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Modulation of the MAP kinase signaling cascade by Raf kinase inhibitory
protein
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ABSTRACT
Proteins like Raf kinase inhibitory protein (RKIP) that serve as modulators of signaling pathways, either by promoting

or inhibiting the formation of productive signaling complexes through protein-protein interactions, have been demon-
strated to play an increasingly important role in a number of cell types and organisms. These proteins have been
implicated in development as well as the progression of cancer. RKIP is a particularly interesting regulator, as it is a
highly conserved, ubiquitously expressed protein that has been shown to play a role in growth and differentiation in a
number of organisms and can regulate multiple signaling pathways. RKIP is also the first MAP kinase signaling
modulator to be identified as playing a role in cancer metastasis, and identification of the mechanism by which it regulates
Raf-1 activation provides new targets for therapeutic intervention.
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INTRODUCTION
One of the key challenges in signal transduction

research is to delineate the mechanisms by which common
signaling cascades are utilized by different external stimuli
to induce discrete cellular outputs. The MAP kinase
cascade is an evolutionarily conserved signaling module
that is activated by a diverse set of signals and that stimu-
lates numerous biological processes including growth and
differentiation. The pathway consists of a MAP kinase
kinase kinase (MKKK) that phosphorylates and activates
a MAP kinase kinase, which in turn phosphorylates the
TXY activation domain of MAP kinase (reviewed in [1]).
The first characterized subfamily of MAP kinases, termed
extracellular signal regulated kinases (ERKs), are activated
by growth factors and other stimuli via a cascade involving
Ras, Raf-1 kinase, and MEK/ERK kinase (MEK).

Activation of MAP kinase is under exquisite regulatory
control, particularly at the level of Raf-1 activation. The
N-terminal regulatory domain of Raf-1 interacts with Ras
leading to membrane association, dephosphorylation at
negative regulatory sites, conformational changes to
expose the kinase domain, and subsequent phospho-
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rylation at activating sites such as serine 338 (S338) and
tyrosine 341 (Y341) (reviewed in [2]). The activation of
the MAPKKK Raf is an intricate, multistep process that is
still not completely understood. The complexity of Raf
regulation, coupled with its position in the MAPK pathway,
indicate that it should be the major point of regulatory
control.

THE MAPK PATHWAY AND RAF ACTIVATION
There are three isoforms of Raf in mammals, A-Raf, B-

Raf, and Raf-1 (or c-Raf). A and B-Raf show specific pat-
terns of tissue expression, whereas Raf-1 is more widely
expressed. All the Raf isoforms can be divided into two
domains, the amino terminal regulatory domain, which con-
tains two conserved regions (CR1 and CR2), and the
carboxy terminal kinase domain, which contains the third
conserved region, CR3 [3].

The process of Raf activation is very complex, with
multiple phosphorylations and dephosphorylations occur-
ring that ultimately lead to a conformational shift where-
upon the inhibition of the N-terminal regulatory domain is
relieved. The most important activating phosphorylations
occur in the kinase domain of Raf-1 at Serines 338 and
tyrosines 340 and 341, as these are the primary residues
phosphorylated in response to oncogenes and growth
factors. It has been shown that the p21-activated kinase
(Pak) is capable of phosphorylating Raf-1 specifically on
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Serine 338 [4]. Tyrosines 340 and 341 are phosphorylated
by the Src family of kinases [5]. Replacement of any of
these amino acids with non-phosphorylatable residues
impairs the activation of Raf, while substitution of 338
with phosphomimetic negatively charged residues restores
regulation by Src. Substitution of tyrosines 340 and 341
with acidic residues results in constitutive Raf activity,
suggesting a hierarchal relationship among these residues.
Other important sites of activating phosphorylation occur
within the region known as the activation loop, on T491
and S494. Substitution of these residues severely impairs
Raf activity, while substituting phosphomimetic residues
at these sites can increase basal activity. B-Raf contains a
phosphomimetic aspartate in place of the corresponding
residue for Y341, and appears to be constitutively phos-
phorylated on the S388 equivalent site. This could explain
B-Raf’s higher basal activity and its higher specific activ-
ity towards MEK as compared to Raf-1 [6]. PKCs have
also been shown to be capable of phosphorylating Raf,
specifically on Serines 497 and 499, but mutation of these
sites has no effect on Raf activity [7].

Inactive Raf is found in a multiprotein complex of around
300-500kD, and more than 30 Raf interacting proteins have
been reported in the literature [2], indicating that there could
be many possible Raf regulators. These include 14-3-3, a
phospho-serine specific binding adapter protein, which
modulates the activity of many signaling proteins. Other
reported Raf interacting proteins include: Hsp90, which is
required for Raf activity, the phosphatases PP2A and
Cdc25; other kinases, including Akt, PKCs, Jak, the Src
familiy tyrosine kinases, and the MAPK ERK5; adapter
proteins other than 14-3-3, such as SUR-8, CNK, KSR
and Grb10, the Sprouty family of proteins, and Raf kinase
inhibitory protein (RKIP).

RKIP
RKIP was originally purified from bovine brain extracts

and named phosphatidylethanolamine-binding protein
(PEBP), based on its ability to preferentially bind this
particular class of phospholipids [8]. Subsequent studies
revealed that PEBP/RKIP is a widely expressed and highly
conserved protein that does not share any significant
homology with any known protein family, with homologs
in, E.Coli, A.thaliana, S.cerevisae, C.elegans, and D.
melanogaster, which display a high degree of interspecies
similarity [9].

Crystal structures for human [10], bovine [11], bacterial
[12], and plant [13], as well as mouse PEBP-2 [14] RKIP
have been solved. These studies have shown that all
homologs display a similar, novel topology, characterized
by a large central β-sheet flanked by a smaller β-sheet
with a two carboxy-terminal α-helices. There exists a

highly conserved phosphate-binding pocket within the
structure that has been shown to be critical to RKIP/PEBP
function. The carboxy-helices may play a role in regulat-
ing access to the binding pocket. Since RKIP/PEBP has
shown the capacity to bind phospholipids and nucleotides,
it has been postulated that it could function as a lipid trans-
porter in membrane biogenesis or as a G protein. However,
analysis of the structure of PEBP/RKIP revealed that the
binding pocket was much too shallow to accommodate a
lipid tail, and the structure has no similarity to known G-
proteins [11] suggesting that the binding pocket could be
utilized to bind phospho-proteins. Experiments examining
the interaction of PEBP/RKIP with model membranes found
that there was no significant binding to phosphatidyle-
thanolamine containing membranes, and that instead, RKIP
bound negatively charged membranes in an electrostatic
manner, suggesting that RKIP does not use phosphatidyle-
thanolamine binding as a mechanism to localize to the
plasma membrane [15].

Numerous functions of PEBP/RKIP proteins have been
reported. In yeast, the one RKIP homolog (Tfs1p for
“Twenty-Five suppressor”) has been shown to be an
inhibitor of carboxypeptidase Y, a vacuolar enzyme [16]
as well as a specific inhibitor of Ira2p, a yeast Ras GAP
whose function is to attenuate Ras activation by causing
hydrolysis of GTP. TFS mutant strains exhibited enhanced
resistance to heat shock, suggesting that there was a higher
level of Ras activity. It should be noted that the effect was
subtle, which the authors explained by the inability of Tfs1p
to inhibit the closely related Ras-GAP Ira1p.

In nematodes, RKIP was found to be part of mem-
branous material shedded from the surface of cells, and
hypothesized to play a role in protection from host
immune detection. In Drosophila, which expresses at least
7 RKIP isoforms, RKIP/PEBPs were hypothesized to play
a role in odorant binding, as the proteins are localized in
antennae and secreted into the lumen of olfactory hairs
[9].

In plants, PEBP/RKIP has been associated with the control
of the commitment to shoot growth or inflorescence
(flowering). This represents a key step in the switch from
the vegetative to reproductive growth phases in plants,
and may be considered somewhat analogous to the deci-
sion of growth versus differentiation in mammalian cells.
Mutations in plant RKIP homologs, including centroradialis
(CEN) in Antirrhinum, terminal flower-1 (TF-1) in
Arabidopsis, and self-pruning (SP) in tomato, result in
plants with limited shoot growth and branching, which is
an agriculturally useful mutation in tomato plants, as it
facilitates mechanical harvesting [17]. In an example sup-
porting the similarity between plant and mammalian RKIP,
a yeast two-hybrid assay using SP identified a number of
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binding partners including a serine/threonine kinase (called
SPAK) which, like Raf-1, possesses dual 14-3-3 binding
sites, and shows sequence similarity to the NIMA like family
of mammalian kinases, which play a role in the process of
mitosis.

In addition to the wide variety of functions attributed to
RKIP in lower organisms, mammalian RKIP has also been
described to have functions other than that of a regulator
of MAPK signaling. RKIP/PEBP has been shown to inhibit
serine proteases, specifically thrombin, neuropsin, and
chymotrypsin, although it shares no homology to any of
the known families of serine protease inhibitors. It was
also reported that, despite having no obvious secretion
signal, RKIP/PEBP can be immunolocalized on the cell
surface and detected in conditioned media [18].

Previous to its characterization as a MAPK inhibitor,
the most extensive body of work on RKIP/PEBP focused
on its function as a source of a neurostimulatory peptide
(reviewed in [19]).  Amino acids 2-12 of RKIP/PEBP are
identical to the Hippocampal cholinergic neurostimulatory
peptide (HCNP), a factor that was purified based on its
ability to stimulate acetylcholine (Ach) synthesis in
hippocampal explant cultures. Release of HCNP appears
to be mediated through NMDA receptor signaling [19]. An
enzyme that is capable of cleaving RKIP/PEBP to form
HCNP has been detected in rat hippocampal extracts, but
this enzyme has not been positively identified to date.

Aberrations in HCNP or its precursor protein, PEBP/
RKIP, have been noticed in some neuropathologies. In
sections taken from Alzheimer’s patients, antibodies
directed against the HCNP portion of RKIP show distinct
staining in Hirano Bodies, which have been demonstrated
to be increased in both Alzheimer’s and Parkinson’s
patients. Also, it has been noted that some patients with
Alzheimer’s exhibit increased levels of HCNP in their
cerebral spinal fluid (CSF) [20]. Additionally, in senes-
cence-accelerated-prone mice, which demonstrate an in-
creased age-accelerated deterioration in the ability to learn,
brain sections showed both an increase in HCNP, and the
mRNA for its precursor [21].

Another tissue in which PEBP/RKIP has been studied is
the testis. It was found that PEBP was an abundant secretory
product of testicular germ cells [22]. Also, rodents possess
an RKIP isoform, PEBP-2, whose expression appears to
be testis-specific [23].

RKIP AS AN ENDOGENOUS INHIBITOR OF THE
MAPK PATHWAY

Yeung and coworkers, who identified RKIP as a protein
that interacts with the kinase domain of Raf-1, first demon-
strated that RKIP acts as an inhibitor of MAPK signaling
[24]. Removal of RKIP by microinjection of anti-RKIP

antibodies or through antisense activated an AP-1 reporter.
Conversely, overexpression of RKIP suppressed transcrip-
tion from the AP-1 promoter. RKIP overexpression was
additionally able to suppress transformation induced by a
constitutively active Raf. Since the authors had shown
that RKIP could interact with Raf, as well as MEK and
ERK, the other components of the MAPK pathway, they
next attempted to determine at which step in the MAPK
pathway RKIP was acting. RKIP was unable to inhibit AP-1
activation by a constitutively active MEK. In a later paper
[7], the authors showed that RKIP could decrease the bind-
ing of Raf-1 to MEK, while the interaction between MEK
and ERK was unaffected. The binding sites for MEK and
Raf-1 overlap in RKIP, with both overlapping in the phos-
phatidylethanolamine-binding motif, supporting the idea that
RKIP cannot bind to MEK and Raf-1 simultaneously.
Although overexpressed RKIP can inhibit Raf-1 phos-
phorylation of MEK, recent studies from our laboratory
indicate that endogenous RKIP regulates activation of
Raf-1 rather than the interaction between MEK and Raf-1.

It has also been suggested [25] that RKIP could be
involved in regulation of the NF-κB pathway. Inhibition of
RKIP enhanced NF-κB transcription, while overexpression
of RKIP reduced basal transcription levels. RKIP was also
shown to interact with upstream kinase activators of IKK,
such as TAK and NIK, and inhibit the phosphorylation of
IKK in response to TNFα. These data suggest that RKIP
can inhibit signaling pathways other than ERK, acting in a
similar fashion (i.e. at the MAPKKK/MAPKK level).

In addition to the ERK and NF-κB pathway, RKIP has
been implicated as playing a role in GPCR signaling. It
was noted that RKIP could facilitate the activation of opioid
or somatastation receptors by an undescribed mechanism
[26]. Later, it was found that RKIP could regulate G-protein
coupled receptor kinase-2 (GRK2), which may explain
its role in GPCR signaling [27]. GRK-2 functions to phos-
phorylate GPCRs, uncoupling them from their associated
G-proteins and targeting them for endocytosis and
degradation. It was found that RKIP is able to bind to the
amino terminus of GRK-2 and inhibit its ability to phos-
phorylate GPCRs. Mutation of the PKC phosphorylation
site, Serine 153, which was originally identified as a
trigger for RKIP release from Raf-1 [28], abrogated
RKIP’s ability to bind and inhibit GRK-2, suggesting that
phosphorylation of RKIP decreases its affinity for Raf while
increasing its affinity for GRK-2, which was confirmed
by co-immunoprecipitations of Raf, GRK-2, and RKIP
from a number of cell lines and tissues using a variety of
stimuli. This work establishes a role for RKIP as an
inhibitor with the ability to switch from one pathway to
another dependent on its phosphorylation state, and is the
first such example reported.
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A link between RKIP and cancer was supplied when it
was determined that a metastatic prostate cancer cell line
(C42-B) expressed lower RKIP levels than the non-meta-
static cell line from which it was derived (LnCaP) [29].
Using immunocytochemistry to assess RKIP levels in pros-
tate tissue, it was found that benign tissue expressed the
highest levels of RKIP, cancerous tissue expressed sig-
nificantly less, and that RKIP expression was lowest in
metastatic tissue. Overexpression or reduction of RKIP in
the C42-B cell line had no effect on either cell growth, or
the ability to grow in soft agar. However, modulating RKIP
levels did have an effect on in vitro invasion assays. In
vivo, metastatic cells that overexpressed RKIP showed a
marked decrease in the number of mice that developed
metastases (70%). Additionally, it was noted that the vas-
culature in the primary tumors of RKIP overexpressing
cells was less developed, suggesting that RKIP could func-
tion as a metastasis suppressor by decreasing angio-
genesis and vascular invasion.

Recent evidence indicates that RKIP plays an important
role in cell survival. RKIP was shown to potentiate the
action of chemotherapeutic agents [30]. Thus, ectopic
expression of RKIP in cancer cells sensitized cells to drug
induced apoptosis, and downregulation of RKIP conferred
resistance to chemotherapy. RKIP exhibited effects on both
the ERK pathway as well as NF-κB signaling, and restora-
tion of either pathway was able to rescue the apoptotic
sensitive phenotype of RKIP overexpressing cells. One
possible explanation for the role of RKIP in prostate cancer
and as a potentiator of chemotherapeutic agents comes
from recent results from our laboratory suggesting that
RKIP modulates the mitotic checkpoint. Thus, loss of RKIP
could lead to an increase in chromosomal abnormalities
and genetic changes, ultimately enhancing the metastatic
potential of tumorigenic cells.

THE ROLE OF PKCS IN MITOGENESIS AND
DIFFERENTIATION OF RAT NEURONAL PRE-
CURSORS

Raf can be activated by Protein Kinase C (PKC), and
one mechanism involves the release of RKIP-mediated
inhibition [31]. PKCs are a multigene family of serine/
threonine kinases comprised of 13 known isozymes,
divided into three classes, based on their calcium or phos-
pholipid dependence for activation. The classical (or
conventional) PKCs, which include PKCα, βI, βII, and γ,
require both calcium and phospholipid for activation. The
novel PKCs, which include PKCδ, ε, η, θ, and ν, µ, re-
quire phospholipid, but are calcium independent. Finally,
the atypical PKCζ, ι, and λ are both calcium and
phoshpholipid independent. While the PKCs are structur-
ally similar, they vary widely in cellular and tissue

distribution. They also vary widely in their physiological
effects, causing migration, proliferation, differentiation, or
apoptosis depending on the cell system used, and have
been implicated in the activation of numerous pathways,
including the MAPK, NF-κB, Wnt, as well as caspase sig-
naling cascades [32].

We have previously shown [33] that EGF, which is a
mitogenic factor, but not FGF, which is a neurotrophic
factor, in the SV40 conditionally immortalized cell rat
embryonic hippocampal cell line H19-7, is capable of acti-
vating PKCζ, and this activation is dependent on PI3K.
Elimination of PKCζ through the use of antisense
nucleotides, a dominant negative PKCζ (PKCζKR), or a
peptide pseudosubstrate specific for PKCζ abrogated ERK
activation in response to EGF. Activation of the upstream
activator of ERK, MEK, was also inhibited by these
approaches. Proliferation of H19-7 cells in response to
EGF, as assessed by BrdU incorporation, was also inhibited
by blocking PKCζ.

Conversely, it was also found that the PKCδ isoform is
necessary for MAPK activation downstream of the neuro-
genic factor FGF, as treatment with the specific PKCδ
inhibitor Rottlerin inhibited activation of ERK in response
to FGF. This effect could also be produced by elimination
of PKCδ via antisense. In the H19-7 system, PKCδ seems
to be acting somewhere between Raf and MEK, as Rottlerin
has no effect on Raf activation, but does inhibit the phos-
phorylation of MEK in response to FGF [34]. These find-
ings led us to postulate that there is a hypothetical PKCζ
target, at or upstream of Raf-1 which mediates MAPK
activation and cellular proliferation through the EGF
receptor, and a target for PKCδ between Raf and MEK.
PKCs can phosphorylate Raf-1 and MEK directly, but this
phosphorylation is weak, and occurs at sites that do not
potentiate the activity of these kinases. We therefore con-
sidered the possibility that Raf-1 regulatory proteins might
be potential substrates of PKC and identified Raf Kinase
Inhibitory Protein (RKIP) known as PEBP, as a key target.

These studies led to the identification of a mechanism
for regulating RKIP’s role as an endogenous inhibitor of
MAP kinase signaling [28]. PKC, activated by either phorbol
esters or epidermal growth factor (EGF), can phosphory-
late RKIP at S153, and this phosphorylation causes the
dissociation of RKIP from Raf-1 and subsequent activa-
tion of the MAPK pathway. Recent results from our labo-
ratory have also elucidated the mechanism by which RKIP
suppresses MAP kinase signaling. We demonstrated that
RKIP inhibits activation of Raf-1 by blocking activating
phosphorylations of residues on Raf-1. Furthermore, the
regulation of RKIP is shown to be growth factor-specific
in at least two cell systems, providing a new mechanism
for the selective activation of the MAP kinase signaling
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cascade leading to discrete physiological outputs.
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