
Abstract. On the basis of evidence collected from the lit-
erature, we propose a general model by which protein ki-
nase (PK) A and the different PKC isoforms can inversely
affect cell growth. Molecular switches, which are able to
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direct the signal towards antiproliferative or mitogenic
pathways, are the different isoforms of Raf and PKC.
Conflicting data are also reported and discussed in an at-
tempt to reconcile them.
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Introduction

The prototypical mammalian mitogen-activated protein
kinase (MAPK) cascade, the Ras/Raf/MAPK/extracellu-
lar signal-regulated kinase (ERK) kinase (MEK)/ERK1/
2 pathway, serves to link growth factor receptors (GFRs)
at the plasma membrane to changes in gene expression in
the nucleus. The MAPK cascade can be also modulated
by several hormones, regulatory peptides and ions through
G-protein-coupled receptors (GPCRs). This process in-
volves the release of the Gbg dimer that, via phosphatidyl
inositol 3-kinase (PI3-kinase), may regulate the phospho-
rylation of the protein Shc. Upon activation, Shc binds to
the adapter protein Grb2. Grb2 can then associate with
the guanine nucleotide exchange factor Sos, which in
turn activates Ras, anchored to the plasma membrane, by
exchange of GTP for GDP. GTP-bound Ras then binds di-
rectly to a serine-threonine kinase, Raf, which in turn
phosphorylates MEK, leading to the subsequent activa-
tion of ERKs [1].
The GFR and GPCR transduction pathways, which
largely overlap, are among the best-known mechanisms

involved in the control of cell growth. However, GPCR
signalling is much more versatile. In fact, the Ga subunit
normally couples with the adenylate cyclase (AC)-PKA
and phospholipase C (PLC)-PKC pathways, which, act-
ing at the level of Ras-Raf crossover point, further modu-
late the MAPK family [2–3].
This article focuses on the possible opposite effects of the
PKA and PKC pathways on ERK activity [4], and the
possible opposite effects on cell growth of a same second
messenger [5–8]. However, it is important to note that
PKA and PKC may have other common targets inside a
cell. For example, in lymphocytes, nuclear factor of acti-
vated T cells (NFAT) is another key pathway that can be
inversely regulated by the two kinases [9–10]. This sug-
gests the general concept that PKA/PKC is functionally
active in a yin/yang fashion.

The PKA/Raf-1/Ras-MEK-ERK cascade

As far as the action of cAMP/PKA on cell growth is con-
cerned, a stimulatory effect has been described, for ex-
ample, in PC12 cells [6] and in rat enterocytes [11],
whereas growth arrest is evoked in skin fibroblasts [4]
and in MCF-7 breast cancer cells [12].
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The MAPK cascade usually transduces signals from
GPCRs or GFRs to two members of the Ras family of
small G proteins, Ras and Rap-1, which then stimulate
the sequential activation of Raf, MEK and ERK 1/2. Ras
functions principally to activate isoform Raf-1, whereas
Rap-1 stimulates isoform Raf-B [13]. As schematically
illustrated in Figure 1, the molecular shunt of cyclic AMP
(cAMP) occurs at the level of the different isoforms of
Raf: Raf-1 and/or Raf-B.
In Raf-1-expressing cells, phosphorylation by PKA of
this isoform reduces the affinity of Raf-1 binding to Ras,
resulting in the inhibition of ERK activation and cell pro-
liferation [14]. Moreover, the activation of Rap-1 by PKA
not only uncouples Raf-1 from Ras but also promotes the
association of Rap-1 with Raf-1. Since Rap-1/Raf-1 is an
inactive complex [15], both mechanisms converge on
blockage of ERK phosphorylation and growth arrest.
Conversely, in Raf-B-expressing cells, the stimulation of
ERK activity by cAMP can be achieved by promotion of
the Rap-1/Raf-B complex formation and then MEK/ERK
activation [6]. No study has ever demonstrated an in-
hibitory effect of the cAMP/PKA pathway on Raf-B,
which is even more effective than Raf-1 in activating

MEK [16]. Intriguingly, oncogenic mutants of Raf-B, al-
though inactive as kinases, can signal to ERK by activat-
ing Raf-1 [17].

The PKC-Raf-1/Ras-MEK-ERK cascade

Proliferative behavior following PKC activation can also
be opposite in different cell types. It is generally held that
the sequential activation of PKC-Raf-1/Ras-MEK-ERK
leads to cell proliferation [18–19]. However, as recently
discussed [20], since both PKA and PKC are serine/thre-
onine kinases able to phosphorylate Raf-1 at the same
sites, they could not be activating and inhibiting at the
same time. In fact, Raf-1, phosphorylated in Ser 259 by
both PKs [21], is a target for 14.3.3 protein, whose bind-
ing maintains Raf-1 in an inactive conformation [22].
Therefore, PKC stimulation can also result in the block-
age of ERK phosphorylation and growth arrest [23].
In the case of PKCs, the molecular switch, able to direct
the signal towards antiproliferative or mitogenic path-
ways, is the PKC isoform itself (Fig. 1). While novel PKC
isoforms (d, e, h, q) directly phosphorylate (then inhibit)
Raf-1, classical (a, bI, bII, g) and atypical (z, l, i) PKCs
phosphorylate Raf kinase inhibitory protein (RKIP),
causing its dissociation from Raf-1 and thereby enhanc-
ing downstream signaling to ERK [24]. Different PKCs
act at different levels in blocking and activating Raf-1.
Novel PKCs work in the cytoplasm, before Raf-1 mem-
brane translocation; classical and atypical PKCs remove
RKIP from Raf-1 after its membrane recruitment, allow-
ing Raf-1 phosphorylation in Ser338 and Tyr 341 by p21-
activated kinase (PAK) and Src family kinases, respec-
tively, and its fully activation [25].
Since an analogous mechanism is also operative on Raf-
B isoform, for example, in melanoma cancer cells [25], a
general rule could be drawn by which classical and atyp-
ical PKCs should always stimulate ERKs phosphoryla-
tion via RKIP/Raf, regardless of the Raf isoform. In the
generalization of this last concept, however, caution is
mandatory. Indeed, the biochemical properties of Raf-B
are not completely known, and there is no consensus
about the impact of RKIP on Raf-B activity [26].

Evidence supporting the rule

Theoretically, the PKC isoforms able to phosphorylate
RKIP by allowing activation of the Ras/Raf-1/MEK/ERK
cascade should promote cell growth, while PKC isoforms
directly targeting Raf-1 should induce cell cycle arrest by
preventing ERK activation. The literature provides ample
evidence for each scenario. For instance, PMA induces
proliferation in cells expressing mainly PKC a, such as
fibroblasts [4] and the breast cancer cell line MDA-MB
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Figure 1. Schematic representation of the opposite regulation of
MEK/ERK activity by PKA and PKC. PKA phosphorylates the
Raf-1 isoform and the small G protein Rap-1; novel PKCs phos-
phorylate the Raf-1 isoform; classic and atypical PKCs phosphory-
late the Raf-1 inhibitory protein RKIP. Pathways leading to ERK in-
hibition: (i) Raf-1 phosphorylation, which reduces the affinity of
Raf-1 binding to Ras; (ii) Rap-1 phosphorylation, which results
both in Raf-1 sequestration in an inactive complex and in Raf-1/Ras
complex dissociation. Pathways leading to ERK activation: (i) Rap-
1 phosphorylation followed by Raf-B binding in an active complex;
(ii) RKIP phosphorylation, which results in Raf-1 release from the
Raf-1/RKIP inactive complex. Omitted from this model is the indi-
rect activation of Raf-B by classical/atypical PKCs, through phos-
phorylation of RKIP.



231 [27], while it is antiproliferative in glioma cells [28],
where the e is the prevalent PKC isoform [29]. Ana-
logously, overexpression of PKC a stimulates growth in
MCF-7 and in glioma cells, while PKC d overexpression
exerts the opposite effect in the latter [30–31].

Exceptions to the rule

Some published data seem to confute the rule exposed
above. Here are four notable examples:

1) In transfected cells, forced expression of PKC h or d
(both novel isoforms) has opposite effects on cell
growth [32].

2) The inhibition of PKC d (a novel isoform) can result
in reduced ERK phosphorylation [33]. In apparent
agreement, PKC d overexpression promotes sustained
ERK activation [7] but,

3) Paradoxically, induces growth arrest [7].
4) Pharmacological activation of PKC promotes growth

arrest in pancreatic cancer cells expressing almost ex-
clusively the PKC a isoform [34].

Exceptions do not prove the rule wrong

Indeed, each apparent discrepancy has a possible expla-
nation:

1) It has been documented that forced expression of an
individual PKC isoform can alter the expression of the
others [30, 35] and lead to misleading results. There-
fore, the general rule, illustrated in Figure 1, can find
confirmation mainly in native cells.

2) It has been recently demonstrated that the d isoform
of PKC can activate ERK in an Raf-1- independent
way, by directly targeting the exchange factor for Ras/
Rap1, RasGRP3 [36]. Moreover, the widely use of
phorbol esters (such as PMA) to stimulate PKCs can
lead to no specific responses, due to known PKC-un-
related targets of phorbol esters themselves. In partic-
ular, we suspect that many negative or positive effects
on ERK phosphorylation/proliferation, which have
been ascribed to PKC d, may be due to the PKC-inde-
pendent activation of chimerins or RasGRP, respec-
tively, by PMA and/or analogues [37].

3) The final determinant of the proliferative response is
the degree of ERK activation: a weak activation can
lead to a proliferative response; robust stimulation can
result in cell cycle arrest in the G1 phase [7]. This lat-
ter effect has been ascribed to PKC d-mediated
p21WAF1/CIP1 induction in MCF-7 breast cancer cells
[7]. The authors suggested that the increase in p21 ex-
pression is consequent to enhanced ERK phosphory-
lation by superphysiological PKC d activity.

Recently, an elegant study confirmed the cause-effect re-
lationship between pharmacologically activated PKC d
and p21 in lung adenocarcinoma cells [38]. However, the
authors did not detect phospho-ERK levels; hence, no
mechanistic information has been provided linking PKC
d activation to p21 induction.
Unfortunately, the essential role of ERK in mediating the
PKC d induction of p21 has so far not been unequivocally
demonstrated. In this regard, we recently found that the d
isoform of PKC can induce p21 expression in an MCF-7
cell line through pathways (not identified yet) that are
both ERK- and p53-independent [unpublished observa-
tions].

4) Consistent with the model that we propose, Detjen’s
group found elevated ERK levels following PKC a ac-
tivation, but the final response was growth arrest. In
this case, too, the growth arrest evoked by PKC a is
linked to p21 induction. Again, it is not clear whether
p21 induction is ERK dependent. Interestingly, the au-
thors observed a nuclear migration of PKC a that
largely exceeded on its membrane translocation.

Since we still lack information on the functional conse-
quences of nuclear localization of PKCs, it is impossible
to understand the respective contribution of the two pools
of the enzyme. Nevertheless, we would like to suggest
that both in MCF-7 cells (personal experience) and in
pancreatic cancer cells [34], p21 is induced (at least in
part) by a direct effect of PKC d and a, respectively, on
some unidentified nuclear target, in an ERK-independent
way.

Concluding remarks

The central role of the Ras/Raf/MEK/MAPK cascade in
regulating tumor cell growth – providing a framework for
pharmacological intervention – has attracted much inter-
est in recent years. The practical implications of our novel
scenario are evident.
Attempts have been made to develop anticancer drugs
against Raf-1 [39]. However, this strategy is not free of
risks since Raf-1 blockage could remove a key substrate
in the antiproliferative pathway of PKA and some PKC
isoforms. On the contrary, the positive control of the
cAMP/PKA axis on Raf-B, together with its possible ac-
tivation by classical and atypical PKCs (through RKIP),
suggests that inhibitors of this Raf isoform, in tumors ex-
pressing high levels of either native or mutant Raf-B, may
harbor more therapeutic potential than drugs targeting its
homologue Raf-1.
Moreover, despite the controversial and incomplete
mechanistic data about the role of individual PKC iso-
forms on cell cycle control, anticancer strategies target-
ing PKC isoforms have been developed [19]. However,
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the molecular basis of these therapeutic approaches is just
beginning to be clarified. So far, we can say nothing but
that the final net effect of the upstream targets on MEK/
ERK activity derives from a balance between stimulating
and inhibiting kinase cascades and ultimately depends on
the contingent PKA/PKC ratio, combined with the cell-
specific expression of PKC and Raf isoforms. The inclu-
sion of p21 among the PKCs effectors confers on PKCs
an additive ability in controlling not only cell growth but
also apoptotic cell death. This opens a further area of de-
bate about the role of PKCs in the control of (cancer) cell
life. In fact, as a consequence of the conflicting effects of
p21 on apoptosis [40], discordant findings have been re-
ported also on PKCs and cell survival [41].
We believe that reflections and further investigation are
needed before any pharmacological manipulation of can-
cer can be generalized.
In future, a close inspection of the literature and an inte-
gration effort is to be hoped and recommended to authors
presenting new data.
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