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ABSTRACT. The phorbol ester tumor promoters and related analogs are widely used as potent activators of
protein kinase C (PKC). The phorbol esters mimic the action of the lipid second messenger diacylglycerol
(DAG). The aim of this commentary is to highlight a series of important and controversial concepts in the
pharmacology and regulation of phorbol ester receptors. First, phorbol ester analogs have marked differences in
their biological properties. This may be related to a differential regulation of PKC isozymes by distinct analogs.
Moreover, it seems that marked differences exist in the ligand recognition properties of the C1 domains, the
phorbol ester/DAG binding sites in PKC isozymes. Second, an emerging theme that we discuss here is that
phorbol esters also target receptors unrelated to PKC isozymes, a concept that has been largely ignored. These
novel receptors lacking kinase activity include chimaerins (a family of Rac-GTPase-activating proteins),
RasGRP (a Ras exchange factor), and Unc-13/Munc-13 (a family of proteins involved in exocytosis). Unlike the
classical and novel PKCs, these “non-kinase” phorbol ester receptors possess a single copy of the C1 domain.
Interestingly, each receptor class has unique pharmacological properties and biochemical regulation. Lastly, it is
well established that phorbol esters and related analogs can translocate each receptor to different intracellular
compartments. The differential pharmacological properties of the phorbol ester receptors can be exploited to
generate specific agonists and antagonists that will be helpful tools to dissect their cellular function. BIOCHEM
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The phorbol esters and related diterpenes are natural
products isolated from plants of the Euphorbiaceae and
Thymeleaceae families, and have for many years been the
preferred pharmacological tools for studying PKC,† a key
molecule in the signal transduction pathways activated by
growth factor- and G-protein-coupled receptors. The phor-
bol esters and related analogs mimic the actions of the lipid
second messenger DAG, a relatively simple and highly
flexible molecule generated by cellular phospholipases. The
involvement of PKC in cell growth, apoptosis, and differ-
entiation makes this molecule an attractive target for
pharmacological intervention in cancer chemotherapy and
other diseases. Phorbol esters have attracted great interest
because of their high potency as tumor promoters in the
mouse skin model of multistage carcinogenesis. After the

initiation event triggered by carcinogenic agents such as
DMBA, phorbol esters promote the clonal expansion of the
initiated cells, leading to the development of skin papillo-
mas and carcinomas in mice [1, 2]. The phorbol esters have
become important agents for elucidating the roles of PKC
in signal transduction and carcinogenesis.

The pharmacology of phorbol esters and related com-
pounds is very complex. One of the main reasons for such
complexity is the presence of multiple cellular receptors,
which include several isoforms of the PKC family. Each cell
type expresses multiple PKC isotypes that possess different
subcellular localization, substrate specificity, and cofactor
requirement. In addition, a new concept that has emerged
in the last years is that phorbol esters and DAG have
additional cellular targets unrelated to PKC isozymes.
Therefore, it is predictable that phorbol esters activate
signaling pathways that do not involve PKC. These find-
ings suggest that the use of these agents as selective PKC
activators should be re-evaluated.

A second level of complexity is the varied nature of PKC
ligands. Diterpenes of the phorbol ester family as well as a
large number of unrelated structural analogs can bind to
PKC. These analogs include nonphorbol ester diterpenes
(e.g. mezereins, octahydromezerein, and thymeleatoxin),
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macrocyclic lactones (e.g. bryostatins), indole alkaloids
(e.g. indolactams and teleocidins), and ingenols. PKC
ligands have distinct biological and pharmacological prop-
erties, including contrasting effects in the skin tumor
promotion paradigm [1, 3]. For example, unlike most potent
phorbol esters, 12-deoxyphorbol esters and bryostatins are
not tumor promoters but block phorbol ester-induced
tumor promotion in the mouse skin [4, 5]. These effects
cannot be explained by differential binding recognition
properties to their cellular receptors or their intrinsic
activity as PKC activators in in vitro assays, which suggests
that other mechanisms might be involved.

PKC ISOZYMES AS PHORBOL ESTER
RECEPTORS

PKC was identified in the early 1980s as the first receptor
for the phorbol ester tumor promoters [6, 7]. Many labora-
tories, in particular that of Peter M. Blumberg at the NCI,
have established the molecular basis of the interaction
between phorbol esters and PKC as a receptor. An early
crucial discovery was that phorbol esters and DAG bind to
the same site in PKC, a finding that placed PKC as a
mediator of DAG signaling after receptor activation. DAG
competes with phorbol esters in binding assays using [3H]P-
DBu as a radioligand [8]. This sensitive assay allows for the
detection of specific binding with an optimal ratio of
binding affinity to non-specific binding to PKC [9].

Binding of phorbol esters and DAG to PKC is dependent
on phospholipids as cofactors. Acidic phospholipids fully
reconstitute [3H]PDBu binding, and PS is the most efficient
phospholipid for reconstitution of binding activity [10, 11].
Interestingly, binding of [3H]PDBu to PKC can also occur
in the absence of phospholipids, although with approxi-
mately two orders of magnitude lower affinity [12]. Associ-
ation with phospholipids is a key event for regulating the
subcellular redistribution (“translocation”) of PKCs after
phorbol ester treatment or activation of receptors coupled
to the generation of DAG.

PKC comprises a family of at least ten related isoforms
classified into three groups: “classical” (cPKCs), “novel”
(nPKCs), and “atypical” (aPKCs). The cPKC isozymes
(PKCa, bI, bII, and g) or calcium-dependent isozymes can
be activated by phorbol esters/DAG and calcium. The
second group or nPKCs (PKCd, e, h, and u) are calcium-
independent but can be activated by phorbol esters/DAG
(Fig. 1). The aPKCs (PKCz and i/l) are calcium-indepen-
dent kinases that do not bind phorbol esters or DAG even
with low affinity, and therefore do not belong to the
phorbol ester receptor class [13–16]. A related calcium-
independent kinase, termed PKCm or PKD, has also been
cloned. PKCm (PKD) is also a DAG/phorbol ester receptor
but has unique substrate specificity and regulatory mecha-
nisms that make it a distant relative of the PKC isozymes
[17, 18]. PKCn, a kinase related to PKCm/PKD, has been

FIG. 1. Structures of phorbol ester receptors. The phorbol esters and related analogs bind to the C1 domain in PKCs and novel
receptors. PS, pseudosubstrate domain; C1, cysteine-rich domain; C2, phospholipid binding domain (also a calcium binding domain in
cPKCs); T, transmembrane domain, PH, PH domain; SH2, SH2 domain; Rac-GAP, Rac GTPase-activating protein domain; REM,
Ras exchange motif; CDC25, region with homology to guanine exchange factor domain of Cdc25 and Sos; EF, EF hand. The aPKCs
(not included in the figure) possess a single C1 domain but do not bind phorbol esters or DAG.
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cloned recently [19]. No information exists on whether this
protein is a phorbol ester receptor.

Although cPKCs have a slightly higher affinity for
[3H]PDBu in the presence of PS vesicles than nPKCs, the
dissociation constants (Kd) for the radioligand range be-
tween 0.1 and 1 nM in all cases. However, structure–
relation analysis revealed that PKC isozymes have unique
patterns of ligand recognition, suggesting subtle structural
differences in the binding sites. The mezerein analog
thymeleatoxin is the most dramatic example of isozyme
selectivity, with almost 20-fold less affinity for nPKCs than
for cPKCs [20].

BINDING OF PHORBOL ESTERS AT THE
CONSERVED C1 DOMAIN

All PKCs have in common a C1 domain (also known as
cysteine-rich or zinc finger domain) of 50–51 amino acids
located at the N-terminal regulatory region (Fig. 1). Each of
these domains possesses the motif HX12CX2CX13/14

CX2CX4HX2CX7C, where H is histidine, C is cysteine, and X
is any other amino acid. The C1 domain is duplicated in
tandem in cPKCs and nPKCs (C1a and C1b domains), as well
as in PKCm/PKD and PKCn. A single copy is present in the
phorbol ester unresponsive aPKCs [16, 19]. Through a series of
deletional analysis and site-directed mutagenesis, it was estab-
lished that the C1 domain is the phorbol ester binding site in
cPKCs and nPKCs [12, 21–24]. This domain coordinates two
Zn21 atoms through cysteines and histidines that are essential
for folding. Isolated C1 domains expressed as GST-fusion
proteins in bacteria bind [3H]PDBu in a phospholipid-depen-
dent fashion with affinities similar to those observed with the
corresponding holoenzymes [12, 22, 24].

The structure of the C1b domain of PKCd in complex
with phorbol 13-acetate has been determined by Hurley
and coworkers [25]. It consists of two small b sheets and a
short C-terminal a helix. The ligand binds in a groove
between two pulled-apart b-sheets at the tip of the domain.
Importantly, ligand binding does not induce significant
changes in the conformation of the C1 domain but it
creates a contiguous hydrophobic surface that promotes the
insertion of the domain in the lipid bilayer. The overall
structure of C1 domains of other PKCs is quite similar [26,
27]. A thorough mutational analysis of the PKCd C1b
domain confirmed the importance of hydrophobic residues
for membrane insertion. The model has also been validated
with indolactam analogs using computational docking stud-
ies [28].

A SINGLE C1 DOMAIN VERSUS TWO C1
DOMAINS: ARE C1 DOMAINS IN
PKC EQUIVALENT?

An issue that is still controversial is that of the equivalence
between C1 domains in PKCs (Fig. 2). Are both C1
domains involved in ligand binding in the holoenzyme? Do
they have different ligand recognition properties? The

stoichiometry of phorbol ester binding for intact PKC was
reported to be approximately one [29]. Experiments in vitro
using isolated C1 domains have shown contrasting results.
While both C1a and C1b domains of cPKCs bind [3H]P-
DBu with high affinity (Kazanietz MG and Blumberg PM,
unpublished results), others report lack of phorbol ester
binding for individual C1 domains such as the PKCd C1a
domain [30]. Moreover, a study by Irie et al. [31] has shown
that each C1 domain of PKCg has similar Kd values for
PDBu and indolactam but differentially recognize a novel
indolactam derivative, (2)-N13-desmethyl-N13-allylin-
dolactam-G. These authors proposed that the C1a domain
was the major PDBu binding site in PKCg. Likewise,
Stubbs and coworkers have determined that the PKC
ligand sapintoxin D binds with distinct affinity to two
binding sites in PKCa, and they observed a differential
competition of binding to each site by various ligands [32,
33]. Iglesias et al. [34] have also proposed a differential role
for C1a and C1b domains in PKCm/PKD and suggested that
the C1b domain in PKCm/PKD is probably responsible for
phorbol ester binding both in vitro and in vivo.

The non-equivalence of the C1 domains can also be
observed in cellular systems. Using point mutants for each
of the C1 domains of PKCd, Szallasi et al. [35] reported a
differential rate of translocation for each mutant after
phorbol ester treatment, and suggested that the C1b do-
main in this nPKC may play a predominant role in
translocation. A differential role for each C1 domain was
also found when structure–activity for translocation was
studied. The potent tumor promoters PMA and octylin-
dolactam were selectively dependent on the C1b domain
for translocation. On the other hand, this selectivity was
not observed for the anti-promoters 12-deoxyphorbol esters
or bryostatins, or for the second stage-tumor promoter
mezerein [36]. Likewise, each C1 domain of PKCd probably
plays a different role in down-regulation mechanisms in-
duced by bryostatins [37]. Whether these contrasting phar-

FIG. 2. Non-equivalence of C1 domains. Each C1 domain may
have unique ligand-binding properties and/or differential phos-
pholipid requirements. Phorbol esters and related analogs pro-
mote the translocation of phorbol ester receptors to different
intracellular compartments, an effect that may also depend on
the nature of the ligand.
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macological properties of ligands can explain their differ-
ential biology in the mouse skin is not known. Non-
equivalent roles for C1 domains have also been reported in
yeast proliferation assays using deletion mutants of PKCs
[38]. The full consequences of the asymmetry of the PKC
C1 domains are still poorly understood.

C1 DOMAINS IN NON-PKC RECEPTORS

PKCs are not the only proteins possessing C1 domains [39].
However, not all of the proteins having C1 domains are
phorbol ester/DAG receptors. Interestingly, a similar over-
all topology was observed for C1 domains that either bind
to or do not bind to phorbol esters [40]. This indeed
suggests that binding properties (or lack of binding) are
determined by unique specific interactions in each protein.
Among the C1 domains unresponsive to phorbol esters are
those of c-Raf and Vav (this last protein was mistakenly
defined as a phorbol ester receptor in early papers, see Ref.
41), diacylglycerol kinases, and others [23, 39, 40].

A revolutionary finding was the discovery of novel
receptors for phorbol esters and DAG that are totally
unrelated to PKC isozymes. These proteins, which include
chimaerins, RasGRP, Caenorhabditis elegans Unc-13 and
mammalian Munc13s (Fig. 1), do not possess a kinase
domain, and in all cases only a single copy of the C1
domain is present [16]. These observations have important
implications for the study of the biology of phorbol esters
because they challenge the widely accepted dogma that all
phorbol ester responses proceed through the activation of
PKC isozymes.

NON-KINASE PHORBOL ESTER RECEPTORS:
SIMILARITIES AND DIFFERENCES

Chimaerins are GAPs for Rac, a small GTP-binding pro-
tein that plays a critical role in the regulation of actin
cytoskeleton, cell cycle progression, and malignant trans-
formation [16]. Four chimaerin isoforms (a1- or n-, a2-,
b1-, and b2-chimaerin) have been isolated. The C1 do-
mains in chimaerin isoforms possess approximately 40%
homology to those in PKC isozymes. Chimaerins bind

[3H]PDBu (see Fig. 3) and [3H]bryostatin 1 with affinities in
the same low nanomolar range as cPKCs and nPKCs [42,
43]. Phorbol ester binding to chimaerins is dependent on
acidic phospholipids, as previously described for PKC
isozymes [42, 43]. Site-directed mutagenesis of a critical
cysteine in b2-chimaerin (Cys to Ala in position 246)
completely abolishes [3H]PDBu binding [44]. Interestingly,
the residues forming the hydrophobic cores of the C1
domain are highly conserved in b2-chimaerin, with either
identical or similar corresponding residues as in the PKCd
C1b domain. Computational docking for DAG analogs
suggests similar hydrogen bonding and hydrophobic inter-
actions for the C1 domains of b2-chimaerin and PKCd [44].

A detailed structure–activity analysis of b2-chimaerin
revealed unique binding properties for this novel phorbol
ester receptor. Competition of [3H]PDBu binding to b2-
chimaerin and PKCa with a range of analogs known to
bind and activate PKC isozymes shows striking differences.
Phorbol esters, 12-deoxyphorbol esters, and mezerein show
somewhat lower affinities for b2-chimaerin. The mezerein
analog thymeleatoxin, a potent tumor promoter, has ap-
proximately 60-fold lower affinity for b2-chimaerin than
for PKCa. These differences in binding affinities are the
highest reported thus far for two individual phorbol ester
receptors. In contrast, DAG analogs bind with slightly
higher affinity to b2-chimaerin [43, 44]. Although it is
likely that ligands can spatially accommodate into the
binding groove of each C1 domain, differential interactions
may occur that explain unique pharmacological properties
for each receptor. Mutational and structural studies will
give insight into the residues conferring these differences in
ligand recognition, and will permit the rational design of
selective pharmacological tools for each phorbol ester
receptor type.

RasGRP is a novel phorbol ester receptor isolated by a
cloning approach aimed at identifying proteins that could
complement a transformation-defective allele of Ras in
transformation assays. RasGRP enhances the dissociation
of GDP and favors the association of GTP to Ras, leading
to its activation. This nucleotide exchanging activity on
Ras leads to the activation of downstream effectors of Ras

FIG. 3. Binding of [3H]PDBu to GST-C1 domains of PKCd (C1b domain), a1-chimaerin, and Unc-13. The recombinant GST-fusion
proteins purified from Escherichia coli were assessed for [3H]PDBu binding in the presence of PS vesicles. A detailed description of
[3H]PDBu binding assays can be found elsewhere [9, 12, 24, 52]. Each point represents the mean of three experimental values, with
standard error < 2%. The dissociation constant (Kd) is the average of three experiments.
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(e.g. the MAPK cascade) and malignant transformation.
Interestingly, the oncogenic potential of RasGRP is depen-
dent on its C1 domain and phorbol ester activation. In fact,
deletion of the RasGRP C1 domain not only abolishes
phorbol ester binding but also MAPK activation and
transforming activity [45, 46].

[3H]PDBu binding analysis in the presence of PS vesicles
revealed a Kd of 0.6 nM for RasGRP. RasGRP is also a
high-affinity receptor for the bryostatins. Competition
analysis using a range of PKC ligands revealed generally
similar structure–activity relations between RasGRP and
PKCs. The only significant difference was found with
DAGs, which bind with much higher affinity to RasGRP
than to PKCs or even chimaerins. A unique characteristic
of RasGRP is that [3H]PDBu binding to this receptor
requires much lower concentrations of acidic phospholipids
than PKCs. In fact, considerable binding reconstitution
could be observed even in the presence of limited amounts
of lipid cofactors. Although calmodulin-like EF hands are
present in RasGRP, [3H]PDBu binding is independent of
calcium. This is in marked contrast to the calcium-depen-
dency observed for cPKCs [47].

The third class of “non-kinase” phorbol ester receptors
includes the C. elegans protein Unc-13 and its related
human homologs Munc13–1, Munc13–2, and Munc13–3
[16, 48, 49]. These large proteins of approximately 200 kDa
act as scaffold structures for numerous exocytotic proteins,
including syntaxin, Doc2, and synaptotagmin [50]. Munc13
is also a pro-apoptotic protein when expressed in kidney
cells [51]. Unc-13 and Munc13 isozymes possess a single C1
domain with a consensus motif identical to those of PKCs,
chimaerins, and RasGRP. Unc-13 binds [3H]PDBu (Fig. 3)
and [3H]bryostatin 1 with low nanomolar affinity. Only
small differences in binding affinities compared to PKCd
were observed when different ligand classes were evaluated
in [3H]PDBu competition assays. Contrary to RasGRP,
Unc-13 requires higher concentrations of PS for reconsti-
tution of binding [52].

A putative phorbol ester receptor is CalDAG-GEF-1, a
Rap guanine nucleotide exchange factor. This protein
possesses a single C1 domain and also has an EF hand
probably involved in calcium binding. Although the prop-
erties of CalDAG-GEF-1 as a phorbol ester receptor have
not been studied, it was reported that PMA enhances its
nucleotide exchange activity in 293T cells [53]. However,
direct binding of phorbol ester and mutagenesis studies
have yet to be done in order to define this protein as a
phorbol ester receptor.

DIFFERENTIAL TRANSLOCATION OF
PHORBOL ESTER RECEPTORS

Upon translocation to membranes by phorbol esters or by
receptor stimulation, PKC isozymes are activated and trans-
fer phosphate from ATP to specific cellular protein accep-
tors. Association of PKC to membranes by prolonged
activation with phorbol esters and related analogs results in

the exposure of proteolytic cleavage sites and down-regu-
lation of phorbol ester responsive PKCs.

Specificity in function of PKC isozymes is determined in
large by their unique subcellular localization, a process that
is probably dictated by specific protein–protein interactions
[13, 16, 54]. Upon PMA treatment, PKC isozymes translo-
cate to different subcellular compartments, including not
only the plasma membrane but also the nuclear membrane,
different organelles, and cytoskeletal structures, depending
on the cell type [13, 16, 55–57]. An important recent
observation is that different PKC ligands can redistribute
PKCs to different subcellular compartments, as Wang et al.
[57] have recently demonstrated using a GFP-tagged PKCd.
For example, whereas the tumor promoters PMA and
12-deoxyphorbol 13-tetradecanoate induce the redistribu-
tion of GFP-PKCd to the plasma membrane followed by
slower nuclear membrane translocation, the inhibitors of
tumor promotion bryostatin 1 and 12-deoxyphorbol 13-
phenylacetate predominantly induce translocation to the
nuclear membrane. A constrained DAG analog (B8-DL-
B8), on the other hand, promotes translocation of GFP-
PKCd to the Golgi apparatus. A follow-up paper by the
same authors has provided compelling evidence that the
nature of the intracellular localization of GFP-PKCd de-
pends on the length of the acyl chain of the phorbol ester
[58]. It is remarkable that PKCd translocates to other
cellular compartments in other cell types, i.e. to mitochon-
dria in mouse keratinocytes [56]. These findings have
several important implications. First, hydrophobic interac-
tions of the phorbol esters may be critical in determining
subcellular localization and biological activity of PKC
isozymes. Second, distinct protein–lipid and protein–pro-
tein interactions in each cellular environment are probably
crucial in determining localization, and may explain dis-
tinct cellular functions of a single PKC isozyme in different
cell types. Lastly, these findings have important pharmaco-
logical implications. Misplacing PKC isozymes in cells by
preventing the access of the kinase to their physiological
substrates and/or regulatory proteins may represent a novel
mechanism of selective PKC antagonism.

Like cPKCs and nPKCs, novel “non-kinase” phorbol
ester receptors are also subject to subcellular redistribution
by phorbol esters. PMA induces translocation of chimae-
rins, RasGRP, and Munc13 as judged by subcellular frac-
tionation analysis and fluorescent microscopy. b2-Chimae-
rin translocates from the cytoplasm to a perinuclear region
in COS-1 cells after treatment with PMA or the DAG
analog B8-DL-B8. Kinetic analysis of translocation reveals
that b2-chimaerin translocates at a slower rate than PKCa.
Inactive phorbol ester analogs (such as 4a-PMA) or the
weak b2-chimaerin ligand thymeleatoxin do not induce
translocation of this novel phorbol ester receptor [43, 44].
Contrary to the differential translocation observed for
GFP-PKCd, translocation of GFP-b2-chimaerin to the
perinuclear region occurs with all agonists tested thus far,
including 12-deoxyphorbol esters, bryostatin 1, indole al-
kaloids, and diacylglycerols (Caloca MJ and Kazanietz MG,
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unpublished results). RasGRP translocates to the plasma
membrane in response to PMA. It is predictable that the
C1 domain in RasGRP favors its membrane association and
Ras activation [45, 46]. Human Munc13 is a cytoplasmic
protein and is translocated to the Golgi apparatus after
phorbol ester stimulation [51]. As expected, deletion of the
C1 domain in the novel phorbol ester receptors abrogates
phorbol ester-induced translocation [44–46, 51].

DESIGN OF SYNTHETIC DAG ANALOGS AS
PROBES FOR PHORBOL ESTER FUNCTION

An exciting novel approach aimed at designing novel PKC
ligands has been developed in the laboratory of Dr. Victor
Marquez at the NCI. The rationale was to identify chemical
templates having the main pharmacophores of DAG con-
strained into rigid structures, such as lactone rings. Con-
straining the glycerol backbone into this type of heterocy-
clic ring reduces the entropic penalty associated with DAG
binding, a strategy that allowed for the development of
high-affinity analogs such as the previously mentioned
DAG B8-DL-B8. This is a remarkable achievement because
the most potent DAG lactones generated thus far have
affinities three orders of magnitude higher than the widely
used DAG 1-oleoyl-2-acetylglycerol, and therefore are in
the same range of potency as the phorbol esters [59–61].
These cyclic DAGs also bind with high potency to b2-
chimaerin and promote its subcellular distribution in cells
[44].

The development of the cyclic DAG lactones represents
probably the best example of a pharmacophore-guided
approach for the design of templates for potent PKC
ligands. Based on the structural information available from
x-ray and NMR studies, it was then possible to achieve
“super DAG” molecules with low nanomolar affinities by
introducing branched acyl and a-alkylidene chains. These
modifications were designed to achieve an optimal interac-
tion through van der Waals contacts with highly conserved
amino acids of the C1 domain and with the membrane [61].

These simple DAG analogs have phorbol ester-like
effects in cells, such as inhibition of epidermal growth
factor binding with potencies similar to that of PDBu.
Remarkably, some of the DAG-lactones display antitumor
activity when tested in the NCI in vitro primary screen,
including effects on leukemia, colon, and breast cancer cell
lines [61]. Because of the simplicity of their structure,
DAG-lactones may represent potential templates for the
rational synthesis of potent selective agonists for individual
PKC isozymes or even for novel “non-kinase” phorbol ester
receptors.

CONCLUSION

For the last two decades, the phorbol esters and related
compounds have been the most common tools for the
activation of PKC isozymes in cellular models. Because of
the tumor promoting effects of phorbol esters, PKC has

become a potential target for therapeutic intervention in
neoplasia and other diseases. The observation that cPKCs
and nPKCs are not the only receptors for the phorbol esters
and DAG suggests that responses originally attributed to
PKC may proceed through the activation of PKC-indepen-
dent pathways. Therefore, one of the biggest challenges in
the field is to dissect the targets involved in different
phorbol ester responses. Rationale design of selective ago-
nists (or antagonists) for each class of receptor is a key to
achieve this goal.

A second important issue is the involvement of PKC
isozymes in cell proliferation and tumor promotion and the
use of PKC agonists to modulate such responses. The
original concept was that inhibition of PKC function could
be an efficient approach for cancer chemotherapy. Indeed,
inhibitors of PKC kinase activity (directed towards the
ATP binding site in the kinase domain) proved to be
important modulators of proliferative responses and repre-
sent important tools for studying PKC function in cells.
Lack of selectivity, however, is a major problem with this
class of compounds [62]. The issue of whether PKC agonists
or antagonists could be useful agents for cancer chemother-
apy is still a subject of debate. The emerging concept is that
PKC agonists may indeed have therapeutic potential. In
fact, bryostatin 1, an agonist in vitro, is currently undergo-
ing evaluation for a number of malignancies, including
leukemias, lymphomas, and melanomas [62–64]. Moreover,
recent studies have shown a therapeutic effect of PMA in
patients with myelocytic leukemia [65]. The diversity of
effects of PKC isozymes (including opposing roles in cell
growth and apoptosis, and effects on differentiation), the
paradigm of PKC activation versus PKC down-regulation,
and the unique pharmacological properties of PKC ligands
make PKC isozymes an attractive target for selective phar-
macological exploitation in cancer chemotherapy and
other diseases. Our challenge is to decipher the molecular
mechanisms responsible for such a complex regulation.
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