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Leaders

Protein kinase C: a family of isoenzymes with
distinct roles in pathogenesis

J M Lord, J Pongracz

Background
There is no doubt that the advances made in
the field of molecular biology in the past two
decades have greatly increased our un-
derstanding of the genetic and molecular basis
of disease. Despite this progress, the immediate
impact of genetics on the treatment of disease
is still some way off. Cancer mortality in the
Western hemisphere, where reliable statistics
are available, has shown no significant decline
in the past 45 years.' Gene therapy is an unlikely
treatment for diseases such as cancer, which
have a significant non-genetic component2; the
range of diseases that are realistically amenable
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to approaches such as gene therapy are limited.
Thus, the search for new therapeutic modalities
is more frequently targeted towards in-
tracellular events, particularly the intracellular
signalling pathways, which regulate cell func-
tion and will frequently involve alterations in
gene expression. Although the fine details of
specific signalling pathways are complex, the
principles involved in transducing a signal from
the plasma membrane into a biological effect
are remarkably similar (fig 1). The way forward
for the treatment ofmany diseases may well lie
in the modulation of one or more elements in
these signalling pathways. Whilst our know-

Figure 1 Intracellular signalling pathways-a simplified scheme. CeUs are regulated by a variety of external ligands,
which mediate their effects via binding to specific receptors. With the exception of steroid hormones, the receptors are
located on the plasma membrane and intracellular events are modified as a result of a signaUing cascade initiated at the
plasma membrane. The earliest elements in the cascade are tyrosine kinases or transducer proteins which activate a
vaniety of enzymes, generating second messengers. The second messengers then activate a range ofprotein kinases which
can directly modify cellular proteins or modulate gene expression by activation of a further series of kinases.
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ledge ofthe structure and function ofindividual
signalling elements, and their interplay, is
incomplete, it should ensure that the most
appropriate targets are selected for drug
intervention.

In recent years we have seen an explosive
growth in our understanding of the complexity
of signals received by cells. These signals con-
sist of soluble factors and membrane bound
ligands on adjacent cells, which together reg-
ulate the cells' response to the environment.
The intracellular signalling pathways elicited
by receptor-ligand interactions frequently com-
prise enzyme cascades, the complexity ofwhich
is further increased by cross-talk between ele-
ments of these pathways. The major challenge
for the future will be to understand how these
signalling pathways interact to regulate normal
physiology and how their disregulation con-
tributes to disease. One signalling element that
has been extensively studied and implicated in
a wide variety of diseases is the serine/threonine
kinase, protein kinase C (PKC). PKC was
first described by Nishizuka as a calcium and
phospholipid dependent protein kinase, which
also required diacylglycerol (DAG) for full en-
zyme activity.3 A pivotal role for PKC in the
regulation of cell proliferation and differ-
entiation was soon recognised, based initially
on data showing that many growth and differ-
entiation factors mediated their effects via the
stimulation of phosphatidylinositol (PI) turn-
over. PI breakdown generates DAG and in-
creases intracellular Ca++ concentrations, via
production of inositol trisphosphate,4 thus pro-
viding the co-factors for PKC activation. The
identification ofPKC as the major intracellular
receptor for the tumour promoting phorbol
esters5 has further implicated PKC in the mod-
ulation of cell proliferation.
As the interest in PKC has increased, the

perception of its involvement in cell regulation
has been extended beyond cell proliferation. It
is now clear that PKC is involved in signalling

pathways mediating the regulation of many
basic cell processes including cell-cell inter-
actions,6 secretion,78 cytoskeletal function,910
gene expression,"1 12 cell differentiation,'3
and cell survival.'4'5 Such a broad spectrum of
involvement for PKC initially presents prob-
lems regarding specificity in cell signalling. If
a wide range of receptors are linked to PKC,
how is the specificity of their biological effects
maintained? The discovery of isoenzymes of
PKC, by cloning complementary DNAs
(cDNAs) mainly from brain cDNA libraries'6 17
has helped to resolve this problem. Thus, PKC
is not a single entity, but a family of related
isoenzymes.
Twelve mammalian PKC isoenzymes have

been described to date'8 and the list will most
likely increase over the next few years. The
isoenzymes of PKC have different re-
quirements for co-factors and show differential
tissue distribution and substrate specificities.
As the individual PKC isoenzymes also show a
high degree of conservation across mammalian
species,'8 they are likely to have specific func-
tions within cells. Moreover, the modulation
of PKC isoenzyme expression, subcellular loc-
ation and substrate availability give the po-
tential for further specificity in PKC mediated
cell signalling.

PKC isoenzymes: heterogeneity of
structure and function
Several comprehensive reviews of PKC iso-
enzyme structure and function have been pub-
lished recently'8"0 and will not be repeated
here extensively. However, whilst this article
is primarily concerned with the role of PKC
isoenzymes in disease pathogenesis, a brief
summary of our current understanding of the
biochemistry of PKC isoenzymes, in particular
their distinct activation and regulation, is still
required. Relevant reviews, rather than specific
original papers, have been quoted in each area.

Figure 2 The PKC family of isoenzymes currently consists of 12 isoenzymes which can be subdivided into three groups,
the classic, novel and atypical PKCs. The groups differ in their requirement for Ca' + and their ability to be activated by
various lipid species, including DAG. All of the isoenzymes require phosphatidylserine for full enzyme activity.
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STRUCTURE

From biochemical studies and cDNA cloning,
it has been revealed that PKC represents a

family of closely related isoenzymes (fig 2).
These isoenzymes can be divided into three
main groups: the Ca"+ dependent, phorbol
ester binding, classic c-PKCs (ce, PI, 1II, y),
the Ca"+ independent, phorbol ester binding,
novel n-PKCs (6, c, rl, 0) and the Ca++ in-
dependent, non-phorbol ester binding, atypical
a-PKCs (4, X, , t).18 The structure of PKC
isoenzymes has been reviewed in depth
recently.'920 Briefly, all of the PKC isoenzymes
possess a catalytic and a regulatory subunit
which are separated by a proteolysis sensitive
hinge region. The C terminus in all PKC iso-
enzymes contains the catalytic domain and the
ATP and substrate binding sites. The N ter-
minus contains the regulatory domain, where
the c-PKCs have a Ca"+ binding site and c-
PKCs and n-PKCs have a cysteine-rich region
necessary for DAG and phorbol ester binding.
These latter domains are absent from the reg-

ulatory domain of a-PKCs and the factors ac-

tivating this group of PKCs are still unknown,
though phosphatidyl(3,4,5)-inositol trisphos-
phate (PIP3) has been implicated by two
separate laboratories.2122 At the start of the
regulatory domain, a sequence motif has been
found which is similar to the consensus se-

quence found in PKC substrates. However,
the serine or threonine residue found in the
substrate motif is changed to alanine and this
motif represents a pseudosubstrate site that
blocks the catalytic (substrate binding) site in
unactivated PKCs. The binding of DAG and
other lipid activators is thought to induce a

conformational change and remove the in-
hibition imposed by the pseudosubstrate site.
Activation also reveals the proteolysis sensitive
site and PKC is cleaved by calpain to a co-

factor independent form, PKM.

ACTIVATION
The activation processes of c-PKCs are rel-
atively well studied but less is known regarding
n-PKCs and a-PKCs. For c-PKCs, the binding
of CA"+ to the catalytic domain results in the
translocation of PKC from the cytosol to the
membrane fraction. PKC can then bind DAG
and phosphatidylserine (PS) to achieve full
enzyme activation. n-PKCs do not require
CA"+ for activation but they do require DAG
and PS. The factors which mediate their
translocation to cell membranes are unknown.
a-PKCs do not appear to require DAG for
activation, but PKC 4 activity is stimulated
by PS or unsaturated fatty acids-for example,
arachidonic acid. As mentioned above, PIP3
is also able to activate this PKC isoenzyme
and PKC 4 has therefore been implicated in
signalling pathways mediated by PT3 kinase.2t22
As the generation of DAG from PIP2 is
transient, other lipid co-factors have also
been proposed as mediators ofPKC activation.
These include DAG from other membrane
lipids, as well as other products of lipid hy-
drolysis.20 The PKC family all depend on PS,
but respond differently to these phospholipid

metabolites-for example, PKC rj is most
effectively activated by cholesterol sulphate23
and PKCs are differentially responsive to lyso-
phosphatidic acid.24 PKC can also be inhibited
by certain lipids, notably the products of sphin-
golipid hydrolysis, but nothing is known of
isoenzyme susceptibility to these molecules.

In recent years it has become evident that
protein kinases, including PKC, exhibit a pro-
nounced autophosphorylation which is often
linked to kinase activation. Detailed studies
have revealed that autophosphorylation occurs
at serine and threonine residues on both the
regulatory and catalytic domains of PKC.
Moreover, the various PKC isoenzymes show
certain differences in their autophosphorylation
sites.20PKC 1II phosphorylates on both serine
and threonine residues, PKC ct and 4 ex-
clusively autophosphorylate on serine, while
PKC PI autophosphorylates primarily on
threonine residues.

DOWNREGULATION
When activated PKCs are translocated to the
plasma membrane, they can be proteolysed by
the neutral proteases calpains I and II. Calpains
cleave PKC in the hinge region and thus pro-
duce two distinct fragments: a protein com-
prising the regulatory domain and a protein
containing the kinase domain, which is cata-
lytically active in the absence of any activators.
The latter fragment is termed PKM. In several
different cell types prolonged treatment with
phorbol esters results in depletion of cellular
PKC. This is because phorbol esters cannot
be metabolised within cells and they produce
continuous activation of PKC, which ul-
timately leads to its proteolysis and down-
regulation. Whether PKC downregulation is as
extensive with physiological activators of PKC
remains to be determined. The various PKC
isoenzymes exhibit quite extreme differences
in their susceptibility to downregulation. Some
are relatively resistent to calpain and trypsin
mediated downregulation-for example, PKC
Ot,25 whilst others are more easily inactivated by
proteolysis-for example PKC 13 and y.25

Further work is necessary to determine the
role of proteolytic cleavage in PKC activation,
degradation, relocation to cellular com-
partments, and determination of substrate
specificity.

SUBSTRATE SPECIFICITY
PKC isoenzymes show great variations in their
substrate specificity-for example, c-PKCs are
very active towards histone IIIS and protamine,
whereas n-PKCs or a-PKCs exhibit a very poor
kinase activity towards these substrates. Dekker
and Parker have recently reviewed the substrate
specificity of PKC isoenzymes'8 and many ex-
amples of differential protein phosphorylation
by PKC isoenzymes have now been reported.
Clearly, this aspect of PKC isoenzyme bio-
chemistry will greatly influence their regulation
of biological effects. The cellular PKC sub-
strates include proteins involved in most cell
functions, including other proteins involved in

M59

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://m

p.bm
j.com

/
C

lin M
ol P

athol: first published as 10.1136/m
p.48.2.M

57 on 1 A
pril 1995. D

ow
nloaded from

 

http://mp.bmj.com/


Lord, Pongracz

PKC and PKC isoenzymes in disease

Disease Total PKC PKC isoenzymes Reference

Cancer
colon 4.1 , .4c, 1 l6 30-32
breast 1 ND 33
lung 1 ND 34
melanoma 1 1 o 35
multidrug resistance 1 1 oc, l 6, l E 36

Immune function
rheumatoid arthritis 1 ND 37

(T cells)
asthma: leucocytes 1 ND 38

neutrophils T ND 39
periodontitis 1 T a//3 40
AIDS T ND 41, 42

Inborn errors of metabolism
mucolipidosis type 4 ND 43
cystic fibrosis T ND 44

Central nervous system
disorders

Alzheimer's disease T I 45, 46
glioma I l ND 47, 48

Cardiovascular disease
hypertension T T a 49

(platelets + RBC)
cardiac hypertrophy T t1, 1 £ 50
ischaemia I ND 51

(neuronal tissue)

Skin disease
psoriasis P I, l, 311 52, 53

Endocrine disorders
diabetes T 1T, 1 3ll, It 54, 55

RBC = red blood cells.
Note: Total PKC activity or expression has been measured in a wide range of diseases and values
for disease tissue compared with normal ( T or I ). In some studies the expression of individual
PKC isoenzymes was also assessed and those isoenzymes that were altered in disease are shown.

signal transduction (for example, phos-
pholipase C, Raf), proteins involved in meta-
bolism and proteins involved in gene expression
and the control ofDNA synthesis (transcription
factors, DNA topoisomerase I and lamin B).
Again, a full review of the known substrates of
PKC is not relevant to this leader and only a
brief mention of the range of PKC substrates
needs to be given to realise its potential in-
volvement in cell function.

TISSUE AND CELLULAR DISTRIBUTION OF PKC
ISOENZYMES
The 12 known PKC isoenzymes appear to be
selectively distributed among different tissues,
indicating their specialised role in certain tissue
functions. There may be a distinction between
isoenzymes for general housekeeping functions
in cells and those for distinct functions in
differentiated and specialised cells.20 Certain
PKC isoenzymes appear to be universally pres-
ent in all human cells; these are PKC oa, 6 and

. In contrast, PKC y is found exclusively in
the central nervous system, PKC r is strongly
expressed in skin and lung, PKC 0 pre-
dominates in skeletal muscle cells, and PKC k
is found mainly in ovary and testis.
The intracellular distribution of PKC iso-

enzymes is almost as varied as their tissue
distribution. PKC oc is found mainly in the
cytosolic fraction and after activation, trans-
locates to the plasma membrane and very often
to the nuclear membrane. PKC 6 is often
associated with the particulate cell fraction and
has been shown to associate with the cy-
toskeleton upon activation.9 In myocytes PKC
6 is specifically located in the nucleus from

where it translocates to the perinuclear region
during activation.'0 Similar findings have been
reported for PKC P. It has been shown that
PKC P associates with vimentin-type in-
termediate filaments26 and during activation it
translocates to the perinuclear region. PKC;
is located in the cytosol in most cells and has
been shown to translocate to the perinuclear
region following activation. Thus, specificity
in PKC function is generated at the level of
activation by co-factors, downregulation fol-
lowing activation, subcellular location, and
substrate specificity. All of this will, in turn,
affect the role of PKC isoenzymes in disease.

PKC and disease
As the PKC pathway is involved in the re-
gulation of cell proliferation, and cell pro-
liferation is an important contributor to
neoplastic disease, a role for PKC in malig-
nancy has been proposed by several au-
thors.27-29 Altered expression of PKC has been
reported in a very wide range of neoplastic
and pre-neoplastic tissues (table) and more
recently, PKC has also been implicated in can-
cer metastasis.56 Moreover, we now know that
the regulation of cell numbers is not merely a
function of the rate of cell proliferation; the
rate at which cells enter cell death or apoptosis
is also a major factor in neoplasia.57 Ac-
cordingly, PKC has now been identified as
a regulator of cell survival, with the tumour
promoting effects of phorbol esters ascribed
in part to their inhibition of apoptosis. The
potential for therapeutic modulation of PKC
in the treatment of cancer has been recognised
for several years5859 and at least one agent that
modulates PKC, bryostatin 1, is currently in
phase 1 clinical trials as an anticancer drug.
However, the consideration of such agents
should not be restricted to their potential as
anticancer drugs.59
As appreciation of the pleiotropic in-

volvement of PKC in the regulation of cell
functions has increased, its perturbation in dis-
ease states other than cancer has been pro-
posed. The plethora of diseases that are now
known to be associated with alterations in PKC
activity or expression (table) may simply reflect
its involvement in the regulation of many basic
cell functions. For instance, the importance of
PKC in cell differentiation'3 is suggested by
studies of PKC activity in malignant tissue, in
which differentiation is disregulated. Similarly,
its expression is also altered in psoriasis, a
disease characterised by hyperproliferation and
accelerated differentiation of epidermal ker-
atinocytes.60 In addition, cytoskeletal elements,
including several keratinisation related pro-
teins, are known to be PKC substrates,61 62
further implicating PKC in disorders of epi-
dermal differentiation. Involvement of PKC in
diseases reflecting altered gene expression has
also been reported. Chemotherapy associated
multidrug resistance is a multifactorial con-

dition, with a prime factor being the expression
of MDR genes. The expression of one gene,
MDR1, has been correlated with increased
PKC activity in multidrug resistant MCF-7
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breast carcinoma cells.36 Sensitivity to chemo-
therapeutic agents was restored by treatment
of these cells with the PKC inhibitor stau-
rosporine. Furthermore, PKC has been shown
to play a role in the pathogenesis of several
inborn errors of metabolism. In cystic fibrosis,
a disorder of electrolyte transport, the cystic
fibrosis gene product is a transmembrane con-
ductance regulator. The efflux of Cl- is de-
fective and is potentiated by PKC.44 A second
genetic disorder, type 4 mucolipidosis, also
involves PKC but in this disease PKC activity
is severely reduced due to inhibition by sphin-
golipids. Thus, altered PKC is not the primary
cause of this disease, but its modulation by
metabolites raised in this disorder may be the
pathogenic mechanism.43 The role of PKC in
secretion is of relevance to several diseases,
including diabetes5455 and inflammatory con-
ditions such as rheumatoid arthritis37 and septic
shock. Tumour necrosis factor (TNF) is
thought to be the main inflammatory agonist
responsible for inducing septic shock and PKC
activation is required for the lipopolysaccharide
(LPS) stimulated release ofTNF from Kupffer
cells.7 Finally, the regulation ofmembrane pro-
tein expression and therefore surface cell
phenotype is also a process which involves
PKC.6 Consequently, cell-cell communication
and contact are partially regulated by PKC.
One important consequence of this in-
volvement is the regulation of homotypic and
heterotypic cell adhesion. The disruption of
these processes would have severe implications
for many physiological functions including im-
mune surveillance and cell survival within tis-
sues. Disregulation of cell-cell contacts is one
primary factor in tumour cell metastasis63 and
the involvement of PKC has recently been
suggested from studies of the antimetastatic
ability ofPKC inhibitors. It is probable that the
full extent ofPKC involvement in pathogenesis
has not yet been revealed and only a sample
of the vast literature on this subject can be
presented in this review. The major diseases
that show involvement of PKC are therefore
indicated in the table. However, what is likely
to be more germane to understanding the pre-
cise role of PKC in pathogenesis, and to the
rational design of new therapeutic agents, is
the identification of the specific isoenzymes of
PKC involved in particular disease states.

PKC isoenzymes and disease
As seen in the table, data concerning PKC
isoenzymes and disease are still lacking in many
cases. Where isoenzyme data are available they
are usually based upon a single report or are
contradictory, reflecting a need for further pre-
cise studies in this area of research. Studies
that have simply invoked a role for PKC in
a particular disease, including many of those
recorded in the table, have involved the
measurement of total PKC activity in normal
and diseased tissue. This may then have been
followed by experiments showing that the dis-
ease state could be induced by agents that are
known to activate PKC, usually the phorbol
ester TPA; or alternatively that the disease

phenotype could be abrogated in disease mod-
els by broad range PKC inhibitors, such as H7
or staurosporine.6465 To date, the use of such
broad range PKC activators or inhibitors for
the treatment of disease in humans has been
very limited. As stated earlier, phase 1 clinical
trials are currently in progress, assessing the
anticancer potential of an activator of PKC,
bryostatin 1. Yet the potential for regulation of
PKC as a therapeutic tool in a wide range of
diseases is clearly indicated.58 5963 Undoubtedly,
the present lack of information regarding the
precise functions of the PKC isoenzymes, a
paucity of agents able to selectively modulate
the isoenzymes and concern about widespread
and non-specific side effects, have led to cau-
tion in the therapeutic use of PKC regulating
drugs.

Progress is now being made towards the
identification of agents that can selectively ac-
tivate PKC isoenzymes. Several compounds
show selectivity in their ability to activate PKC
isoenzymes in vitro, including phorbol ester
derivatives,66 bile acids 30 and a marine poly-
ether compound, Bistratene A.6768 Caution is
required in the use of these agents, as there is
evidence that the specificity of certain of these
compounds is not retained in vivo.69 Examples
are now also emerging of agents that show
selectivity in their inhibition of PKC iso-
enzymes. The staurosporine analogs Ro3 18425
and Ro318220 are more effective towards the
c-PKCs70 and the compound 13-hydroxy-7-
octadecadienoic acid inhibits PKC p.71 It is still
too early to predict the impact of these drugs
on disease therapy, but their efficacy can only be
realised if the isoenzymes primarily influencing
specific disease phenotypes are identified.
The availability of PKC isoenzyme specific

antisera and full length nucleotide sequences
for the isoenzymes has meant that both im-
munological and molecular biology approaches
can now be used to investigate PKC isoenzymes
in disease. Both the level of expression ofPKC
isoenzymes and their activation state can be
determined; the latter by assessing either the
proportion of PKC associated with cell
membranes/cytoskeleton or by measuring the
autophosphorylation of individual PKC iso-
enzymes. Both are correlates ofPKC activation.
As shown in the table, progress is being made
towards identifying which isoenzymes are
altered in disease and in several cases the new
data have allowed the authors to propose new
pathogenic mechanisms.304355 As it is beyond
the scope of this review to discuss the role of
specific PKC isoenzymes in all of the diseases
listed in the table, we will restrict this final
section to a consideration of PKC isoenzymes
in neoplasia. The identification of specific PKC
isoenzyme involvement in disease is most ex-
tensive for cancer, has increased understanding
of neoplastic progression and has begun to
influence the design of novel anticancer
drugs.58 59

Studies of colorectal cancer have shown that
carcinogenesis is a multistep process, with dis-
tinct stages of initiation and progression. The
various genetic aberrations underlying these
stages are now well characterised.72 Dogma has
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for a long time held that cancer was a disease of
hyperproliferation and that the DNA mutations
detected in colorectal cancer revealed genes
involved in cell growth. It is now clear that
apoptosis is an equally important regulator of
cell numbers and aberrations of p53, a gene
with a key role in the regulation of apoptosis,73
are among the most common mutations
detected in human tumours.57 The modulation
of genes involved in apoptosis, or their gene
products and targets, offers a new direction for
cancer therapy57; however, this should not be
pursued to the exclusion of other possibilities.
As mentioned at the beginning of this article,
cancers such as colorectal cancer have a sig-
nificant non-genetic component involved in
disease progression. PKC is the cellular target
for several tumour promoters and therefore its
role lies in the promotion of neoplasia rather
than its initiation. As such, PKC could clearly
be involved in the regulation of proliferation
and apoptosis. Furthermore, published data
indicate that only certain PKC isoenzymes are
involved in regulating these processes.'3 15
The initial use of TPA as an activator of

PKC has led to much confusion over the role
of PKC in cell proliferation and apoptosis. In
some cell lines TPA was shown to be cyto-
static,7 whereas in others it was mitogenic.7677
TPA has been reported to prevent apoptosis
induced by a variety of factors,'478 whilst other
authors showed that TPA induces apoptosis.7980
TPA activates PKC isoenzymes differentially,
having no effect on the a-PKCs. In addition,
TPA can differentially downregulate PKC iso-
enzymes. In rat pituitary cells treated with TPA,
Kiley has shown that PKC P and PKC £ were
completely downregulated, whereas PKC oc was
only partially reduced.8' When this is taken into
account with the differential tissue expression
of PKC isoenzymes, it is not surprising that
conflicting data were gained by different labora-
tories. The conflict is now being resolved and
it is becoming clear that certain PKC iso-
enzymes are frequently associated with pro-
liferation and apoptosis, whilst others are
involved in differentiation. In myeloid and
erythroid progenitor cells, PKC ot and 6 appear
to be crucial for cell differentiation,82"8 whereas
PKC 1 is involved in proliferation.8'84 As cell
proliferation and cell death are intimately
linked,85 it is perhaps not surprising that several
laboratories, including our own, have reported
the involvement of PKC 1 in apoptosis.158687
The molecular basis for an involvement ofPKC
ot and 6 in differentiation is not known, but
PKC P1l1 has recently been shown to be a
mitotic lamin kinase.84 Goss et al84 have shown
that PKC P131 is one of the kinases involved in
the phosphorylation of nuclear lamin B before
lamina disassembly and mitosis. Exactly how
this isoenzyme could also be involved in apop-
tosis has yet to be demonstrated. However, the
onset of apoptosis is also known to require
the disassembly of the nuclear lamina.88 One
possibility is that in proliferating cells the ac-
tivity/expression of PKC 311 is closely reg-
ulated throughout the cell cycle, along with the
other mitotic lamin kinases. It may be that
prolonged or inappropriate activation of PKC

p111 produces prolonged lamina disassembly
and aberrant mitosis, leading to apoptosis.
Whilst this hypothesis is likely to represent an
oversimplified version of the apoptotic process,
there are some supporting data. The deoxy-
phorbol ester 12-deoxyphorbol-1 3-phenyl-
acetate-20-acetate (Doppa) is specific for the
activation of PKC 1 in vitro66 and induces
apoptosis in promyeloid cell lines.86 As the in
vivo specificity of this agent has been ques-
tioned,69 these data must be taken as pre-
liminary evidence only. However, expression of
PKC P is also increased as neutrophils become
senescent and enter apoptosis89 and PKC P
expression also correlates with apoptosis in
tonsil epithelial cells.87 Thus, although the in-
volvement ofPKC 13 in proliferation and apop-
tosis is suggested by several lines of evidence,
the interplay between these two functions is
still unknown. However, this isoenzyme clearly
represents a possible target for future thera-
peutic regimes. Whether this is the only iso-
enzyme with this function is not known, but it
appears unlikely. PKC 13 is expressed in most
but not all tissues and we have preliminary
evidence that an agent which selectively ac-
tivates PKC 6 also induces apoptosis in
haemopoietic cells.67 It may still be the case
that this cellular process can be affected by
only a few PKC isoenzymes.

In conclusion, whilst we are still at an early
stage in our understanding of the involvement
ofPKC isoenzymes in disease, there is evidence
that they represent feasible targets for thera-
peutic modulation. Before this can occur, more
information is required about the function of
individual PKC isoenzymes and redundancy of
PKC isoenzymes in cell regulation.90 A wider
range of isoenzyme specific activators and in-
hibitors also needs to be developed. When each
of these objectives are realised, it is possible
that another option will be available for drug
intervention protocols, suitable for the treat-
ment of a wide range of diseases.
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