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Abstract
Protein kinase C (PKC) isoforms have emerged as important regulators of cardiac contraction,
hypertrophy, and signaling pathways that influence ischemic/reperfusion injury. This review
focuses on newer concepts regarding PKC isoform-specific activation mechanisms and actions
that have implications for the development of PKC-targeted therapeutics.

Protein kinase C (PKC) exists as a family of serine/threonine kinases that regulate a host of
cellular effector responses. In the heart, PKC activation leads to rapid changes in contractile
performance and more long-term effects on ventricular remodeling. Studies to date have
interrogated the cellular actions of individual PKCs using pharmacologic inhibitors, peptide
inhibitors of translocation, adenoviral vectors that drive expression of wild-type or mutant
forms of PKC in cardiac cultures, or genetic models of PKC isoform overexpression or
knockout in mice. This review will summarize and interpret these previous findings in the
context of newer concepts regarding mechanisms that control PKC isoform maturation,
localization, and catalytic activity in cardiomyocytes.

PKC isoform structure and mechanisms of activation
PKC isoforms share a similar overall structure consisting of an N-terminal regulatory
domain that is joined through a flexible linker to a conserved C-terminal catalytic domain
that binds ATP and substrates (Fig 1). PKC regulatory domains contain a pseudosubstrate
domain that maintains the enzyme in an inactive conformation and membrane targeting
modules that control the subcellular localization of the enzyme. PKC isoforms are
subclassified based on these membrane targeting modules. Conventional PKC isoforms
(cPKCs; α, the alternatively spliced βI and βII isoforms, and γ) contain tandem C1A/C1B
motifs that bind diacylglycerol (DAG) or phorbol esters (such as PMA) and a C2 domain
that binds anionic phospholipids in a calcium-dependent manner. Novel PKCs (nPKCs; δ, ε,
θ, and η) also contain twin C1A/C1B domains and a C2 domain. However, the positions of
the C1A/C1B and C2 domains in nPKCs are switched along the linear sequence of the
protein (relative to cPKCs) and nPKC-C2 domains do not bind calcium (since they lack
critically positioned calcium-coordinating acidic residues); nPKCs are maximally activated
by lipid cofactors (DAG or PMA), without a calcium requirement. Atypical PKCs (aPKCs;
ζ and ι/λ) contain an atypical C1 domain (that binds PIP3 and ceramide, but not DAG or
PMA) and a protein-protein interaction PB1 (Phox and Bem 1) domain that binds PB-
containing scaffolds; aPKC isoform activation is attributable to protein-protein interactions
and activation loop phosphorylation by phosphoinositide-dependent kinase-1 (PDK-1).

The canonical model for PKC isoform activation derives from early studies of PKCα which
localizes in a closed (inactive) conformation to the cytosolic fraction of resting cells (Fig 2).
PKCα is activated by agonists that promote phosphoinositide hydrolysis and generate DAG
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and the calcium-mobilizing second messenger molecule IP3. Activation is via a two step
process involving an initial low affinity electrostatic interaction between the calcium bound
C2 domain and membranes, followed by a C1 domain interaction with DAG (the
membrane-restricted product of phosphoinositide hydrolysis). Membrane-anchored PKCα
then undergoes a conformational change that expels the autoinhibitory pseudosubstrate
domain from the substrate-binding pocket. This traditional model of PKC activation views
PKC as a generic kinase that achieves specificity exclusively through translocation events
that co-localize the enzyme with target substrates in specific membrane compartments. This
model predicts that PKC responses will reflect the ensemble actions of individual PKC
isoforms coexpressed in any particular cell type; it also predicts that PKC substrates will be
restricted to DAG-enriched membranes. However, recent studies indicate that the cellular
actions of several PKC isoforms also are controlled by alternative lipid-independent
mechanisms involving proteolytic cleavage and/or phosphorylation. These non-canonical
mechanisms for PKC activation can lead to profound changes in the subcellular
compartmentation and/or catalytic activity of the enzyme, in some cases generating forms of
PKC that display high levels of activity throughout the cell (not just at DAG-containing
membranes). Several landmark studies exposing new paradigms for PKC isoform activation
were performed in cardiomyocyte models and are discussed in this review which focuses on
emerging concepts of PKC isoform-specific actions in the heart.

PKCα
Cardiomyocytes co-express multiple PKC isoforms, but PKCα has been viewed as a
particularly attractive therapeutic target since it is the predominant isoform in most
cardiomyocyte preparations and its expression and/or activity increases further in many
models of cardiac injury, hypertrophy, or failure (5; 64; 65). Early studies implicated PKCα
as a mediator of hypertrophic responses in cultured neonatal cardiomyocytes (7). However,
subsequent studies in genetic models of PKCα overexpression or knockout in mice failed to
expose any significant in vivo growth regulatory functions for PKCα. Rather, these studies
identified a role for PKCα in the regulation of cardiac contraction, showing that PKCα−/−

hearts manifest enhanced contractility and relaxation at baseline and that cardiac
contractility is depressed in PKCα transgenic mice (8). These changes in cardiac contraction
are intrinsic to the heart; they are retained ex vivo in working heart preparations. They also
reflect the direct and specific actions of PKCα. Adenoviral-mediated overexpression of
wild-type or dominant-negative PKCα leads to similar antithetical effects on cardiac
contractility, whereas calcium transients and twitches are not altered by PKCβ and/or PKCγ
gene ablation (8; 44). PKCα-dependent changes in calcium cycling and contraction have
been attributed to inhibitor-1 phosphorylation at S67. This modification increases protein
phosphatase 1 (PP1) activity and leads to the dephosphorylation of phospholamban,
decreased sarcoplasmic reticulum (SR) Ca2+ ATPase (SERCA-2) activity, reduced SR Ca2+

loading, and decreased contractility (8). However, other PKCα substrates that also may
contribute to changes in cardiac contractility. These include [1] various sarcomeric proteins
that influence myofilament calcium sensitivity and myocardial stiffness, including cardiac
troponin I (cTnI), cardiac troponin T, myosin binding protein C, and titin, (26; 39; 70; 71),
[2] G protein-coupled receptor kinase 2 (GRK2), a Ser/Thr kinase that phosphorylates the
agonist-occupied β-adrenergic receptor (βAR) and is a target for PKCα-dependent
phosphorylation at S29 (a modification that increases GRK2 activity, enhances βAR
desensitization, and decreasesβAR responsiveness (47)), and [3] the α1C subunit of the L-
type calcium channel, which is phosphorylated by PKCα and several other PKCs (PKCε
and PKCζ) at Ser1928 - a site traditionally viewed as a target for protein kinase A (PKA)
(81). While α1C subunit phosphorylation by PKA increases channel activity, PKCα-
dependent changes in L-type calcium channel activity are less straightforward, since PKCα
also phosphorylates residues in other regions of the α1C subunit. Current models hold that
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activation of PKCα, PKA, other PKC isoforms, or other Ser/Thr kinases (such as Ca2+/
calmodulin-dependent kinase or protein kinase G) leads to distinct ensemble
phosphorylation patterns that result in distinctive changes in calcium channel activity (80).

In additional to the canonical growth factor receptor-dependent mechanism for PKCα
activation (involving PIP2-derived second messengers), PKCα also is activated via a
receptor-independent mechanisms (that alter the enzyme’s subcellular compartmentation
and pharmacologic profile) in cardiomyocytes subjected to hypoxia, ischemia, or oxidative
stress (19; 31; 73). One such mechanism involves cleavage by calpains, calcium-dependent
cysteine proteases that are activated in the calcium-overloaded ischemic heart (Fig 3).
Calpain cleaves PKCα at sites in the V3 region, generating a C-terminal catalytic fragment
(termed PKMα) that partitions to the nucleus and displays a high level of constitutive
activity. The observation that overexpression of even relatively modest levels of PKMα
leads to massive biventricular dilatation and contractile dysfunction (a phenotype that is
considerably more severe than the phenotype induced by full-length PKCα) suggests that
the unregulated/mislocalized PKCα catalytic fragment is an important mediator of
pathologic cardiac remodeling (31). Studies of mechanism indicate that PKMα acts as a
‘rogue’ kinase; it phosphorylates substrates that are not (or are only weakly) phosphorylated
by full-length PKCα (31; 82). For example, G protein-coupled receptors neutralizes the
antihypertrophic actions of HDAC5 (a signal-responsive repressor of MEF-dependent
pathologic gene programs and pathological cardiac remodeling) by activating PKD; PKCs
(generally novel PKC isoforms, rather than PKCα) contribute to this pathway indirectly as
activators of PKD. However, PKMα directly phosphorylates HDAC5, leading to the nuclear
egress of HDAC5 and de-repressesion of MEF-dependent gene expression (82). Of note,
while this proteolytic activation mechanism is not specific for PKCα, (since calpain cleaves
other PKC isoforms (35; 78)), the cardiac actions of PKMα might predominate since PKCα
is the most abundant PKC isoform in cardiomyocytes.

PKCβ
PKCβ expression and activity are increased in end stage human heart failure (5). PKCβ
activity also increases in the setting of uncontrolled diabetes as a result of glucose-induced
de novo synthesis of DAG from glycolytic intermediates and/or hyperglycemia-induced
generation of reactive oxygen species (30; 53). The hyperglycemia-induced metabolic
derangements that activate PKCβ do not activate PKCα.

The cardiac actions of PKCβ have been examined in transgenic mouse models. Studies in a
binary transgenic system that allows for cardiac-specific and conditional PKCβ
overexpression link PKCβ activation to sudden death associated with increased L-type
calcium channel activity and calcium cycling abnormalities in neonatal cardiomyocytes (1;
6). In contrast, conditional low levels of PKCβ overexpression in adult cardiomyocytes
leads to mild/progressive ventricular hypertrophy and impaired diastolic relaxation, but no
gross histologic pathology (6). Cardiomyocytes isolated from PKCβ transgenic hearts show
enhanced contractility in association with an increase in the calcium transient peak
amplitude; this increase in calcium delivery to the myofilaments functionally overrides the
more minor effect of PKCβ to decrease maximal tension generation by myofilaments (28).
In contrast, transgenic mice that overexpress high levels of PKCβ from birth through adult
life develop a more severe cardiomyopathic phenotype characterized by histologic evidence
of multifocal fibrosis and dystrophic calcification and functional evidence of depressed
cardiomyocyte contractility (associated with increased cTnI phosphorylation, decreased
myofilament calcium responsiveness, and no gross changes in calcium transients (72; 76)).
These results emphasize that the cellular actions of PKCβ can vary considerably depending
upon the timing and/or intensity of enzyme activation. Finally, while these studies indicate
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that PKCβ activation is sufficient to drive pathologic remodeling of the adult heart, PKCβ is
not required for the induction of cardiac hypertrophy; hypertrophic responses to aortic
banding or phenylephrine infusion are preserved in PKCβ null mice (59). Rather, some
studies link PKCβ activation to the induction of profibrotic cytokines and the development
of tissue fibrosis, diastolic stiffness, and contractile dysfunction (14; 77). Finally, there is
evidence that chronic hyperglycemia-induced PKC activation can contribute to
cardiovascular risk by blunting cellular insulin responsiveness (15). Specifically, while PKC
isoforms mediate certain insulin responses - chronic PKC activation in diabetes leads to a
loss of insulin responsiveness due to inhibitory Ser/Thr phosphorylations on the insulin
receptor itself or its downstream signaling partners such as insulin receptor substrate
proteins or the regulatory subunit phosphatidylinositol 3-kinase (which links receptor
tyrosine kinases to the activation of AKT (41; 46; 50; 75)).

PKCδ
PKCδ is activated or up-regulated in many models of cardiac ischemia and hypertrophy.
PKCδ’s cardiac actions were initially characterized in cultured neonatal cardiomyocytes.
Here, PKCδ overexpression leads to down-regulation of SERCA2, activation of JNK and
p38-MAPK, changes in the phosphorylation/compartmentation of p66Shc (an adapter
protein that amplifies mitochondrial ROS generation and enhances susceptibility to
oxidative stress-induced apoptosis), and induction of apoptosis (21; 23; 25; 57). These
results provided the first hints that PKCδ might be a mediator of pathological cardiac
remodeling. Subsequent studies used translocation inhibitor peptides to implicate PKCδ in
the injury response resulting from reperfusion of ischemic myocardium. This approach
(developed by Mochly-Rosen and colleagues) is based upon the assumption that all PKC
responses require a docking interaction between the enzyme and its cognate Receptor for
Activated C Kinase (RACK), a family of scaffolding proteins that localize activated forms
of individual PKCs to specific membrane microdomains in close proximity with their unique
target substrates (12; 34). PKCδ responses were defined in studies with Tat-δV1-1, a PKCδ
translocation inhibitor peptide consisting of the putative RACK-binding sequence in PKCδ
(8SFNSYELGSL17) conjugated to TAT (a carrier peptide that delivers fusion peptides into
cells). These studies showed that restoration of blood flow to a region of ischemic
myocardium leads to a series of PKCδ-dependent events in mitochondria that result in a
decline in intracellular pH and ATP production, increased mitochondrial ROS accumulation,
inhibition of the cytoprotective AKT-BAD phosphorylation pathway, release of cytochrome
c, activation of caspase 3, and induction of apoptosis (13; 29; 51). Subsequent studies
showed that Tat-δV1-1 reduces ischemia/reperfusion injury in animal models of acute
myocardial infarction and stroke, providing a rationale to develop Tat-δV1-1 for clinical
indications in humans (4; 10; 29). The initial dose-escalation study with Tat-δV1-1 (which
was marketed for clinical use as KAI-9803) was encouraging, showing that catheter infusion
of KAI-9803 into jeopardized myocardium is well tolerated and leads to non-significant
reductions in some biomarkers of myocardial necrosis (4). However, this initial study was
not powered to establish efficacy. Enthusiasm for KAI-9803 largely evaporated (and efforts
by the pharmaceutical industry to develop KAI-9803 for acute cardiac indications were
largely abandoned) when a subsequent Phase 2b efficacy trial failed to show any therapeutic
effect of KAI-9803 to decrease myocardial injury or improve clinical outcome in 1,176
patients undergoing percutaneous coronary intervention for acute ST-segment elevation
myocardial infarction. While there are many possible reasons for drug failure (related to
dose, timing, or route of drug delivery), it is worth noting that the momentum to develop
TAT-δV1-1 as a therapeutic compound in humans was never accompanied by an equally
vigorous and unbiased analysis of PKCδ’s cardiac actions and the molecular underpinnings
of KAI-9803-dependent responses. Several issues deserve comment:
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First, PKCδ−/− mice have been available since 2001 - and have been used to implicate PKCδ
in the regulation of ROS production and stress-induced apoptosis in the vasculature (43).
However, this model has not been used to validate the prevailing concept that PKCδ
functions exclusively in pro-apoptotic pathways that mediate ischemia/reperfusion injury.
Alternative roles for PKCδ in receptor-dependent pathways that activate PKD (that
influence transcriptional programs controlled by HDAC5 and/or survival pathways regulated
by CREB) or other pathways that might mitigate ischemic injury are not generally
considered (22; 24; 54). In this context, there is evidence that PKCδ knockout leads to a
decrease in infarct size – but a paradoxical defect in ischemic preconditioning-induced
cardioprotection (49). Since acute myocardial infarction is preceded by preinfarction angina
(a syndrome that mimics ischemic preconditioning) in ~30% of patients, a PKCδ inhibitor
that prevents ischemic preconditioning might have deleterious consequences in some patient
populations. As a separate issue, PKCδ−/− mice also have not been used to validate the
conclusion that the cardiac actions of KAI-9803 are attributable exclusively to a mechanism
involving PKCδ - and are lost in PKCδ−/− mice. PKCδ-independent “off-target”
mechanisms for KAI-9803 are possible and have not been considered.

Second, studies that define the cardiac actions of PKCδ with a translocation inhibitor
peptide are based upon the assumption that all PKCδ actions require docking interactions
with RACK proteins. This assumption is problematic for several reasons: [1] A PKCδ-
specific RACK, that anchors PKCδ to membranes, has not been identified unambiguously.
While p32/gC1qBP was characterized as a protein that selectively associates with the
allosterically-activated form of PKCδ, it does not fit the traditional criteria of a PKCδ-
RACK since it also constitutively interacts with PKCθ (58). [2] PKCδ localization patterns
are influenced by interactions with cytoskeletal proteins that are not RACKs and would not
necessarily be inhibited by KAI-9803 (33). [3] The inherent assumption that PKCδ
activation is a uniform process - and that a single translocation inhibitor peptide will act in a
uniform manner to inhibit PKCδ translocation to signaling microdomains in multiple
subcellular compartments (including the surface membrane, mitochondria, nucleus,
sarcomere, and cytoskeleton) - also seems tenuous, since the kinetics and regulatory controls
for PKCδ localization to various signaling compartments are quite different. The notion that
KAI-9803 might inhibit PKCδ translocation to only selected compartments (or it might
drive PKCδ to an aberrant location leading to the phosphorylation of non-physiologic
substrates) has never been considered. [4] The use of KAI-9803 as an inhibitor of RACK-
driven compartmentation of PKCδ is based upon the assumption that all PKCδ responses
require translocation to membranes. This ignores a substantial literature showing that
catalytically active forms of the constitutively-active PKMδ fragment or full-length PKCδ
accumulate in the soluble fraction during apoptosis or oxidative stress (18; 63). There is no a
priori reason to expect that a translocation inhibitor peptide would block the actions of a
catalytically active form of PKCδ in the soluble fraction.

Finally, a conventional allosteric model of PKCδ activation by lipid cofactors - which
focuses on translocation events that deliver the enzyme in an active conformation to target
substrates in membranes - assumes that PKCδ activity is an inherent/immutable property of
the enzyme that is not altered by the activation process. However, there is recent evidence
that PKCδ accumulates as pools of enzyme with distinct phosphorylation patterns and
catalytic activities in different subcellular compartments (48; 61). The phosphorylation
reactions that regulate the cellular actions of PKCδ are summarized in the sections that
follow.

PKCδ activity is regulated by autophosphorylation at a highly conserved Thr residue in the
activation loop (T505) (60; 63). This mode of regulation is unique to PKCδ; for other PKCs,
activation loop phosphorylation is a stable priming event that is completed during de novo
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synthesis of the enzyme, mediated by PDK-1, and required to structure the catalytic pocket
in a favorable conformation for catalysis (52; 68). In contrast, PKCδ is catalytically active
without activation loop phosphorylation. While newly synthesized PKCδ can be
phosphorylated at the activation loop by PDK-1, native PKCδ is recovered with little-to-no
activation loop phosphorylation in resting cardiomyocytes and several other differentiated
cell types (presumably because this site is exposed and phosphorylation is reversed by
cellular phosphatases). PKCδ autophosphorylates at T505 during treatment with PMA or
various growth factor receptor agonists; this dynamically regulated modification plays a key
role to regulate activity toward selected target substrates (see below (11; 60; 63; 69; 71)).
Additional autophosphorylation sites at other strategic positions in PKCδ have recently been
identified; their regulatory functions are the focus of ongoing studies (62).

PKCδ also is phosphorylated by Src at Y311 and Y332 (Tyr residues in the V3 hinge region
numbering based upon rodent sequence) in cells exposed to oxidative stress or other
proapoptotic stimuli (37; 38; 67; 68); Tyr phosphorylation plays little-to-no role in the
regulation of other PKCs. The Tyr-phosphorylated form of PKCδ accumulates in the cytosol
of H2O2-treated cardiomyocytes as a lipid-independent enzyme (37; 63). This observation
resolves a longstanding dilemma regarding PKCδ’s cardiac actions. The conventional model
of PKCδ activation focuses exclusively on PKCδ’s membrane-delimited actions; it does not
account for PKC-dependent regulation of cardiac contraction by phosphorylating
myofibrillar proteins such as cTnI (the “inhibitory” subunit of the troponin complex). The
Tyr-phosphorylated form of PKCδ is poised to phosphorylate substrates throughout the cell
(not just on lipid membranes)

Recent studies also implicate phosphorylation as a mechanism that alter PKCδ’s
enzymology (Fig 4). Specifically, PKCδ phosphorylates cTnI at S23/S24 when it is
allosterically activated by PMA; studies in detergent-extracted cardiomyocytes link this
modification to reduced force development at sub-maximal calcium (with no change in force
at maximal calcium, as would be expected for cTnI-S23/S24 phosphorylation). However, the
dually T505/Y311-phosphorylated form of PKCδ (that accumulates during oxidative stress)
phosphorylates cTnI at both S23/S24 and T144; S23/S24-T144-phosphorylated cTnI decreases
tension and cross-bridge kinetics at maximal calcium (i.e., the S23/S24 phosphorylation-
dependent change in force development at sub-maximal calcium is prevented by the
additional phosphorylation at T144). Finally, mutagenesis studies show that single residue
substitutions in PKCδ at Y311F or T505A prevent the Src-dependent acquisition of cTnI-
T144 kinase activity. Collectively, these studies describe distinct signalling modes for PKCδ
as both an allosterically-activated enzyme (during growth factor stimulation) and as a Tyr-
phosphorylated enzyme (during oxidative stress). The dynamic changes in PKCδ’s substrate
specificity - due to changes in T505 autophosphorylation and Y311 phosphorylation by Src -
represent a novel form of cardiac adaption which could be particularly important in the
context of cardiac hypertrophy or failure, where coordinate increases in PKC isoform
expression and cTnI phosphorylation are linked to reduced actin-myosin interactions and
depressed contractile function 11–13.

While our studies identify an important role for Y311 phosphorylation to ‘fine tune’ PKCδ’s
substrate specificity, the functional consequences of PKCδ-Y332 phosphorylation remain
less obvious. Leitges et al. reported that the Y332-phosphorylated hinge region of PKCδ
functions as a docking site for the SH2 domain of Shc (providing a mechanism to nucleate
signaling pathways that activate the MAPK cascade (42)), but recent studies indicate that
PKCδ interacts with Shc proteins via a phospho-Y332-independent mechanism in H2O2-
treated neonatal cardiomyocytes (21). These studies also failed to link Y332 phosphorylation
to any gross changes in full-length PKCδ catalytic activity (71). However, a role for Y332

phosphorylation to indirectly regulate PKCδ activity remains possible, since Y332
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phosphorylation is reported to facilitate caspase 3-dependent cleavage of the V3 hinge
region of PKCδ at 324DIPD327 (a cleavage event that liberates a proapoptotic constitutively
active PKMδ catalytic domain fragment; Fig 3 (45)).

PKCε
PKCε is activated by various hypertrophic stimuli, but PKCε’s role in cardiac growth
responses remains uncertain, since transgenic cardiac-specific overexpression of a
constitutively active PKCε mutant leads to only a modest hypertrophic phenotype (without
any gross derangement in contractile function (74)), PKCε knock-out mice lack a baseline
cardiac phenotype, and PKCε knock-out mice develop hypertrophy (with preserved systolic
contractile function) in response to pressure overload (32; 36). More recent studies have
focused on PKCε’s role in ischemic preconditioning (IPC), a mechanism whereby transient
ischemic episodes protect against subsequent severe ischemia/reperfusion injury (17; 20).
There is evidence that PKCε translocates to mitochondria during IPC (56) and that peptide
activators of PKCε (that deliver PKCε to the mitochondrial compartment) confer resistance
to ischemia/reperfusion injury, suggesting that cardioprotection is due to PKCε-regulated
events in mitochondria (17). Several components of the mitochondrial IPC signaling
machinery have been characterized as PKCε targets, including the mitochondrial
permeability transition pore (which regulates the mitochondrial membrane potential) and
mitochondrial aldehyde dehydrogenase 2 (an enzyme that detoxifies reactive aldehydes and
plays an important role in oxidative stress responses (9)).

Studies in PKCε knock-out mice also suggest a role for PKCε in IPC (17; 20). However, the
interpretation of studies in PKCε−/− mice remains somewhat ambiguous, since total body
PKCε-KO from embryonic life onward leads to a compensatory increase in the expression
and phosphorylation (i.e., activity) of PKCδ (20; 36). In fact, Klein et al. attributed the
myocardial fibrosis and diastolic dysfunction that develops during chronic pressure overload
hypertrophy in PKCε-KO (but not wild-type) mice to activation of PKCδ and its effector
p38MAPK (36). Moreover, while studies in PKCε-KO mice suggest that PKCε functions as
a tonic inhibitor PKCδ, a completely different form of nPKC isoform cross-regulation is
detected in cultured cardiomyocytes. Here, PKCε overexpression leads to an increase in
PKCδ phosphorylation (60). These results highlight the limitations of current knowledge
regarding the molecular machinery that governs nPKC isoform cross-regulation. As a result,
extrapolations from data obtained in genetic and molecular models of altered PKCε
expression may be premature.

Concluding Remarks
This review has attempted to summarize recent advances toward defining the molecular
controls and cardiac actions of individual PKC isoforms. It is interesting to note that several
non-canonical activation mechanisms for PKCα and PKCδ involve phosphorylation or
proteolytic cleavage at sites in the V3 hinge region of the enzyme; V3 domain
phosphorylations that generate docking sites for 14-3-3 proteins and lead to lipid-
independent activation of PKCε also have been identified (40). These results suggest that
the V3 region may be an underappreciated and promising target for novel PKC-targeted
pharmaceuticals.

Studies to date interrogating the cardiac actions of PKC isoforms have focused primarily on
a single (presumably the main) protein product of individual PKC genes. This ignores
alternative splicing mechanisms that lead to the generation of multiple RNA transcripts with
distinct functional and/or regulatory properties, a mechanism that has been described for
PKCβ and PKCδ. In the case of PKCβ, differential use of exons 17 and 18 results in the
expression of splice variants with distinct C-terminal V5 domains that are expressed in a
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tissue-specific and developmentally regulated manner. PKCβI (which has a shorter C-
terminus encoded by exon 18) and PKCβII (with the longer C-terminus encoded by exon
17) partition to distinct subcellular compartments (both at rest and following activation) and
they activate distinct (and in some cases, opposing) functional responses in smooth muscle
cells and several other non-cardiomyocytes models (16; 79). While studies to date suggest
that PKCβI and PKCβII function similarly to regulate cardiac growth responses (66),
differences in other aspects of PKCβ’s signaling repertoire in cardiomyocytes remain
possible; these have not been excluded.

Splice variants of human and mouse PKCδ - that contain V3 domain inserts that disrupt the
caspase-3 cleavage sites (i.e., prevent proteolytic PKCδ activation) - protect cells from
proapoptotic stimuli, since the full-length caspase-resistant form of PKCδ and the freed
PKCδ catalytic domain fragment exert diametrically opposite effects to prevent or induce
cellular apoptosis, respectively. There is evidence that the vitamin A metabolite all-trans-
retinoic acid and by insulin control alternative splicing of PKCδ in neuronal cells and that
the resultant changes in the relative abundance of caspase-sensitive and caspase-resistant
forms of PKCδ influence neuronal cell survival and cognitive function. (2; 3; 55).
Alternative splicing mechanisms that control the cardiac actions of PKCδ have not been
considered.

Finally, recent studies expose mechanisms that alter the pharmacologic profiles of PKCs.
For example, C-terminal PKM catalytic fragments (generated during apoptosis) are inhibited
by drugs that occupy the ATP binding pocket, but they are not inhibited by calphostin C (or
other drugs that act at regulatory domain determinants). While this change in PKC’s
pharmacologic profile is quite predictable, there is recent evidence that PKCβII becomes
resistant to ATP-competitive inhibitors (such as BIS1 and staurosporin) when complexed
with the scaffolding protein AKAP-79 (27). The notion that docking interactions with
intracellular signaling partners and scaffolding proteins can create microdomains with
persistent PKC activity in BIS I-treated cells could not be predicted from in vitro studies
with purified enzymes. These issues provide further challenges for the development of
clinically useful PKC-targeted compounds.
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Figure 1. Domain structure of PKC family enzymes
The conserved pseudosubstrate motif (shown in lavender) N-terminal to the C1 domain
(shown in blue), the C2 domain (red), and the kinase domain (green) and the more variable
regions (shown in black) are depicted. For further details see text.
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Figure 2. Growth factor-dependent mechanisms that allosterically activate cPKCs
G protein coupled receptors (or receptor tyrosine kinases) that activate phospholipase C
(PLC) generate DAG and the calcium mobilizing second messenger IP3; these signaling
molecules stabilize the active conformation of cPKCs to membranes.
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Figure 3. Proteolytic mechanisms that activate PKCα and PKCδ
see text.
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Figure 4. Phosphorylation-dependent changes in the catalytic activity of PKCδ
PKCδ phosphorylates cardiac troponin I (cTnI) when it is allosterically activated by lipid
cofactors. PKCδ phosphorylates cTnI at both S23/S24 and T144 when it is tyrosine
phosphorylated by Src. The Src-dependent acquisition of cTnI-T144 kinase activity is
abrogated by single residue substitutions in PKCδ at Y311 or T505.
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