hybrid assay (reviewed in Avruch et al., 1994). Rapia and
Rap1b are Ras-related low molecular weight GTP binding proteins, 95%
identical to each other and 50% identical to Ras. However, these proteins, also
known as K-rev and Smg, were identified in a screen for factors that inhibit cell
growth and transformation otherwise promoted by constitutively activated Ras
(Kitayama et al., 1989; Kitayama et al., 1990). The Rap proteins are widely
expressed at levels similar to Ras in most tissues examined, and no differences
in Rap expression were found in neoplastic versus normal human tissues
(Takayama et al., 1991). The role of Rap in growth control is still unclear, but a
possible mechanism for antagonism of Ras activity may involve competition with
GTP-bound Ras for the N-terminal domain of Raf.

One further level of modulation of Raf activation involves the observation

that 8-bromo-cyclic AMP, an activator of the cAMP-regulated protein kinase A
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(PKA), inhibits EGF stimulation of DNA synthesis (Burgering et al., 1989). EGFR
activation, Grb2 and Shc association, and Ras activation are not affected by
cAMP, while Raf activation is inhibited (reviewed in Marx, 1993). cAMP-induced
PKA phosphorylation of Raf appears to accomplish this by two concomitant
mechanisms: reduction of affinity for Ras (Wu et al., 1993a), and

downregulation of Raf kinase activity (Hafner et al., 1994).

The Kinase Cascade Initiated by Raf: Mek and Mapk

In the chain of signal transduction events from the EGFR, Raf is
responsible for initiating a kinase cascade that ultimately results in
phosphorylation of several transcription factors. The immediate substrate of Raf
is Mek, also known as MAP kinase-kinase, and Mek is responsible for activating
MAP kinase (Mapk), also known as Erk (Extracellular signal-Regulated Kinase).

Mapk was originally identified as an activity in insulin-stimulated 3T3-L1
cells capable of phosphorylating microtubule-associated protein 2 on serine
and threonine in vitro (Ray and Sturgill, 1987). A similar activity was observed
in many other cell types in rapid response to various stimuli, such as the
injection of sea star oocytes with maturation-promoting factor (Sanghera et al.,
1991) and EGF stimulation of quiescent Swiss 3T3 cells (Ahn et al., 1991).
Three Mapk proteins were subsequently cloned: p44 Erk1, p42 Erk2, and p65
Erk3 (Boulton et al., 1990; Boulton et al., 1991a). Erk1 and 2 share 90% amino
acid identity, while the more distantly related Erk3 is 50% identical to Erk1 and
2. Erk1 contains a seven amino acid amino-terminal extension relative to Erk2,
while Erk3 has an additional 180 carboxy-terminal residues compared with
Erk1 and 2. Messages for the three Erks were detected in all adult tissues

examined, but relative levels of each varied. However, many cell lines and
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primary cell types have been identified that express only Erk1 or Erk2. Low-
stringency Southern hybridization has indicated the possible existence of more
Erk family members, and cloning of a 97 kDa human homolog of Erk 3 has
recently been reported (Zhu et al., 1994).

Mapk requires two phosphorylation events for activation: phosphorylation
~ of Thr 183 and Tyr 185 (Anderson et al., 1990; Crews et al., 1991; Payne et al.,
1991). Treatment of Mapk with either a tyrosine-specific phosphatase or a
serine/threonine specific phosphatase inactivates the enzyme. In fact, MKP-1, a
dual specificity tyrosine/threonine phosphatase with a greater activity toward
Mapk than any other substrate tested, can dephosphorylate and inactivate
Mapk in vitro. Transcription of MKP-1 is induced by serum with kinetics similar
to the eventual dephosphorylation of Mapk after the peak of Mapk activation,
raising the possibility that MKP-1 is a physiological regulator of Mapk (Charles
et al., 1993; Sun et al., 1993).

Mapk is a dual-specificity enzyme itself, and is capable of
autophosphorylating the two residues sufficient for activation, but the kinetics of
in vivo activation imply the existence of an activator kinase (Seger et al., 1991).
The identification of this activator kinase became the focus of a large number of
labs.

Several groups isolated an activity capable of phosphorylating kinase-
negative Mapk, or a bacterially produced, nonphosphorylated Mapk
(Alessandrini et al., 1992; Rossomando et al., 1992; Nakielny et al., 1992;
Kyriakis et al., 1992; Matsuda et al., 1993b). The first Mapk kinase Cloned,
MEK1, encodes a widely expressed 393 amino acid, 43.5 kDa dual-specificity
kinase (Crews et al., 1992a; Wu et al., 1993b; Ashworth et al., 1992). MEK2,

cloned soon thereafter, encodes a 400 amino acid, 44.5 kDa dual specificity
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kinase displaying 80% amino acid identity with Mek1 (Zheng and Guan, 1993a;
Brott et al., 1993; Wu et al., 1993c). Mek1 and 2 are both activated by EGF-
stimulated Swiss 3T3 cell lysate and are capable of phosphorylating and
activating p42 and p44 Mapk in vitro, but with different apparent activities
(Zheng and Guan, 1993b). MEK1 and 2 also exhibit different patterns of
expression, presaging a complex network of regulatory pathways.

Although Mek1 is able to autophosphorylate on serine, threonine, and
tyrosine residues, physiological activation seems to involve only serine
phosphorylation, specifically serines 218 and 222 (Kosako et al., 1992; Ahn et
al., 1993; Zheng and Guan, 1994; Alessi et al., 1994). Activation of Mek1 in
response to EGF is abolished by mutation of either of the serines to alanine.
Replacement of serine 218 with aspartate, mimicking constitutively
phosphorylated Mek, was shown to increase Mek1 activity greater than 100-fold
without further activation by substitution of serine 222 (Huang and Erikson,
1994). However, there are conflicting reports of similar experiments which
render the relative contributions of the two serines to Mek activation unclear
(Seger et al., 1994; Alessi et al., 1994; Cowley et al., 1994; Mansour et al.,
1994).

As indicated above, activated Raf-1 is responsible for phosphorylating
and activating Mek in response to EGF stimulation. It was first shown that Mek
and Mapk are upregulated in cells expressing a constitutively active Raf, and
that active Raf-1 was capable of activating dephosphorylated, inactive Mek in
vitro (Kyriakis et al., 1992; Dent et al., 1992; Howe et al., 1992). Raf-1 can stably
bind Mek1, and can even act as a bridge in a ternary complex of Ras-GTP, Raf,
and Mek (Huang et al., 1993; Moodie et al., 1993; Aelst et al., 1993; Vaillancourt
et al., 1994). A linear pathway showing chain-activation of Raf-1, Mek, and p42
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Mapk was created in baculovirus-infected Sf9 cells expressing consitutively
activated Ras, indicating a kinase cascade of direct substrates (Macdonald et

al., 1993).

This sequence of signalling events, growth factor -> receptor tyrosine
kinase -> Shc/Grb2 -> GEF -> Ras -> Raf -> Mek -> Mapk, has been further
substantiated by genetic studies in C. elegans, Drosophila, and yeast. C.
elegans vulval induction is the process by which an existing gonadal cell
transmits a signal to vulval precursor cells, resulting in the differentiation of
three of these cells along the vulval pathway (reviewed in Pawson, 1992).
Mutation of the Let-23 receptor tyrosine kinase, Sem-5 adaptor protein (a
homolog of Grb2), or Let-60 Ras homolog prevent vulval development; genetic

studies place Sem-5 between Let-23 and Let-60.

The Ras Pathway In Drosophila Photoreceptor Development

Even more information has been gathered from the Drosophila
photoreceptor development system (reviewed in Rubin, 1991). The Drosophila
compound eye contains about 200 ommatidia, each containing eight
photoreceptors and twelve support cells. The R7 photoreceptor, the last of the
eight photoreceptors to be recruited in the developing ommatidium, must
receive a signal from the neighboring R8 photoreceptor for induction of its
neuronal fate; lack of a signal allows the precursor to develop in the default
mode of a nonneuronal cone cell.

Genetic studies indicate a signal initiated by the transmembrane ligand
“bride of sevenless” (boss) expressed on the surface of the R8 photoreceptor

binding to the sevenless (sev) tyrosine kinase receptor expressed on the R7

16



photoreceptor (Tomlinson and Ready, 1986; Reinke and Zipursky, 1988). Other
cells, including R3 and R4 (which contact R8), express sevenless as well, but
are presumably committed to their respective lineages before boss is
expressed. The development of R3 and R4 is unaffected by mutations in
sevenless or boss. Interestingly, the entire transmembrane ligand is
internalized by R7 (Cagan et al., 1992).

Genes functioning downstream of sevenless were identified in several
screens that identified dominant suppressors, mutations in which increase
efficiency of signal transduction from a weakened temperature-sensitive
sevenless mutant, and dominant enhancers, mutations in which abrogate signal
transduction from a weakened sevenless mutant. The assay in both cases was
the presence of an R7 cell.

Suppressors of sevenless were identified to be mutations in the
Drosophila Ras-1gene; drk, the Drosophila homolog of Grb2; and Sos, a
Drosophila GEF, “son of sevenless” (Simon et al., 1991; Simon et al., 1993;
Olivier et al., 1993; Bonfini et al., 1992). A loss-of-function mutation in Ras1 or
Sos blocks sevenless function (Simon et al., 1991), while constitutively
activated Ras1 induces formation of supernumerary R7 cells, even in the
absence of a functional sevenless receptor (Fortini et al., 1992). Enhancers of
sevenless were identified to be mutations in the Drosophila homologs of either
Rap or GAP, encoding two previously described proteins that interfere with Ras
function. These mutations also result in supernumerary R7 cells without
requiring a functional sevenless receptor (Hariharan et al., 1991; Gaul et al.,
1992).

Drosophila Raf, Mek, and Mapk also behave in a manner similar to that in

EGF signalling. Drosophila Raf (Draf) was cloned with a human Raf probe
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(Nishida et al., 1988); subsequent genetic studies placed Draf downstream of
Ras in sevenless signalling. A constitutively activated Draf also induced R7
development in the absence of sevenless (Dickson et al., 1992). Drosophila
Mek, Dsor1, was isolated in a screen for gain-of-function mutations that rescue
R7 development in flies with a weakened Draf (Tsuda et al., 1993). Drosophila
Mapk (ERK-A), encoded by rolled, was identified in a screen for mutations
which blocked signalling from a constitutively activated Draf (Biggs et al., 1994).
A gain-of-function ERK-A mutant was also identified in a screen for sevenless
pathway function in the absence of boss (Brunner et al., 1994a). The gain-of-
function mutation was mapped to substitution of Asn for kinase domain residue
Asp 334, conserved in every Mapk homolog known. The mechanism of
activation by this substitution is still unknown.

The Drosophila Ellipse gene encodes the receptor tyrosine kinase most
closely related to the mammalian EGFR. Ellipse null mutants are lethal, and
gain-of-function mutants have decreased numbers of (intact) ommatidia (Baker
and Rubin, 1989). Inactivating mutations in drk, Sos, and Ras-1 also suppress
Ellipse gain-of-function mutants, indicating a role for the Ras pathway in signal
transduction from multiple tyrosine kinase receptors (Simon et al., 1991).

Downstream effectors of Mapk in the sevenless system are poorly
understood. One candidate is seven in absentia (sina), a nuclear protein of
unknown function, the mutation of which abrogates sevenless signalling
(Carthew and Rubin, 1990). In addition, two Ets family transcription factors,
pointed and yan, have been identified as potential Mapk substrates with
opposing effects on R7 development (O'Neill et al., 1994; Brunner et al., 1994b).
Loss of function mutations in phyllopod were also identified in a screen for

suppressors of constitutively activated Ras; this gene functions downstream of
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yan and upstream of sina (Chang et al., 1995; Dickson et al., 1995). Finally,
expression of a dominant negative form of the nuclear transcription factor Jun

blocked photoreceptor development (Bohmann et al., 1994).

The Ras Pathway in Yeast

Saccharomyces cerevisiae contains two Ras proteins, RAS1 and RAS2.
Cells remain viable with deletion of either one, but not both. Unlike in
mammalian cells, yeast RAS controls activation of adenylate cyclase (Toda et
al., 1985). Human H-Ras, although only 189 amino acids long compared to 322
for yeast RAS2, is 62% homologous to RAS2 in the amino-terminal 172 amino
acids, and can rescue RAS null mutants, indicating conserved biochemical
properties (Kataoka et al., 1985; Temeles et al., 1985). Several genes encoding
regulators of RAS in S. cerevisiae have been cloned, including a GEF, CDC25;
and two GAPs, IRA1 and /IRA2 (Broek et al., 1987; Tanaka et al., 1989; Tanaka et
al., 1990). Disruption of IRA1 increased cellular levels of cyclic AMP and
rescued CDC25 mutants, but not RAS1/RAS2 mutants (Tanaka et al., 1989).

The picture downstream of RAS, outlined in Table 1, quickly becomes
more complicated in yeast. S. cerevisiae appear to have at least three
pathways dependent on Mapk homologs, none of which require RAS (reviewed
in Blumer and Johnson, 1994). For example, initiation of mating requires
binding of a pheromone to a pheromone receptor, activation of a trimeric G
protein, and initiation of a kinase cascade that results in activation of STE11,
which functions in a manner analogous to mammalian Raf. STE11 activates
Mek homolog STE7, which activates Mapk homolog FUS3/KSS1, which
ultimately results in mating response. The STE11-STE7-FUS3 pathway is

duplicated in the initiation of cell wall biosynthesis, which utilizes analogous
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[mmm e S.cerevisiae--—-][S.pombe] [Dros.] [----- mammalian----- ]

cell wall osmotic photo- growth UV osmotic
mating biosynth. stress mating reception stim. stress stress

STE1l1l BCK1 ? byr2 Draf Raf Mekk ?
STE7 MKK1/2 PBS2 byril Dsor Mek Sek Mkk3/4
FUS3 MPK1 HOG1 spkl Mapk Mapk Jnk p38/RK

Table 1. Summary of genes involved in conserved kinase cascades in yeast
and higher eukaryotes. Bulk of table from Blumer and Johnson (1994); other
references in text. More recently elucidated details of yeast pathways reviewed
in Herskowitz (1995).



proteins BCK1-MKK1/MKK2-MPK1, and glycerol accumulation in response to
hyperosmotic media, which utilizes an unknown STE11 family protein to
activate Mek homolog PBS2 and Mapk homolog HOG1. These pathways all
function independently of one another; disruption of a gene in one pathway
does not affect the functions of the other two pathways.

The mating response in S. pombe is yet again a different story: RAS1
does play a role in mating. Genetic evidence indicates that the pombe mating
pheromone binds the pheromone receptor, causing activation of a trimeric G
protein, which sends a signal through RAS1 to the pombe equivalents of the
STE11-STE7-FUS3 pathway, byr2-byr1-spk1. Complex formation between
RAS1 and byr2 has even been detected using the two-hybrid system (Aelst et
al., 1993).

Complexities of Ras Pathway Signalling in Mammalian Systems

Evidence contradicting a single, linear physiological pathway is now
accumulating for mammalian cells as well. While the MEKSs are similar in
sequence to the cerevisiae STE7 and pombe byr1, Raf shows no homology to
STE11 or byr2. Using PCR primers derived from regions of identity between
STE11 and byr2, a cDNA was identified in NIH-3T3 cells with similarity to these
to genes (Lange-Carter et al., 1993). This sequence was used as a probe to
clone Mek kinase (Mekk) from a mouse brain library. The 78-80 kDa protein
exhibits a serine/threonine rich amino-terminus and a carboxy-terminal kinase
domain that is 75% homologous to the byr2 kinase domain.

Expression of Mekk in COS cells caused a 4-5 fold activation of MAP
kinase activity, which was only slightly increased by addition of EGF. Mekk

purified from these cells by column chromatography or immunoprecipitation
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was able to phosphofylate a catalytically inactive Mek, as well as
autophosphorylate. However, overexpression of Raf in this system did not
phosphorylate or activate Mek unless EGF was added, indicating that Raf and
Mekk are two independent Mek regulators, responding to different physiological
stimuli (Lange-Carter et al., 1993). Raf-1 and Mekk also have different
specificities for the Mek regulatory serines 218 and 222: Mekk preferentially
phosphorylates Ser 218 with less activity towards Ser 222, while Raf-1
phosphorylates each residue to similar extents (Yan and Templeton, 1994a).

Recent studies indicate the existence of additional Mek activators
expressed in different cell types and responding to different stimuli. B-Raf was
purified as the major Mek activator in bovine brain; Raf-1 was expressed in this
tissue, but did not copurify with Mek activator activity in this system (Catling et
al., 1994). Similar results were obtained from NIH-3T3 cells (Reuter et al.,
1995), in which an unidentified 40-50 kDa MEK activator was also observed. In
addition, an activity was purified from insulin-stimulated adipocytes that
separated into two distinct peaks, both of about 56 kDa. This activity did not co-
elute with Raf-1 or Mekk and its predicted moleular weight precluded B-Raf, so it
was named |-Mekk, representing a novel protein or proteins (Haystead et al.,
1994). The phorbol ester PMA activated Mek in these cells without affecting I-
Mekk, intimating the presence of another activator specific for the protein kinase
C pathway in adipocytes. To date, a total of four Mekk isoforms with different
amino-termini have been cloned (G. Johnson, personal communication).

There is substantial evidence, already discussed, that Raf-1 is
responsible for activating Mek and Mapk in response to EGF stimulation. More
specifically, in vitro experiments indicate that Raf-1 can bind Mek1 but not Mek2

in NIH-3T3 fibroblasts (Jelinek et al., 1994). However, some reports indicate
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that several exceptions to this rule may exist. It is likely that more exceptions
will surface as this pathway is studied in more cell types and with more stimuli.

One group used dominant negative Raf to show that Raf is not required
for stimulation of Mapk activity by EGF or phorbol ester in Balb/c 3T3 cells, while
it is necessary for stimulation of Mapk by insulin-like growth factor | (IGF-1). Ras
was activated in all cases (Chao et al., 1994). A second group examined Raf
function in insulin stimulated 3T3-L1 adipocytes (Porras et al., 1994). A
dominant negative Raf blocked differentiation of 3T3-L1 cells in response to
insulin without blocking activation of Mapk after insulin stimulation, indicating an
alternate effector pathway for Raf in this system. Finally, two groups used a
dominant negative Ras to show that Ras is necessary for Mapk activation
stimulated by insulin in NIH-3T3 cells and by PDGF in rat-1 cells, but is
dispensable for phorbol ester and EGF stimulation of Mapk in rat-1 cells (Vries-
Smits et al., 1992; Burgering et al., 1993).

Of course, before one makes any generalizations, it is important to note
that some reports indicate that Ras is required for phorbol ester stimulation of
Mapk in native NIH-3T3 cells, as well as phorbol ester superstimulation of Mapk
in NIH-3T3 cells transformed with v-Raf, indicating a pathway from PKC through
Ras (Nori et al., 1992; Mitra et al., 1993). There are also conflicting reports
concerning the role of Ras and Raf in stimulation of MAP kinase via
heterotrimeric G-protein coupled receptors, although evidence seems to be
accumulating for involvement of these signal transduction proteins in at least
some G-protein coupled pathways that activate Mapk (Nori et al., 1992; Corven
et al., 1993; Winitz et al., 1993; Alblas et al., 1993; Howe and Marshall, 1993). It
is unclear if PKC activation is obligatory in these systems, but PKC and Ras may

cooperate in full activation of Raf under some conditions. Further complexities
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of interaction between heterotrimeric G protein signalling, PKC signalling, and
Ras pathway signalling are reviewed in (Burgering and Bos, 1995).

The opposite specificity problem occurs in the rat pheochromocytoma
cell line PC12 (reviewed in Chao, 1992). PC12 cells differentiate to a
sympathetic neuronal phenotype upon stimulation by nerve growth factor
(NGF), while EGF induces PC12 cell proliferation. NGF and EGF initiate
seemingly identical signal transduction pathways in these cells, including
activation of Ras, Raf, and Mapk, while eliciting two very different responses
(Thomas et al., 1992; Wood et al., 1992; Ohmichi et al., 1992). The specificity of
the signal in transit over the Ras pathway may lie in kinetics of Mapk activation
(Marshall, 1995), or there may be additional stimulus-specific signals that have
not yet been identified.

One example of such a stimulus-specific pathway in fibroblasts may be
the emerging Jak/STAT pathway (reviewed in Briscoe et al., 1994), originally
characterized as an interferon-stimulated pathway (Darnell et al., 1994). Many
cytokines and growth factors activate a specific Jak family cytosolic tyrosine
kinase. The activated Jak family kinase then phosphorylates a specific SH2-
containing STAT family transcription factor, causing SH2-dependent homo- or
hetero-dimerization and translocation to nucleus. The nuclear dimer can bind
specific sequence elements, dependent on the nature of the STAT family
proteins in the complex, and initiate transcription of genes involved in the

response to the initiating stimulus.

Parallel Pathways: R n llular Stress in Higher Eukar
Some specificity of Mekk versus Raf is now being examined in systems

analogous to the parallel response pathways in yeast. A protein kinase
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cascade induced by cellular stress in response to ultraviolet (UV) light
phosphorylates the amino terminus of the nuclear protein ¢-Jun, resulting in
increased transcriptional activity by AP-1 (to be later discussed), of which Jun is
a component (Devary et al., 1992). This phosphorylation event was originally
thought to be dependent on the Raf-Mek-Mapk pathway, but any
phosphorylation of Jun by Mapk appears to be in the carboxy-terminal region,
which does not contribute to activation of Jun transcriptional activity (Minden et
al.,, 1994a). However, an activity was identified that could both bind and
phosphorylate the amino terminus of c-Jun (Hibi et al., 1993).

JNK1 (Jun kinase) was cloned by homology as a member of the MAP
kinase family of proteins (Derijard et al., 1994), and encodes a 46 kDa protein
that is about 40% identical to the MAP kinases Erk1 and Erk2, as well as HOG1,
FUSS, and MPK1 (see Table 1). The identical Sapk (stress-activated protein
kinase) was simultaneously purified and cloned by a laboratory investigating
cellular stress induced by tumor necrosis factor a (TNFa) (Kyriakis et al., 1994).
Jnk1 was able to efficiently phosphorylate the activating amino-terminal serines
63 and 73 of c-Jun in response to ultraviolet light and activated Ras (Derijard et
al., 1994), although the TNFa pathway was Ras-independent (Minden et al.,
1994b).

Jnk1 contains a regulatory threonine and tyrosine, analogous to the
phosphorylation sites of other family members, which are required for UV
induced activation of kinase activity (Derijard et al., 1994). The Mek-related
gene Sek, cloned by homology, encodes a protein capable of phosphorylating
these sites and activating Jnk1 (Sanchez et al., 1994). Since activated Raf
causes a strong, immediate activation of Mapk upon induction, but only a weak,

delayed activation of Jnk1; and activated Mekk causes a strong, immediate
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activation of Jnk1, but a only weak activation of Mapk, it appears that Mekk and
Raf control two different pathways. Growth factor stimulation activates Raf, Mek,
and Mapk, while cellular stress activates Mekk, Sek, and Jnk1 (Minden et al.,
1994b; Yan et al., 1994b). Overexpression of activated Mekk in Swiss 3T3 cells
causes massive apoptosis, as opposed to the DNA synthesis induced by
activated Raf (Gary Johnson, personal communication), seemingly appropriate
responses for the two very different stimuli from which Mekk and Raf transduce
signals.

The gene encoding a 55 KDa Jnk2, exhibiting 83% identity to Jnk1, has
recently been cloned (Kallunki et al., 1994). It seems to be regulated in a
similar fashion, but binds Jun approximately 25 times more efficiently than Jnk1.
The specificity and relative contributions of these two genes to stress response
remains to be characterized.

One group reported activation of Jnk1 in response to osmotic shock
(Galcheva-Gargova et al., 1994), but it now seems likely that yet another MAP
kinase family member also plays a role in this pathway. A 38 kDa protein was
purified from LPS-treated B cells and cloned from a murine liver cDNA library
(Han et al., 1994). This protein is most closely related to the cerevisiae HOG1
(52% identity). Both share the phosphorylation site sequence TGY, as opposed
to TPY for the Jnks and TEY for the Mapks. Like HOG1, p38 is activated in
response to hyperosmotic stress, although Mapk activation is also observed in
these experiments (Han et al., 1994). p38 is probably the rat homolog of a
reactivating kinase (RK) recently cloned for MAPKAP Kinase-2, a substrate of
Mapk under conditions in which Mapk is activated (Stokoe et al., 1992).
However, MAPKAP Kinase-2 can also be activated by several types of cellular

stress, conditions under which Mapk is not activated, but p38/RK is (Rouse et
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al., 1994). Two kinases capable of activating p38/RK were subsequently
cloned: MKK3 and MKK4 (Derijard et al., 1995). Neither MKK3 nor MKK4 can
activate the Erk family kinases, but MKK4, the human homolog of Sek, is able to
activate Jnk.

Only one substrate of Jnk besides c-Jun has been described so far:
Activating Transcription Factor 2 (ATF2) (Gupta et al., 1995). Both Jnk1 and
Jnk2 were able to phosphorylate threonines 69 and 71 of ATF2 in response to
UV irradiation, increasing ATF2 transcriptional activity in a luciferase reporter
assay. Mutation of these two threonines to alanine decreased reporter gene
expression, and a catalytically inactive Jnk1 inhibited serum stimulation of ATF2
activity. Interestingly, ATF2 can also heterodimerize with c-Jun to bind the ATF2

target “CRE-like” elements.

Downstream Effectors of Mapk

There is also some information concerning the downstream targets of the
Raf-Mek-Mapk pathway. All Mapk substrates contain the phosphorylation site
consensus sequence Pro-X-Ser/Thr-Pro, in which the Ser or Thr is
phosphorylated by Mapk (reviewed in Crews et al., 1992b). Three cytoplasmic
targets of Mapk are the previously mentioned MAPKAP kinase-2, cytosolic
phospholipase A, (cPLA,), and p90 Rsk (reviewed in Blenis, 1993).

MAPKAP kinase 2 is a serine/threonine kinase, originally purified as a
NaF-stabilized activity capable of phosphorylating glycogen synthase. The two
related isoforms, p53 and p60, are active in conditions under which Mapk is
also active (Stokoe et al., 1992). A possible function for MAPKAP Kinase-2 is
phosphorylation of the small heat shock proteins, Hsp 25/27, but the role this

plays in mitogenesis is unknown (Rouse et al., 1994).

26



Cytosolic PLA, is activated by stimuli which elevate cellular levels of
calcium, including growth factors and agonists of G-protein coupled receptors,
to contribute to arachidonic acid production. Mapk phosphorylation of cPLA,
activates its phospholipase activity, and mutation of the phosphorylation site Ser
505 impairs the cPLA,-mediated release of arachidonic acid in response to
phorbol esters or thrombin (Lin et al., 1993).

Rsk was originally purified as a mitogenically stimulated kinase capable
of phosphorylating ribosomal protein S6 in vitro. However, it now appears that
this function is physiologically accomplished by the 70 kDa S6 kinase, which is
also mitogenically stimulated, although not phosphorylat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>