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Phorbol ester treatment of quiescent Swiss 3T3 cells leads to cell proliferation, a response thought to be
mediated by protein kinase C (PKC), the major cellular receptor for this class of agents. We demonstrate here
that this proliferation is dependent on the activation of the extracellular signal-regulated kinase/mitogen-
activated protein kinase (ERK/MAPK) cascade. It is shown that dominant-negative PKC-« inhibits stimula-
tion of the ERK/MAPK pathway by phorbol esters in Cos-7 cells, demonstrating a role for PKC in this
activation. To assess the potential specificity of PKC isotypes mediating this process, constitutively active
mutants of six PKC isotypes («, 3,, 8, €, 1, and {) were employed. Transient transfection of these PKC mutants
into Cos-7 cells showed that members of all three groups of PKC (conventional, novel, and atypical) are able
to activate p42 MAPK as well as its immediate upstream activator, the MAPK/ERK kinase MEK-1. At the level
of Raf, the kinase that phosphorylates MEK-1, the activation cascade diverges; while conventional and novel
PKCs (isotypes o and m) are potent activators of c-Rafl, atypical PKC-{ cannot increase c-Rafl activity,
stimulating MEK by an independent mechanism. Stimulation of c-Rafl by PKC-a and PKC-v) was abrogated
for RafCAAX, which is a membrane-localized, partially active form of c-Rafl. We further established that
activation of Raf is independent of phosphorylation at serine residues 259 and 499. In addition to activation,
we describe a novel Raf desensitization induced by PKC-«, which acts to prevent further Raf stimulation by
growth factors. The results thus demonstrate a necessary role for PKC and p42 MAPK activation in 12-0-
tetradecanoylphorbol-13-acetate induced mitogenesis and provide evidence for multiple PKC controls acting

on this MAPK cascade.

To date, 11 members of the protein kinase C (PKC) super-
family have been identified (for reviews, see references 13, 28,
45, and 52). On the basis of their biochemical properties and
sequence homologies, they have been divided into three
groups: the conventional PKCs (cPKC-a, -B4, -B,, and -v),
which are activated in a diacylglycerol (DAG)- and calcium-
dependent manner; the calcium-independent but DAG-depen-
dent novel PKCs (nPKC-3, -¢, -m, -6, and -p., also termed
PKD); and a third group consisting of atypical PKCs (aPKC-{
and -v\). The members of this last group of isotypes are
unresponsive to DAG and calcium and, in contrast to c- and
nPKCs, do not respond to phorbol esters. The existence of this
large family of PKC isotypes suggests that individual PKC
isotypes likely have specific roles in signal transduction. We
have been interested in determining if such specificity exists in
the case of the extracellular signal-regulated kinase/mitogen-
activated protein kinase (ERK/MAPK) cascade, by which PKC
may mediate some of its effects on cell growth and differenti-
ation.

The MAPK cascade, which involves the kinases Raf, MAPK/
ERK kinase (MEK), and ERK/MAPK, is ubiquitously ex-
pressed in mammalian cells and serves to couple various cell
surface stimuli to the alteration of cell function. This cascade is
implicated in both regulated cell proliferation (induced by
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growth factors) and deregulated proliferation (e.g., Ras trans-
formation) as well as the control of differentiation (33, 54).
Such actions are elicited at least in part through the translo-
cation of activated MAPK to the nucleus, where it phosphor-
ylates target molecules such as the transcription factors Elk-1
and SAP1, which consequently leads to alterations in gene
expression (24).

The mechanisms involved in the activation events for this
MAPK cascade have been studied extensively and are well
established for MEK and p42 MAPK (ERK2). In both cases,
two phosphorylations within the activation loop of the kinase
are required for activation, and these are catalyzed by the
immediate upstream kinase (4, 47, 59). For instance, for p42
MAPK, it was shown that MEK phosphorylates a threonine
(T) and a tyrosine (Y) residue within a characteristic TEY
motif, causing activation. In contrast to these activation mech-
anisms, the regulation of Raf has proven substantially more
complex. This protein kinase is regulated in part through in-
teraction with membrane-associated GTP-Ras and in part by
phosphorylation (33, 37, 42). Furthermore, it is possible that
other modifications and/or associations, such as dimerization
of Raf molecules or association with 14-3-3 proteins, regulate
Raf function (17, 19, 29, 35). Among the mechanisms involved,
there is evidence for the operation of both PKC-dependent
and PKC-independent pathways of Raf activation in response
to agonists (49). Much evidence for the involvement of PKC in
Raf activation comes from the action of the tumor promoters
of the phorbol ester class. Acute treatment with phorbol esters
leads to a rapid activation of p42 MAPK in most cell types (25,
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50). Since PKC is the major receptor for these tumor promot-
ers, it has been implicated in the activation of the ERK/MAPK
pathway and the consequent triggering of cellular responses
such as cell differentiation and proliferation (18, 23, 40, 41, 44).
More-direct evidence for the involvement of PKC in regulating
this pathway has come from coexpression studies in insect cells,
which have reported that PKC-a, -B,,, and -y alone can induce
Raf autophosphorylation, peptide phosphorylation, or MEK
phosphorylation (38, 51).

While early studies employed diverse criteria for assessment
of Raf activation, the identification of MEK-1 as a physiolog-
ical substrate for Raf has provided a robust assay for agonist-
induced Raf activation. Using this assay and employing dom-
inant-negative and constitutively active PKC mutants, we here
define the potential for these proteins in activation of the
MAPK cascade, which is a prerequisite in the mediation of
PKC effects, e.g., cell proliferation. We demonstrate here that
PKC can be rate limiting for MAPK activation in mammalian
cells. Furthermore, it is shown that all PKC isotypes tested (.,
B1, 8, €, m, and {) have the capacity to activate p42 MAPK and
MEK. Additionally, we have been able to show that there are
at least two mechanisms involved in activation of the ERK/
MAPK pathway by PKCs: cPKC-a and nPKC-m use a Raf-de-
pendent pathway to activate MEK and MAPK, while aPKC-{
leads to MEK activation in a manner independent of Raf
activation. Furthermore, PKC-a (and PKC-B,) is shown to
induce a novel desensitization effect in c-Raf activation which
prevents further activation by growth factors. These data indi-
cate the operation of a distinct control by conventional PKCs
of Raf function. In light of the effects of PKC isotypes on c-Raf
mutants, the mechanism of PKC-dependent activation of this
pathway is discussed.

MATERIALS AND METHODS

Plasmid constructs. The cDNAs of the constitutively active PKC mutants
carry deletions or point mutations in the N-terminal pseudosubstrate region. In
PKC-« (48) and -B,, amino acids (aa) 22 to 28 are deleted; in PKC-3, Ala-147 is
exchanged for Glu; PKC-¢ lacks aa 156 to 162; and PKC-n (12) and - carry
deletions from aa 155 to 171 and from aa 116 to 122, respectively. PKC-a, -B,
-3, and -{ mutants were expressed via the pCO2 vector, and PKC-¢ and -1 were
expressed via pMT2 and pKSl1, respectively. The dominant-negative mutant
PKCa(T/A); has been described previously (6).

The myc-p42 MAPK was described by Howe et al. (27); the myc-MEK-1
construct is from S. Cowley and C.J.M. (10a). The myc epitope-tagged constructs
for c-Rafl (pEFHmRaf-1) and RafCAAX (pEFHmRafCAAX) were described
previously (37). The myc-Raf S259A construct, in which the serine at position
259 has been replaced by alanine, was generated by PCR-directed mutagenesis of
the pEFHmRaf plasmid. myc-Raf S499A was subcloned from the pKSRaf S499A
plasmid (kindly provided by D. K. Morrison) into the pEFHmRaf construct.

Recombinant proteins. Recombinant glutathione S-transferase-p42 MAPK
was expressed and purified according to the protocol of Stokoe et al. (53).
Purification of recombinant glutathione S-transferase-MEK-His protein was
described by Alessi et al. (4).

Immunoblotting. Immunoprecipitated proteins were resuspended in Laemmli
sample buffer (without reducing agents), heated at 95°C for 10 min, and loaded
onto sodium dodecyl sulfate (SDS)-10% polyacrylamide minigels. After electro-
phoresis, the proteins were transferred onto polyvinylidene difluoride mem-
branes by the semidry method. The membranes were blocked in phosphate-
buffered saline (PBS) containing 5% dry milk (fat reduced) and 0.1% Tween 20
for 1 h and then incubated with various primary antibodies for at least 8 h at 4°C.
After three washes with PBS, a horseradish peroxidase-coupled anti-rabbit an-
tibody (dilution, 1:5,000) was employed for 40 min, and nonspecifically bound
material was washed off with several changes of PBS-0.1% Tween 20 before the
protein was detected by using the Amersham ECL system.

A polyclonal antiserum against p42 MAPK was described earlier (1). c-Rafl
protein was detected with a polyclonal antiserum from Santa Cruz Biotechnol-
ogy. A polyclonal antiserum against MEK-1 (human) was raised in rabbits
against the C-terminal peptide G-L-N-Q-P-S-T-P-T-H-A-A-G-V.

Cell culture, transfection, and immunoprecipitation. Cos-7 cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) in humified air with
10% CO, at 37°C. For transfection, cells were treated as follows. On day 1,
1.125 % 10° Cos-7 cells were seeded on a 10-cm-diameter plate in DMEM
supplemented with 10% fetal calf serum (FCS; Gibco). On day 2, the cells were
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washed twice in DMEM (without FCS) and then further grown in DMEM-0.1%
FCS. On day 3, cells were transfected by the calcium phosphate method of
Maniatis et al. (36) with 40 pg of PKC DNA and 5 pg of a reporter construct
(myc-p42 MAPK, myc-MEK-1, myc-Raf, myc-RafCAAX, Raf S259A, or Raf
S499A) without changing the medium. All DNAs used for transfections were
purified over two CsCl gradients. After transfection (45 to 48 h), cells either were
left untreated or were treated with 20% serum plus 400 nM 12-O-tetradecanoyl-
phorbol-13-acetate (TPA; Sigma) for 10 min (in the case of Raf transfections) or
20 min (for p42 MAPK and MEK-1 transfections) and harvested into 600 .l of
lysis buffer (buffer A; 1% Triton X-100, 50 mM HEPES [pH 7.5], 150 ml NaCl,
20 mM NaF, 50 pg of phenylmethylsulfonyl fluoride per ml, 100 uM Na; VO,,
125 pg of aprotinin per ml, 250 pg of leupeptin per ml, 1 uM microcystin). After
20 min of preclearing with a protein A-Sepharose (Sigma) suspension (1% final
concentration), 4 pg of 9E10 antibody (16) and 40 pl of a 50% suspension of
protein G-Sepharose beads (Sigma) were added to the lysates, which then were
incubated for 1 to 2 h at 4°C.

Thymidine incorporation into Swiss 3T3 cells. Swiss 3T3 cells were cultured as
described by Olivier and Parker (46). The incorporation of [*H]thymidine was
performed as described by Withers et al. (57). The MEK-1 protein kinase
inhibitor PD 098059 (Calbiochem) was used at a final concentration of 30 WM.

Analysis of myc-p42 MAPK activity. Inmunoprecipitates were washed three
times in buffer A (see above) and once in kinase assay buffer (buffer B; 30 mM
Tris [pH 7.5], 5 mM MgCl,, 2 mM MnCl,). In vitro kinase assays were carried out
for 30 min at 25°C in 30 pl of buffer B supplemented with 10 uM ATP, 1 uCi of
[v-**P]ATP (Amersham), and 10 pg of myelin basic protein (MBP; Sigma) as a
substrate. The kinase reaction was stopped with 15 wl of 4X SDS sample buffer,
and samples were separated on an SDS-15% polyacrylamide minigel. The lower
half of the gel was stained with Coomassie blue and dried down, and 2P
incorporation into MBP was quantitated with a PhosphorImager (Molecular
Dynamics). The contents of the upper part of the gel, containing immunopre-
cipitated myc-p42 MAPK protein, were transferred onto polyvinylidene difluo-
ride membranes and detected with an anti-p42 MAPK polyclonal antiserum. The
amount of protein was determined by scanning the Western blot and processing
the data with the Adobe Photoshop program. MBP phosphorylation was nor-
malized to the amount of myc-p42 MAPK in each sample and thus expressed as
specific activity in arbitrary units.

Analysis of myc-MEK activity. Inmunoprecipitates were washed as described
above for myc-p42 MAPK. For the two-step in vitro kinase assay, myc-MEK
protein bound to protein G beads was incubated for 15 min at 30°C in 40 pl of
buffer C (25 mM HEPES [pH 7.5], 10 mM MgCl,, 0.1 mM EDTA, 1.5 mM
dithiothreitol, 0.1 mM ATP, and 0.3 ng of recombinant p42 MAPK) to activate
p42 MAPK. Five microliters of [y->*P]JATP (0.3 pCi) and 20 pg of MBP were
added, and after a further 15-min incubation, 50% of the reaction mixture was
spotted onto P81 paper, washed three times in 10% acetic acid, and quantitated
by Cherenkov counting. The remaining 50% of the reaction mixture was run on
a 15% polyacrylamide minigel and immunodetected with an anti-MEK anti-
serum. MBP phosphorylation was normalized as described above for p42 MAPK
and is expressed as specific activity in arbitrary units.

Analysis of myc-Raf activity. In vitro kinase assays of myc-Raf (wild-type and
mutant proteins) were performed in a coupled kinase assay as described by
Leevers et al. (34). Quantitation of the amount of Raf protein in each sample was
performed in a manner analogous to the quantitation of p42 MAPK.

RESULTS

Phorbol ester-induced cell proliferation depends on activa-
tion of the ERK/MAPK pathway. Phorbol ester treatment of
fibroblasts leads to the immediate activation of p42 MAPK and
long-term responses, €.g., stimulation of cellular proliferation
(Fig. 1). To investigate whether activation of the ERK/MAPK
pathway is a requirement for the induction of cell division by
phorbol esters, we measured thymidine incorporation into
Swiss 3T3 fibroblasts after challenging the cells with the phor-
bol ester TPA or FCS (as a positive control). Both stimuli
induce proliferation efficiently; however, whereas serum-in-
duced thymidine incorporation is essentially unaffected by the
presence of the specific MAPK kinase inhibitor PD 098059 (3),
TPA-induced cell proliferation is completely abolished in the
presence of this agent. We conclude that phorbol ester-in-
duced cell proliferation is dependent on the action of the
ERK/MAPK pathway.

Dominant-negative PKC-a(T/A); inhibits activation of p42
MAPK by TPA. Biological responses observed after phorbol
ester treatment are usually attributed to activation of the PKC
family, the major cellular target for phorbol esters. However,
other receptors have been identified, such as n-chimaerin and
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FIG. 1. Effects of phorbol ester on Swiss 3T3 cells. Phorbol ester treatment
induces DNA synthesis via the ERK/MAPK pathway. Quiescent Swiss 3T3 cells
were treated for 40 h with 400 nM TPA or 20% fetal calf serum or left without
stimulus in the presence (+) or absence (—) of the MEK-1 inhibitor PD 098059
(30 uM). DNA synthesis was assessed by measuring [*H]thymidine incorpora-
tion. Each value is the mean * the standard error of the mean for three dishes
representative of two independent experiments. (Inset) Phorbol ester treatment
activates p42 MAPK. Quiescent Swiss 3T3 cells were treated with 400 nM TPA
for different time intervals, and p42 MAPK activation was measured by mobility
shift analysis of the p42 MAPK protein in a 10% polyacrylamide gel as a readout
for kinase activity. Phorbol ester treatment of Swiss 3T3 cells causes a rapid
activation of p42 MAPK (1 min) which is sustained for up to 2 h.

Vav, and therefore it was deemed important to determine
whether phorbol ester-induced stimulation of the ERK/MAPK
cascade is indeed mediated by PKC or another TPA-respon-
sive intermediary (2, 22). We therefore assessed whether the
activation of p42 MAPK by TPA is mediated by cellular PKC.
For this purpose, a dominant-negative PKC-a mutant (alpha is
the predominant PKC isotype in Cos-7 cells) was employed;
this mutant competitively inhibits the functional maturation
of endogenous PKC molecules in these cells (10). When cells
that express the dominant-negative mutant PKC-a(T/A); are
treated with TPA, the rate of p42 MAPK activation is mark-
edly inhibited in comparison to that in vector-transfected con-
trol cells (Fig. 2). This dominant-negative PKC-a(T/A); con-
struct has a broad specificity of action and cannot be used to
distinguish PKC isotype specificity (19a). Nevertheless, its ac-
tion implies a rate-limiting role for PKC in p42 MAPK activa-
tion in these cells. At later time points (=18 min), the extent of
p42 MAPK activation is the same in control- and mutant-
transfected cells (data not shown), indicating that, consistent
with the activity of this dominant-negative mutant (10), this is
a partial inhibition which is not due to any nonspecific, cyto-
toxic effect.

p42 MAPK and MEK-1 are activated by various PKC iso-
types. TPA treatment activates the majority of PKC isotypes
(o, Bys2s v, 8, € m, and 0), while the class of aPKCs ({ and M)
is unresponsive to phorbol esters. To examine which members
of the PKC superfamily can regulate the ERK/MAPK cascade,
constitutively active mutants of the «, B4, 9, €, 1, and { isotypes
were used. All of these mutants carry a short deletion («, By, €,
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m, and {) or point mutation (3) in the pseudosubstrate se-
quences within the N-terminal regulatory domains of the pro-
teins, such that the enzymes are locked in their active confor-
mation (26). We and others have shown previously that these
mutants have a substantially increased level of activity in the
absence of cofactors compared to the wild-type proteins and
that they induce a variety of biological effects when overex-
pressed in different cell contexts, e.g., induction of nitric oxide
synthase or stimulation of ANF-, TRE/AP-1, and NF-AT-1-
regulated promoter activities (11, 12, 14, 20, 48). Expression of
a single active mutant in combination with a myc-tagged p42
MAPK construct in Cos-7 cells (which endogenously express
PKC-q, -B4, -€, and -{) permitted examination of PKC isotype
specificity in vivo. As shown in Fig. 3, each of the PKC isotypes
tested is able to activate p42 MAPK in vivo. It should be noted
that this assay does not allow absolute potencies to be deter-
mined. (All PKC constructs express the appropriate proteins;
however, we are unable to define an absolute level of expres-
sion for comparison of different isotypes, since antisera with
known titers are not available. It should be noted, however,
that absolute concentrations may have little bearing on local-
ization, and it is the latter that ultimately influences down-
stream events [31].) The observations reflect the potential for
each isotype to stimulate the MAPK cascade in vivo.

To dissect the pathway further, we examined whether con-
stitutively active PKC-a, -1, and -{ are able to activate the p42
MAPK upstream activator MEK-1 (these isoforms were cho-
sen as, respectively, representatives of the cPKC, nPKC, and
aPKC subclasses of PKC [see reference 13]). A tagged version
of MEK-1, myc-MEK-1, was coexpressed with each of the
active PKC mutants, and 45 h after transfection, cells were
lysed and MEK-1 was immunoprecipitated. A coupled in vitro
kinase assay with recombinant p42 MAPK and MBP was used
to measure MEK-1 activity. Figure 4 shows that all three iso-
types tested have the potential to activate MEK-1.
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FIG. 2. Dominant-negative PKC-a inhibits p42 MAPK activation after TPA
treatment. Serum-starved Cos-7 cells were cotransfected with myc-p42 MAPK
and dominant-negative PKC-a(T/A); or with empty vector as a control. After
transfection (48 h), cells were stimulated for 0, 1, 3, and 6 min with TPA (250
nM) and myc-p42 MAPK activity was determined in immune complex kinase
assays with MBP as a substrate. Activities were normalized to myc-p42 MAPK
protein levels in the immune complex. For each time point, triplicate samples
were used, and the standard error is indicated (error bars) when it is >8% of the
corresponding mean value. By the ¢ test, the 6-min time points result in a P value
of less than 0.001.
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FIG. 3. p42 MAPK is activated by various PKC isotypes in vivo. Six different
constitutively active PKC isotypes representing the conventional (a, and B,),
novel (3, €, and m), and atypical ({) subclasses of this family and empty vector
were cotransfected with myc-p42 MAPK into Cos-7 cells. Duplicate dishes were
harvested 48 h after transfection, myc-p42 MAPK was immunoprecipitated, and
its activity was determined. myc-p42 MAPK activity is presented in arbitrary
units as a function of protein expression. The panels below the graph show the
amounts of substrate phosphorylation expressed as units of the PhosphorImager
scanner (Molecular Dynamics) (upper panel) and the amounts of protein which
was present in the reactions (duplicates; lower panel). Results from one of three
similar experiments are shown. The stimulation of a control sample, transfected
with empty vector and myc-p42 MAPK, by a mixture of TPA (400 nM) and FCS
(20%) 20 min before harvesting of the cells resulted in myc-p42 MAPK activa-
tion of between 14- and 83-fold depending on the individual experiment (data
not shown). The asterisk indicates a longer exposure of the Western blot showing
myc-p42 MAPK protein in the PKC-n-transfected cells than for the other blots.

PKC-a and -n, but not PKC-{, are able to activate c-Rafl.
The ability of PKC-a, -, and -{ to induce MEK-1 activity
prompted an investigation of Raf activation. It is well estab-
lished that c-Rafl is activated when cells are challenged with
TPA, although the exact mechanism is still controversial (5, 7,
39, 43). myc-tagged c-Rafl was immunoprecipitated after co-
expression with constitutively active PKC mutants, and its ac-
tivity was measured by reconstituting the phosphorylation cas-
cade (myc-Raf — MEK — MAPK — MBP) with recombinant
enzymes in vitro (34). It was observed that while cPKC-a and
nPKC-n activate c-Rafl, aPKC-{ is incapable of doing so (Fig.
5). Consistent with this, Cai et al. have recently reported that
a constitutively active PKC-€ mutant also activates c-Rafl (8).
These observations provide direct evidence that certain PKC
isotypes have an intrinsic potential to cause c-Rafl activation
in mammalian cells.

The inability of PKC-{ to activate c-Rafl indicates that a
mechanism independent of Raf activation is involved in its
activation of MEK (see above). We excluded the possibility
that PKC-{ activates MEK-1 directly in an in vitro kinase assay
with recombinant MEK protein and recombinant PKC-{ or
activated PKC-{ (data not shown). In addition, A-Raf, which is
also expressed in Cos-7 cells, was shown not to mediate the
effect of PKC-{ on MEK, since cotransfection with PKC-{ did
not induce activation of A-Raf; a similar lack of activation was
obtained for B-Raf. These results indicate a distinct pathway
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operating via PKC-{ to activate MEK-1. However, it should be
noted that this pathway is unlikely to account for TPA-induced
MEK-1 activation since this agonist does not act on PKC-{ (21,
56).

Mechanism of c-Rafl activation by PKC-« and -v). PKC has
been shown to phosphorylate c-Rafl on several serine residues
in vivo and in vitro (9), but only the two sites Ser-259 and
Ser-499 have been implicated in Raf activation by direct phos-
phorylation through PKC (32). To assess the role of direct
phosphorylation in Raf activation, the two Raf mutants S259A
and S499A were coexpressed with PKC-a and -v and activa-
tion was measured. If phosphorylation of these two sites by
PKC was indeed responsible for activation of Raf, point mu-
tants with a substitution of Ala for Ser-259 or Ser-499 would be
expected to be unresponsive to the action of constitutively
active PKC-a or -m. Interestingly, both mutants displayed ac-
tivation levels similar to those observed for wild-type Raf in
response to these two PKC isotypes (Fig. 6) (see below for a
discussion of the enhanced response of Raf S259A). The re-
sults indicate that phosphorylation at these two sites is not
required for activation by PKC.

One of the essential steps in Raf activation, which is medi-
ated by the small GTPase p21Ras, is its translocation to the
plasma membrane, where it accumulates multiple phosphates
on Ser, Thr, and Tyr sites (37, 42). To determine whether
PKC might influence this or a later step, we investigated the
PKC-induced activation of a membrane-targeted c-Raf (Raf
CAAX). Although this Raf enzyme has a higher intrinsic ac-
tivity than wild-type Raf, it still responds to serum stimulation
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FIG. 4. PKC-q, -1, and -{ activate MEK-1 in vivo. Constitutively active forms
of PKC-qa, -v, and -{ and empty vector were coexpressed with a myc-tagged
MEK-1 construct in Cos-7 cells. Cells were cultured for 48 h before they were
harvested and myc-MEK-1 was immunoprecipitated. Myc-MEK-1 activity was
determined in a coupled in vitro kinase assay with recombinant p42 MAPK
protein and MBP as a substrate. The panels below the graph represent 3P
incorporation into MBP (upper panel) and the amount of myc-MEK-1 enzyme
present (duplicates; lower panel) in each reaction. Each value is the average for
duplicate samples. Error bars indicate standard error. Stimulation of a control
sample, which was transfected with empty vector and myc-MEK-1, by a mixture
of TPA (400 nM) and FCS (20%) for 20 min before harvesting resulted in 8- to
10-fold myc-MEK-1 activation (data not shown). The data shown are from one
of two similar experiments.
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FIG. 5. c-Raf 1is activated by PKC-« and -m but not by PKC-{. Constitutively
active constructs of PKC-a, -1, and -{, and empty vector were cotransfected with
a myc-tagged c-Rafl construct into Cos-7 cells. Forty-five hours after transfec-
tion, the myc-Raf protein was immunoprecipitated and its activity was measured
in a coupled in vitro kinase assay with recombinant MEK and p42 MAPK
proteins and MBP as a substrate. The amount of substrate phosphorylation
(upper panel) and the quantity of myc-Raf enzyme in each reaction (duplicates;
lower panel) are shown in the pairs of panels below the graph. Stimulation of a
control sample, which was transfected with empty vector and myc-Raf, by a
mixture of TPA (400 nM) and FCS (20%) for 10 min before harvesting resulted
in 6- to 22-fold myc-Raf activation (data not shown). The data shown are from
one of three similar experiments.

c-Raf 1 protein

(34). While PKC-a and -m are both able to activate c-Rafl, no
effect on RafCAAX could be observed (Fig. 7).

PKC-a activates the ERK/MAPK pathway but inhibits fur-
ther activation by serum. The data in Fig. 3, 4, and 5, respec-
tively, show that constitutively active PKC-a can activate p42
MAPK, MEK-1, and c-Rafl. To compare this activation to the
effect of a well-characterized stimulus for Raf, transfected cells
were treated with a combination of potent Raf activators.
While serum-TPA increases p42 MAPK activity still further in
cells containing constitutively active PKC-3, -¢, -1, or -{ (data
not shown) or vector controls, cells expressing active PKC-a
(Fig. 8) and PKC-B, (data not shown) are dramatically inhib-
ited in their serum-TPA response. This desensitization effect of
PKC-a could be detected as well at the level of MEK-1, c-Raf,
and RafCAAX (Fig. 8). Thus, in addition to their activating
effect on the MAPK pathway, PKC-a (and PKC-B,) have a
second effect which limits further activation of c-Rafl by
growth factors and other TPA-responsive, endogenous PKC
isotypes.

DISCUSSION

The results presented here demonstrate that PKC can con-
trol MAPK activation and, furthermore, that the mechanism of
activation shows some isotype specificity. While cPKC-a and
nPKC-n both show an ability to activate the MAPK cascade via
c-Raf, aPKC-{ activates this cascade by a mechanism indepen-
dent of c-Rafl activation. Thus, distinct subclasses of PKC may
account for two independent signalling pathways to MEK and,
hence, MAPK activation. For the activation of Raf itself, the
inability of PKC-a or PKC-n to activate RafCAAX implies
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that PKC might be involved in controlling the membrane as-
sociation of c-Raf. How this control operates is not evident;
however, the activation of the c-Raf mutants S259A and S499A
by these two PKC isotypes shows that PKC-dependent activa-
tion does not operate via direct phosphorylation at these sites.
Finally, a novel desensitization process is shown to operate
through PKC-a (and PKC-B,) that prevents c-Raf activation
by the otherwise-potent serum-TPA cocktail of agonists. In
contrast to activation, the inhibitory effect of PKC-a on growth
factor (serum) activation of c-Raf still operates on RafCAAX.
The emerging pattern of PKC control of c-Raf and the MAPK
pathway is summarized in Fig. 9; this diagram illustrates both
the positive and negative inputs of PKC into this cascade.

Many previous studies invoking PKC involvement in activa-
tion of the MAPK cascade have relied on the action of phorbol
esters. However, it has become clear that targets other than
PKC, some with pharmacological properties indistinguishable
from those of PKC, exist (30). Such alternate targets confound
the rigorous conclusions drawn from the use of phorbol esters.
Here we have used a dominant-negative PKC-a mutant that
competitively inhibits the priming of endogenous PKC to dem-
onstrate that PKC can be causally involved in MAPK activa-
tion. The MAPK response to stimulation in the presence of
PKC-a(T/A); is suppressed. Within the first 6 min of stimula-
tion, p42 MAPK activation is inhibited by >75%. However, by
18 min there is no significant difference from the vector con-
trol. This demonstrates that PKC plays a rate-limiting role in
the acute response to TPA. The fact that at later time points
the effect of PKC-a(T/A); is no longer observed is consistent
with the finding that the inhibition of endogenous PKC is
incomplete (10, 19a).

8000 |

Raf mutants specific activity (%)

Raf wt Raf S259A Raf S499A

FIG. 6. PKC-a and - are able to activate Raf S259A and Raf S499A. Cos-7
cells were cotransfected with constructs of constitutively active PKC-a and -n or
empty vector in combination with a myc-tagged wild-type (wt) c-Rafl or mutant
Raf construct c-Raf S259A or c-Raf S499A. After transfection (40 h), the cells
were harvested, the wild-type or mutant Raf proteins were immunoprecipitated,
and their activities were measured in a coupled in vitro kinase assay. Substrate
phosphorylation was normalized to the amount of Raf protein in each kinase
reaction; Raf activation is presented as a percentage of the activity of the empty
vector control. Stimulation of control samples, which were transfected with
empty vector and either myc-Rafwt, myc-Raf S259A, or myc-Raf S499A, by a
mixture of TPA (400 nM) and FCS (20%) for 10 min before harvesting resulted
in 6-fold, 4- to 10-fold, and 7- to 9-fold activation, respectively (data not shown).
This experiment was carried out in duplicate and is representative of three
independent experiments.
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FIG. 7. A membrane-localized mutant of Raf cannot be activated by consti-
tutively active PKCs. Cos-7 cells were cotransfected with myc-RafCAAX and
either constitutively active PKC-a, -m, or -{ empty vector. Forty-five hours after
transfection, control cells were either left untreated or stimulated for 10 min with
20% serum and 400 nM TPA as indicated and then harvested. A fraction of the
total cell lysate was used to immunoprecipitate myc-RafCAAX and to determine
its activity in a coupled assay that depends on the addition of recombinant MEK
and p42 MAPK and MBP. Substrate phosphorylation (upper panel) was nor-
malized to the amount of protein in each sample (duplicates; lower panel).
Stimulation of a control sample, which was transfected with empty vector and
myc-RafCAAX, by a mixture of TPA (400 nM) and FCS (20%) for 10 min before
harvesting resulted in 3- to 8-fold myc-RafCAAX activation (data not shown).
This experiment was carried out in duplicate and is representative of three
independent assays.

The specificity of the PKC-a dominant-negative mutant em-
ployed here is broad with respect to the entire PKC family.
Hence, no particular TPA-sensitive isotype can be implicated
through this paradigm. The finding that in fact all of the PKC
isotypes tested have the potential to activate the pathway in
mammalian cells suggests an apparent redundancy of function.
However, this does not seem to be the case at a molecular
level. Each of the three PKC isotypes studied (PKC-a, -1, and
-0) has specific effects on the MAPK pathway. Activation of the
pathway by PKC-v is the most straightforward and can be
rationalized by its activation of c-Rafl. In the case of PKC-(,
while MEK-1 and p42 MAPK are activated, no effect on c-
Rafl is observed, indicating a mechanism of action indepen-
dent of Raf activation. A-Raf, but not B-Raf, was detected in
the cells employed in this study. To determine if an alternate
Raf pathway was involved, A-Raf was coexpressed with PKC-{,
but again no activation was observed (data not shown). The
data clearly indicate that PKC-{ acts independently of Raf. It
has been reported previously that PKC-{ can associate with
and activate MEK-1 directly in vitro (15); however, we were
unable to confirm this observation with baculovirus-expressed
PKC-{ or mammalian-expressed activated PKC-{ (unpub-
lished observations). Furthermore, no complex of PKC-{ with
MEK could be detected. It is proposed that PKC-{ acts
through an as-yet-unidentified factor that acts on MEK-1. We
cannot exclude the possibility that other PKC isotypes also
signal via this pathway.

For PKC-a, c-Rafl appears to mediate activation of MEK
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and p42 MAPK; however, this action is complicated by a neg-
ative input that limits c-Rafl activation. In marked contrast to
the activation process, this negative effect also acts on the
membrane-targeted form of c-Rafl, the RafCAAX mutant.
This indicates that the negative input is unrelated to the con-
stitutive PKC-a activation process and more likely reflects an
active desensitization directed by PKC-a (and PKC-B, [data
not shown]). Our preliminary evidence indicates that the c-
Rafl S259A and S499A mutants are not sensitive to PKC-a-
dependent desensitization; the phosphorylation of these sites
by PKC is thus implicated in the downmodulation of activity
rather than stimulation of activity. However, in the absence of
a detailed understanding of c-Rafl control, this conclusion
remains speculative.

In comparing the efficacies of different PKC isotypes in the
activation of p42 MAPK, MEK, and c-Rafl, it is evident that
there are relative differences at each level of the hierarchy.
While some intrinsic variation exists for c-Rafl activation—
e.g., PKC-{ operates via a distinct pathway—it might be ex-
pected that the relative potencies for MEK and p42 MAPK
activation would be the same. In the absence of other controls,
this would be a reasonable view; however, controls affected by
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FIG. 8. PKC-a exerts a desensitization effect at different levels of the MAPK
cascade. Cos-7 cells were cotransfected with constitutively active PKC-a () or
empty vector in combination with a myc epitope-tagged p42 MAPK (A), myc-
MEK-1 (B), myc-c-Rafl (C), or myc-RafCAAX (D). After 40 h of expression,
half of the samples were stimulated with 20% serum and 400 nM TPA for 20 min
in the case of p42 MAPK and MEK-1 or 10 min in the case of c-Raf 1 and
RafCAAX; unstimulated cells are presented in dark gray, and serum-TPA-
stimulated cells are presented in light gray. After immunoprecipitation of the
myc-tagged proteins, the activities of p42 MAPK, MEK-1, c-Rafl, and Raf-
CAAX were determined. All data shown have been normalized to the amount of
reporter construct expressed in each sample. Each assay was done in duplicate.
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FIG. 9. Model illustrating how different PKC isotypes activate the ERK/
MAPK cascade. cPKCs (« and B;) have the potential to activate c-Rafl in vivo
while at the same time blocking further activation by growth factors and other
PKC isotypes. PKC-3, -€, and -v), representing isotypes of the novel subclass of
the PKC superfamily, activate the MAPK cascade but show no desensitization
effect. aPKC-{ differs from the other PKC isotypes with regard to MEK activa-
tion. While PKC-a and -m signal to MEK via Raf, PKC-{ works through a
Raf-independent pathway.

phosphatases and perhaps scaffolding proteins are also likely
to be influenced by the PKC isotypes, and as observed for
c-Rafl, this may well operate in a selective manner.

During revision of this manuscript, Cai et al. provided evi-
dence for the redundant action of PKC-g and PKC-« in the
activation of c-Raf (8). Their conclusion is broadly similar to
that here; i.e., multiple PKC isotypes can activate c-Raf (aPKC
was not tested previously [8]). However, there are clear dis-
tinctions with respect to the proposed mechanism of activation.
In particular, the in vitro studies of Cai et al. suggest a direct
mechanism of activation, contrary to the results here. The basis
for this discrepancy is not evident; however, it is notable that
the in vitro studies of Cai et al. were performed with PKC
preparations that appear to be less than 1% pure. One intrigu-
ing possibility is that these recombinant PKCs initially copurify
with an intermediate component responsible for Raf activa-
tion.

With respect to the mechanism of c-Rafl activation ob-
served here, the inability of both PKC-a and PKC-n to activate
the RafCAAX mutant is consistent with the notion that mem-
brane association bypasses the PKC-dependent step. This lack
of response for membrane-targeted c-Rafl may be either be-
cause some direct PKC-Raf effect is complete for the Raf
CAAX mutant (e.g., the membrane location is sufficient to
promote full phosphorylation by a PKC-dependent event) or
because the actual recruitment of Raf to the membrane is
controlled by PKC. Direct phosphorylation by PKC is unlikely
to contribute, since the c-Rafl S259A and S499A mutants were
found to behave like wild-type c-Rafl with respect to activa-
tion. As with serum stimulation of c-Rafl, there is no stable
activation-dependent association with membranes, since no
increase in particulate c-Rafl is observed after activation by
constitutively active PKC in vivo (data not shown); thus, any
controlled recruitment would have to be a transient response.

For PKC-a, we noted an increased response for the c-Rafl
S259A mutant that is consistent with a role for phosphoryla-
tion of this site in desensitization; no such increased response
was observed for PKC-m, which does not cause desensitization.
Such a conclusion would be consistent with the increased ac-
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tivation of Raf S259A noted previously (42). It is not evident
why the S499A mutant, which also appears to show a loss of
PKC-a-induced desensitization, did not behave the same way
as the S259A mutant. It would seem that phosphorylations of
these two sites are not simply equivalent in their consequence
to c-Rafl function.

A recent study of the control of MAPK by activated PKC
isotypes concluded that there was specificity of action on the
pathway acting at the level of MEK (55). Specifically, Ueda et
al. found that PKC-8 was the only activator of MEK and that
PKC-a and -€ could not stimulate MEK activation. The reason
for the differences between their data and the data presented
here is not obvious. However, we have noted that the levels of
expression of the activated PKC mutants are generally much
lower than those of their wild-type counterparts. This phenom-
enon may well reflect a higher rate of turnover of these acti-
vated proteins (characteristic of the TPA-activated PKCs [58]),
and this will vary in different cell types and under different
culture conditions. It is therefore possible that the distinction
seen by Ueda et al. (55) for PKC-8 reflects its more effective
expression compared to other activated PKC isotypes em-
ployed by these workers. This point emphasizes the fact that
the use of activated PKC isotypes in investigations of cell
functions, is limited by expression, provides evidence of the
potential for activation, and cannot imply a necessary physio-
logical role. Nevertheless, the finding that the dominant-neg-
ative PKC-a inhibits activation of the p42 MAPK pathway
indicates that one or more of the PKC isotypes expressed in
Cos-7 cells do indeed control activation.

In conclusion, it has been shown here that at least three
types of control of the MAPK pathway can be exerted by
members of the PKC gene family. PKC-{ acts independently of
Raf activation to trigger MEK and p42 MAPK activation. This
effect is indirect and implies a distinct PKC-{-controlled path-
way to MEK. PKC-n also causes activation of MEK and p42
MAPK; however, this is coincident with activation of c-Rafl.
The activation of c-Rafl does not require two defined PKC
phosphorylation sites (S259 and S499), and the RafCAAX
data would be consistent with operation of PKC via a mem-
brane targeting mechanism. Finally, PKC-a behaves like PKC-n
with respect to activation of c-Rafl; however, PKC-a also
induces a refractory state in the entire pathway that seems to
operate through control of c-Rafl. This negative control may
require phosphorylation at the defined PKC sites. A clearer
understanding of the precise molecular mechanisms involved
in these regulatory events will no doubt evolve from a detailed
understanding of Raf (and MEK) control; it will then be pos-
sible to address the specific situations in which PKCs function
in the activation of the MAPK cascade.
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