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Abstract

Protein phosphorylation is a highly-regulated and reversible process that is precisely controlled by the actions of
protein kinases and protein phosphatases. Factors that tip the balance of protein phosphorylation lead to changes
in a wide range of cellular responses, including cell proliferation, differentiation and survival. The protein kinase C
(PKC) family of serine/threonine kinases sits at nodal points in many signal transduction pathways; PKC enzymes
have been the focus of considerable attention since they contribute to both normal physiological responses as well
as maladaptive pathological responses that drive a wide range of clinical disorders. This review provides a
background on the mechanisms that regulate individual PKC isoenzymes followed by a discussion of recent insights
into their role in the pathogenesis of diseases such as cancer. We then provide an overview on the role of individual
PKC isoenzymes in the regulation of cardiac contractility and pathophysiological growth responses, with a focus on
the PKC-dependent mechanisms that regulate pump function and/or contribute to the pathogenesis of heart failure.
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INTRODUCTION

Protein kinase C (PKC) isoenzymes transduce the myriad of
signals resulting from receptor-mediated hydrolysis of phosphol-
ipids, playing critical roles in diverse cellular functions [1-5].
The discovery in the 1980s that PKCs are the receptors for the
potent tumour-promoting phorbol esters, coupled with the dis-
covery that they mediate signalling by the lipid second messen-
ger diacylglycerol (DAG), secured a centre-stage position for this
family of enzymes in cellular regulation [6,7]. The results of early
studies showing that PKC activation by phorbol esters (or PKC
overexpression) leads to cellular proliferation and enhanced cell
survival is the basis of the prevailing dogma that PKCs contribute
to the pathogenesis of certain cancers. In fact, a recent analysis
of human cancer-associated mutations in PKC family enzymes
reveals just the opposite: PKC isoenzymes function as tumour
suppressors and their loss confers a survival advantage to cells
[8]. This raises the question as to whether PKC inhibitors, which
have failed in clinical trials for cancer may be better suited for
treating heart failure or ischaemia-reperfusion injury, conditions
where increased PKC isoenzyme expression or activity may ad-
versely affect clinical outcome [9—14]. This review summarizes

the mechanisms that regulate various PKC isoenzymes and then
discusses current concepts regarding the role of PKC enzymes in
the pathogenesis and treatment of heart disease.

PROTEIN KINASE C PRIMER

There are nine PKC genes that are classified into three subfamilies
based on their domain composition and consequently the cofactor
dependence of the proteins they encode (Figure 1). Conventional
PKCs (cPKCs) (e, B, y) are activated by DAG, which binds one
of the tandem repeat C1 domains, and Ca’*, which binds the
Ca*-sensitive plasma membrane-targeting C2 domain. Second
messengers stabilize cPKCs in an active conformation at mem-
branes where they phosphorylate primarily membrane-delimited
substrates. Novel PKCs (nPKCs) (3,¢, 6, n) are activated by DAG;
although they possess a C2 domain, nPKC C2 domains lack the
key residues that coordinate Ca>*. Some nPKC C2 domains bind
lipids in a Ca**-independent manner, whereas the PKC§ C2 do-
main functions in a unique manner as a protein—protein inter-
action motif; the PKC§ C2 domain contains a phosphotyrosine

Abbreviations: AGC kinases, protein kinases A, G and C; DAG, diacylglycerol; GRK2, G protein-coupled receptor kinase 2; HDAC, histone deacetylase; MLR muscle LIM protein; PDK-1,
phosphoinositide-dependent kinase-1; PH, pleckstrin homology; PHLPR PH domain leucine-rich repeat protein phosphatase; PIPo, phosphatidylinositol 4,5-bisphosphate; PKC, protein
kinase C; PLB, phospholamban; PP-1, protein phosphatase-1; SERCA-2, sarcoplasmic reticulum Ca2t ATPase; SR, sarcoplasmic reticulum; TAC, transverse aortic coarctation; TORC2,
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Figure 1 The domain structure of PKC family enzymes

(A) Schematic showing pseudosubstrate (red rectangle), C1 domain (orange rectangle; atypical C1 domain is hatched to
indicate it is not a DAG sensor), C2 domain (yellow rectangle; novel C2 domain is hatched to indicate it is not a Ca2*-driven
plasma membrane sensor), connecting hinge segment, kinase domain (cyan) and C-terminal tail (CT, grey rectangle). Also
indicated are the Y/W switch (purple circle) in the C1B domain that dictates affinity for DAG-containing membranes and the
three priming phosphorylations in the kinase domain and CT (note atypical PKC isoenzymes have Glu at phospho-acceptor
position of hydrophobic motif). Atypical PKCs have a PBI domain that mediates their interaction with protein scaffolds.
Table on right shows dependence of PKC family members on C1 domain cofactors, DAG and phosphatidylserine (PS)
and C2 domain cofactors, Ca2* and PIP,. Adapted from [112]: Antal, C.E. and Newton, A.C. (2014) Tuning the signaling
output of protein kinase C. Biochem. Soc. Trans. 42, 1477-1483. (B) Reinterpreted structure of PKCSIl [38] from lattice
packing [37] showing intramolecular autoinhibition by the C2 domain (yellow), which clamps over the kinase domain
(cyan), interfacing also with the C-terminal tail (grey). Also shown is the pseudosubstrate (red), which was modelled into
the substrate-binding cavity. Adapted from [38]: Antal, C.E., Callender, J.A., Kornov, A.R, Taylor, S.S. and Newton, A.C.

(2015) Intramolecular C2 domain-mediated autoinhibition of protein kinase Cgll. Cell Rep. 12, 1252-1260.

(pY) binding motif that binds the consensus sequence (Y/F)-
(S/A)-(V/D-pY-(Q/R)-X-(Y/F) [15]. Atypical PKCs (¢, t/1) are
not regulated by second messengers; rather their function is reg-
ulated as a result of precise positioning on protein scaffolds [16].
Indeed, the lack of regulation of atypical PKCs by second mes-
sengers suggests they should belong to their own distinct class
of enzymes. Here we focus on the second messenger-regulated
conventional and novel PKC isoenzymes — and particularly the
ubiquitously expressed cPKC (« and ) and nPKC (8 and ¢)
isoenzymes that have been implicated as pathophysiologically
important regulators in the heart.

Protein kinase C is primed by phosphorylation

Newly-synthesized PKCs are processed by a series of ordered
conformational transitions and phosphorylations that result in a
constitutively-phosphorylated species that is catalytically com-
petent and ready to respond to second messengers (Figure 2).
This species is autoinhibited but in a conformation that is relat-
ively stable, resulting in a half-life of days for the conventional
PKCs [17]. PKC that cannot be phosphorylated is rapidly de-
graded. Several molecules are necessary for the phosphorylation

and thus stabilization of PKC; inhibition or loss of any one of
them prevents PKC processing. First, the molecular chaperones
Hsp90 and Cdc34 must bind to a molecular clamp between a
conserved PXXP motif on the kinase domain and the C-terminal
tail to permit PKC processing phosphorylations [18]. Second,
the kinase complex mTORC2 performs an as yet unidentified
function that is also required to permit PKC processing by phos-
phorylation [19-21]. Conventional PKCs cannot be processed by
phosphorylation if either Hsp90 binding is prevented or if mT-
ORC2 is absent or inhibited. The first phosphorylation is cata-
lysed by the phosphoinositide-dependent kinase (PDK-1) on a
segment near the entrance to the active site called the activ-
ation loop [22,23]. This triggers two phosphorylations on the
C-terminal tail, at the turn motif and the hydrophobic motif. The
turn motif has a highly conserved LTP motif and the hydrophobic
motifis FXFSF [24]. At least in vitro, the hydrophobic motif site
is a target for an intramolecular autophosphorylation [25]. Once
cPKC isoenzymes have been processed by phosphorylation at all
three sites, phosphate on the activation loop becomes dispens-
able [24,26]. The sites on the C-terminal tail are constitutively
phosphorylated and are not a measure of the activation state of
the enzyme.
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PIP, DAG

T S S S s s e ) OO COOCOOCOOOOCT try(( messssc st s el

rét((&rr(((rrrf{(r(;(x [ = = a - r'fcw;;:rrrfrfru\((r&_gf(\(r(rrrrrfrr(u
| c2 )
<
| Kinase ‘ .
p & RN
mTORC2 - Active
Unprlmed
PHLPP
PDK-1
\ Ca2+ phosphatases
PO
/‘\
Hsp70
- K,nase , — > degradation
E "m._..
Primed Dephosphorylated
Maturation Activation Down-regulation

Model for regulation of conventional PKC by phosphorylation and second messengers

(A) Unprimed PKCBII is in a membrane-associated, open conformation in which its C1A, C1B and C2 domains are fully
exposed and the pseudosubstrate and C-terminal tail are unmasked. (B) Upon priming phosphorylation at its activation
loop (Thr®®°, magenta) by PDK-1, followed by autophosphorylation at the turn motif (Thr®4%, orange) and the hydrophobic
motif (Ser®®, green), PKCBII adopts a closed conformation in which the C2 domain interfaces with the kinase domain
and traps the pseudosubstrate into the substrate-binding site, both C1 domains become masked, and the primed enzyme
localizes to the cytosol. This autoinhibition and masking of second messenger sensors ensures efficient suppression
of activity in the absence of appropriate stimuli. (C) In response to agonists that promote PIP, hydrolysis, Ca?t binds
the C2 domain of cytosolic PKCgII via a low affinity interaction such that upon the next diffusion-controlled membrane
encounter, the Ca2t-bound C2 domain is retained at the plasma membrane via Ca2*-bridging to anionic lipids and binding
to PIP,. This rearrangement of the C2 domain is accompanied by unmasking of the hinge connecting the C2 domain and
the kinase domain. (D) Membrane-targeted PKC binds the membrane-embedded ligand, DAG, predominantly via the C1B
domain, resulting in release of the pseudosubstrate from the substrate-binding cavity, thereby activating PKC. Only one of
the C1 domains binds DAG in the membrane at a time. (E) Activated PKC is in a conformation in which the phosphorylation
sites are exposed, resulting in dephosphorylation at the hydrophobic motif by PHLPP and at the turn motif and activation
loop by okadaic-sensitive phosphatases such as PP2A. The dephosphorylated enzyme is shunted to degradation. However,
binding of Hsp70 to the dephosphorylated turn motif permits PKC to become rephosphorylated and re-enter the pool of
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signalling-competent PKC.

Novel PKCs are likely processed by similar mechanisms with
two notable exceptions. (1) PKCS and PKCn do not have an LTP
at their turn motif and this coincides with mTORC2-independent
processing [20]. (2) PKCS$ is fully processed and catalytically
active without activation loop phosphorylation [27,28]. PKC$ ac-
tivation loop phosphorylation is dynamically regulated through
an autocatalytic mechanism that does not require PDK-1 [29].
Studies with a PKC§ mutant harbouring an activation loop non-
phosphorylatable substitution indicates that activation loop phos-
phorylation plays a specific role to influence PKC§’s substrate
specificity [30]. PKCS functions as a Ser kinase (phosphorylates
substrates with Ser residues at the phosphoacceptor site) without
activation loop phosphorylation, but is converted into a ser-
ine/threonine kinase following activation loop phosphorylation
[30].

Ligand affinity is tuned by intramolecular
conformational changes

Optimal tuning of PKC activity is essential for maintaining cellu-
lar homoeostasis. Following its maturation by phosphorylation,
PKC assumes an autoinhibited conformation that ensures min-

imal signalling in the absence of agonist. In this conformation,
not only is the active site occluded by binding the pseudosub-
strate, but the ligand binding modules are masked. Early work
with PKCy revealed that its C1 domains are masked in the full-
length protein and become exposed upon Ca’*-dependent mem-
brane translocation [31]. Subsequent studies by Larsson and col-
leagues showed that the membrane translocation of unprocessed,
kinase-dead PKCw is much more sensitive to DAG than wild-
type enzyme [32] because of intramolecular interactions between
the C-terminal tail and the C2 domain that masks the C1A do-
main [33]. Surface plasmon resonance analysis and phospholipid
monolayer analyses on PKCu suggested that engagement of the
C2 domain in the membrane induces yet another intramolecular
conformational change [34] that allows the C1A and C1B do-
mains to become more exposed and thus able to bind DAG [35].
Additional experiments visualizing conformational transitions in
cells supported a model in which newly-synthesized PKC is in
an open conformation in which its membrane targeting modules
are fully exposed and thus can readily bind DAG. Subsequent
processing phosphorylations induce a series of intramolecu-
lar conformational transitions that mask the ligand binding

© 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.
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domains to optimally tune their affinity for second messengers
and thus optimize PKC’s dynamic range of signalling [36]. Recent
re-interpretation of the crystal lattice packing of PKCBII reported
by Hurley and co-workers [37] reveals the C2 domain interfaces
with the kinase domain and C-terminal tail to clamp PKC in an
autoinhibited conformation [38]. This closed, but catalytically
competent conformation reduces the affinity of the C1 domains
for DAG, thus tuning the ability of PKC to become activated in
such a way that it is inactive in the absence of DAG, but quickly
becomes activated upon its production.

Down-regulation of PKC

Because PKC activity has to be exquisitely controlled in order
to maintain cellular homoeostasis, diverse mechanisms ensure
that PKC signalling is rapidly terminated following its induc-
tion. First, removal of DAG via its phosphorylation by DAG
kinase ensures inactivation of PKC, with the decay in PKC activ-
ity following agonist stimulation tracking with the loss of DAG
[39]. Second, sustained activation of PKC as occurs with phor-
bol esters, which lock PKC on the membrane, results in the
disappearance of the enzyme, a process referred to as down-
regulation. Specifically, in the ligand-engaged membrane-bound
conformation, PKC adopts an open conformation that is read-
ily dephosphorylated [40] at the hydrophobic motif by the PH
domain leucine-rich repeat protein phosphatase (PHLPP) [41],
which shunts it to the detergent-insoluble fraction where okadaic
acid-sensitive phosphatases such as protein phosphatase 2A fur-
ther dephosphorylate PKC at the activation loop and turn motif
[42]. The isomerization of the turn motif of conventional PKCs by
the peptidyl-prolyl isomerase Pinl is necessary for conventional
PKCs to become dephosphoryled [43]. This dephosphorylated
species is then degraded [44] via ubiquitin-mediated degradation
mediated in part by the RING-finger protein that interacts with
C kinase (RINCK) E3 ligase [45]. Because the stability of PKC
depends on its phosphorylation state, the steady-state levels of
PKC are dictated by its phosphorylation. Binding to either the
natural ligand DAG or to the potent phorbol esters induces the
ubiquitination and degradation of PKC, suggesting that this is
a physiological response that terminates PKC signalling [46].
PKCou has recently been shown to be sumoylated [47], a modific-
ation that prevents its ubiquitination and down-regulation [48].
Phosphorylated PKCa has also been reported be degraded in a
proteasomal-independent manner by trafficking to the endosomal
compartment where it can be degraded via lysosomes [49] or via
a caveolae-mediated process [50].

Spatiotemporal dynamics of protein kinase C
signalling

A number of distinct fluorescence resonance energy transfer
(FRET)-based reporters have been developed to visualize the
spatial and temporal dynamics of PKC signalling in real-time
and with sub-cellular compartment resolution. For example, the
C kinase activity reporter (CKAR), which monitors activity of
all PKC isoenzymes, was developed based on an optimal, de
novo, PKC substrate sequence [51]. Upon phosphorylation of
this substrate by PKC, the phospho-peptide binding domain of
the reporter binds the phosphorylated substrate sequence, leading

to a conformational change and thus a change in FRET that is
used as a read-out for PKC activity. Inhibition of PKC leads to
dephosphorylation of the reporter by phosphatases, thus revers-
ing the FRET change; this enables the reporter to monitor the
antagonistic dynamics between PKC and phosphatases. Another
reporter, KCP-1, is based on the PKC substrate pleckstrin and
measures the activity of novel PKC isoenzymes [52]. The Eevee-
PKCp FRET biosensor was designed on an Eevee backbone that
renders the FRET signal mostly distance dependent and excludes
the orientation-dependent FRET signal because of a long flexible
linker [53]. The presence of the C1 domain of PKCS fused at
the N-terminus of this biosensor allows simultaneous measure-
ment of PKC activity and PKC translocation with one reporter.
Isoenzyme-specific reporters such as SCKAR, a PKC§-specific
reporter, were later developed [54]. Considering that one of the
limitations on PKC research is the lack of isoenzyme-specific
modulators, such reporters provide a powerful approach to dis-
cerning the contribution of specific PKC isoenzymes and their
redundancy.

Because FRET-based reporters are genetically encoded, they
can be targeted to diverse intracellular compartments to spe-
cifically measure PKC activity at these sites. For example, pm-
CKAR and Eevee-PKC-pm were targeted to the plasma mem-
brane 51,53]. pmCKAR revealed that PKC activity oscillates on
and off at the plasma membrane and that this is phase locked
with oscillations in Ca>* [51]. Studies with CKAR targeted to
different subcellular regions revealed that PKC activity is more
sustained at the Golgi compared with the plasma membrane or
the cytosol and that this is attributable to the persistence of DAG
at this membrane [55]. A nuclear-localized CKAR reporter iden-
tified PKC activity in the nucleus, although the levels of PKC
activity in the nucleus are relatively low due to suppression by
a high local level of phosphatase activity. A PKC3s-specific re-
porter targeted to the nucleus was used to establish that PKC3
translocates to the nucleus in a Src dependent, and a phorbol
ester-independent, manner [54]. This isoenzyme was also shown
to be active at the outer membrane of the mitochondria, where
its catalytic activity is required for this interaction [56]. PKC
activity reporters can also be targeted or fused to scaffolds in or-
der to measure PKC activity at these sites. For example, CKAR
fused to an A-kinase anchoring protein revealed that binding to
a scaffold changes the pharmacological profile of PKC in that
PKC becomes refractory to active site inhibitors while engaged
on a scaffold [57]. In conclusion, these studies using targeted
and/or isoenzyme-specific PKC reporters not only revealed that
PKC is active at diverse subcellular compartments, but that the
temporal dynamics of its signalling differ among these com-
partments based on the presence of second messengers and of
phosphatases.

Tipping the balance: protein kinase C in disease

As described above, the signalling output of PKC is exquisitely
controlled. Binding to molecular chaperones, peptidyl-prolyl iso-
merization, and post translational modifications such as phos-
phorylation, sumoylation and ubiquitination are among the mech-
anisms that control the steady-state levels of the enzyme. PKC
activity is then dynamically controlled through conformational
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Non-canonical PKC activation mechanisms: proteolytic cleavage of PKCux and tyrosine phosphorylation of PKC§

Left: Calpain cleavage of PKCux at a site in the hinge region results in the release of a catalytically active kinase domain
fragment that targets to the nucleus and induces pathological cardiac remodelling. Right: PKCS§ is recovered from resting
cardiomyocytes as a Ser®®7-phosphorylated/lipid-dependent serine kinase; the pink circle denotes phosphorylation at
Ser3%7 in the ATP-positioning G-loop in the kinase domain. Oxidative stress leads to the activation of Src family kinases and
the phosphorylation of PKCS at Tyr3!! (denoted by the purple circle). This generates a docking site for the phosphotyrosine
binding C2 domain, results in a C2 domain—pTyr3'! interaction that induces long-range conformational changes that
culminate in Ser3%” dephosphorylation. PKC$ is converted into a lipid-independent serine/threonine kinase as a result of

the decrease in G-loop Ser3%” phosphorylation.

transitions that result from second messenger binding. Deregula-
tion of any of the mechanisms that control PKC can contribute
to pathophysiological phenotypes. Insufficient PKC activity tips
the balance towards cancer, with mutations in human cancer thus
being loss-of-function [8]. On the other hand, increased PKC
activity has been identified in neurodegenerative diseases such as
spinocerebellar ataxia 14 [58,59], Alzheimer’s disease [60,61],
ischaemic neurodegeneration [62] and heart disease [11-13].
However, studies of PKC in various cardiac models emphas-
ize that PKC actions are isoenzyme specific and that there are
yet additional mechanisms such as cleavage and enzyme phos-
phorylation that ‘fine-tune’ PKC activity and contribute to cer-
tain pathological phenotypes. The following section elaborates on
PKC isoenzyme regulation and function that have been identified
in heart disease.

PROTEIN KINASE C IN HEART DISEASE

Early studies established that cardiomyocytes co-express mul-
tiple PKC isoenzymes that display distinct subcellular localiza-
tion patterns [5]. However, progress towards defining a precise
functional role for any individual PKC isoenzyme has been slow,
in large part because PKC enzymes phosphorylate a large num-
ber of cellular substrates, sit at nodal points in a large number
of signal transduction pathways (including those activated by
G protein-coupled receptors, receptor tyrosine kinases, integrin

mediated cell-matrix adhesion pathways, mechanosensing path-
ways and oxidative stress) and play pleiotropic roles in a wide
range of cellular responses. Progress has also been slow because
many of the studies designed to interrogate PKC isoenzyme-
specific function in the heart have relied on peptide inhibitors
of enzyme translocation to membranes [63]. This approach is
based upon the assumption that individual PKCs are active only
when docked to their cognate receptor for activated C kinase
(RACK), the specific scaffolding protein that functions to an-
chor an activated PKC isoenzyme to its specific membrane sub-
domain in close proximity to its target substrates. However, re-
cent studies in cardiac models expose non-canonical mechanisms
for PKC activation involving proteolytic cleavage or tyrosine
phosphorylation (Figure 3). These mechanisms are triggered by
oxidative/pro-apoptotic stresses and generate catalytically active
‘rogue’ kinases that can phosphorylate substrates throughout the
cell, not just in membrane compartments. Studies that relied on
translocation inhibitor peptides never considered possible altern-
ative modes for PKC activation that would be refractory to this
type of inhibition and might drive certain pathological cardiac
phenotypes. This section interprets the results of previous stud-
ies that have attempted to deconvolute PKC isoenzyme-specific
functions in the heart in the context of these newer concepts
regarding PKC isoenzyme localization and activation.

cPKC isoenzymes (PKCo and PKCp)
Early studies from the Molkentin laboratory showed that
adenoviral-mediated PKCa« overexpression induces hypertrophy

© 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.
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in cultured neonatal rat ventricular cardiomyocytes [64]. Al-
though these results were taken as evidence that PKCa acts
as a direct inducer of the cardiomyocyte growth response, sub-
sequent studies in more physiologically relevant mouse models
indicated PKCa’s primary/direct role is to regulate cardiac con-
tractility; any links between PKCa and cardiac hypertrophy are
the secondary consequence of changes in cardiac contractility.
Specifically, Braz et al. [65] showed that the hearts of PKC«
knockout mice are hypercontractile, but these mice hypertrophy
in response to transverse aortic coarctation (TAC) induced pres-
sure overload in a manner that is indistinguishable from the
hypertrophic response displayed by wild-type mice. In fact,
the enhanced cardiac contractility observed in PKCa knock-
out mice confers protection against TAC-induced heart failure.
Conversely, mice with modest levels of PKCa overexpression
develop contractile dysfunction; signs of decreased contractile
performance are evident by ~4 months of age when the hearts
are still grossly normal. The animals develop overt signs of car-
diac hypertrophy only at 6-8 months, when contractile func-
tion has further deteriorated. These investigators then went on to
show that PKCw regulates cardiac contraction by phosphorylat-
ing inhibitor-1, a negative regulator of protein phosphatase-1
(PP-1); PP-1 regulates cardiac contractility by dephosphorylat-
ing phospholamban (PLB), the negative regulator of the sarco-
plasmic reticulum Ca?>* ATPase (SERCA-2) pump in the
sarcoplasmic reticulum (SR). The decrease in inhibitor-1 phos-
phorylation in PKCe« knockout mice (and the resultant decrease
in PP-1 activity and increased PLB phosphorylation) leads to en-
hanced SERCA-2 activity, increased calcium transients and en-
hanced cardiac contractility. Conversely, PKCa overexpression
increases inhibitor-1 phosphorylation; the resultant increase in
PP-1 activity leads to a decrease in PLB phosphorylation. Since
hypophosphorylated PLB is an effective inhibitor of SERCA-2,
this leads to a decrease in SR Ca?* loading, SR Ca?* release, and
cardiac contractility.

Although studies in genetic models of PKCu gene deletion
or PKCa overexpression in mice have focused on inhibitor-1
as the PKCa substrate that mediates changes in cardiac con-
tractility, it is important to note that PKCa phosphorylates a
large number of other cellular proteins that are predicted to also
either directly or indirectly regulate cardiac contraction, includ-
ing the oc subunit of the L-type calcium channel [66], vari-
ous sarcomeric proteins that influence cardiomyocyte contrac-
tion and myocardial stiffness (including cardiac troponin I, car-
diac troponin T, myosin binding protein C and titin [67-69]) and
G protein-coupled receptor kinase 2 (GRK2); PKCa-dependent
phosphorylation of GRK2 leads to enhanced enzyme activity
and B-adrenergic receptor desensitization [70]. Studies to date
have not formally excluded possible alternate roles for these
PKCu substrates in the cardiac phenotypes that develop in these
models.

Irrespective of mechanism, the observation that PK Cor knock-
out mice develop a cardioprotective phenotype provided the ra-
tionale to examine whether pharmacological inhibitors of PKCa
(the most abundant cPKC isoenzyme in cardiomyocytes [71,72])
could provide protection in various animal models of heart fail-
ure. Studies showing that cPKC-selective bisindolylmaleimide

compounds such as Ro-32-0432 or ruboxistaurin (LY333531)
enhance contractility and left ventricular developed pressure in
wild-type and PKCpB/y knockout, but not PKCo knockout mice,
have been interpreted as evidence that these compounds exert
their pharmacological effects by inhibiting PKCe (and not other
PKC isoenzymes or related enzymes) and that PKCe is a primary
negative regulator of cardiac contractility [71,73]. Subsequent
studies showed that Ro-32-0432 enhances contractility in certain
heart failure models [muscle LIM protein (MLP) gene deletion
or Gaq overexpression] and that Ro-31-8220 (a related bisin-
dolylmaleimide compound that can be produced more econom-
ically and therefore is better suited for long-term studies) res-
cues cardiac contractile function in MLP knockout™ mice [71].
Finally, the observations that the inotropic support that devel-
ops in response to PKCea inhibitors is well tolerated and that
ruboxistaurin confers protection in a pig model of myocardial
infarction-induced heart failure [74] have been touted as evid-
ence that PKCe inhibitory compounds may be useful as novel
therapeutics for some clinical models of heart failure in humans,
particularly since ruboxistaurin has been used safely in large scale
clinical trials in humans [75].

Efforts to develop PKCa-targeted compounds as novel thera-
peutics for cardiac indications will have to consider possible
alternative modes for PKCo activation. In particular, there is
evidence that PKCa can be activated via a non-canonical mechan-
ism that does not involve translocation to membranes, but rather
involves a proteolytic cleavage by calpains (calcium-activated
cysteine proteases) in the calcium-overloaded ischaemic heart
[76,77] (Figure 3, left). Calpain cleaves PKCw at a site in the
V3 hinge region of the enzyme, liberating a C-terminal cata-
lytic domain fragment (termed PKMw). PKMw acts as an un-
regulated/mislocalized ‘rogue’ kinase; it partitions to the nucleus
where it phosphorylates histone deacetylase 5 (HDACS, a signal-
responsive repressor of myocyte enhancer factor 2 [MEF2]-
dependent pathological gene programmes and cardiac remod-
elling). This neutralizes the anti-hypertensive actions of HDACS,
leading to de-repression of MEF2-dependent gene expression
and bi-ventricular dilation and contractile dysfunction. A PKCa-
targeted therapeutic must exhibit activity toward the PKCe cata-
lytic domain fragment.

The cardiac actions of PKCg — and particularly the notion that
PKCB also contributes to cardiac growth and/or pathological car-
diac remodelling — are less convincing for several reasons. First,
although some early studies identified PKCB immunoreactivity
in a number of cardiomyocyte preparations, this result was only
variably reproduced by other investigators [78—80]. Issues related
to the sensitivity/specificity of the antibodies used in the various
studies never adequately resolved these discrepancies, which re-
main unresolved in the literature. In this context, there is general
consensus that PKCe is the predominant PKC isoenzyme in car-
diomyocytes [71,72]; it is expressed at levels that are consider-
ably higher than the nPKCs (PKCe and PKCS§) or any PKCg that
might be co-expressed in these preparations. Second, although
there is evidence that transgenic mice that overexpress high
levels of PKCp from birth through adulthood develop severe car-
diomyopathic changes (including depressed contractility, muli-
focal cardiac fibrosis and dystrophic calcification [81,82]), the
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physiological significance of these findings remains uncertain.
This is because (a) studies in a binary transgenic mouse model
(that allow for spatial and temporal control of PKCS expression)
implicate PKCp in calcium cycling abnormalities and sudden
death in the perinatal period, but only a relatively mild/progressive
form of ventricular hypertrophy with impaired diastolic function
but no gross histological evidence of pathological changes in
the adult [83], and (b) studies in PKCpB knockout mice provide
convincing evidence that PKCp is not required for the induction
of cardiac hypertrophy [73,84]. In fact, although there is literat-
ure showing that PKC§g is selectively activated in the setting of
uncontrolled diabetes (due to either glucose-induced de novo syn-
thesis of DAG from glycolytic intermediates or hyperglycaemia-
induced generation of reactive oxygen species) [85,86], there is
only limited evidence that PKCS contributes to the pathogen-
esis of diabetes-associated cardiac dysfunction in certain exper-
imental models of diabetes in rats [87,88]. Rather, ruboxistaurin
(the PKCB inhibitor compound developed by Eli Lilly and Com-
pany) has been evaluated as a therapy for diabetic retinopathy
based upon the rationale that PKCpB is the predominant PKC
isoenzyme in the retina and it is activated at an early stage in
diabetes, before any clinical evidence of retinopathy [89,90]. Al-
though early clinical trials with ruboxistaurin as a therapy for dia-
betic retinopathy were promising, Eli Lilly and Company dropped
this compound from its development pipeline in 2006 when the
FDA announced that it was unwilling to give approval without
an additional 3 year, phase III, clinical trial that provides fur-
ther evidence of efficacy. In the interim, there continues to be
some interest in ruboxistaurin (a drug that actually also inhib-
its other cPKCs and PIM1 [73,91]) for the therapy of diabetic
peripheral neuropathy or diabetic nephropathy, but attempts to
develop ruboxistaurin for cardiac indications have been conspicu-
ously absent.

nPKC isoenzymes (PKC4§ and PKCe¢)

Our current concepts regarding the cardiac actions of PKCe and
PKC3 derive in large part from studies that rely on peptide trans-
location inhibitors to identify nPKC isoenzyme-specific actions
or studies that characterize the phenotype of nPKC knockout
mice. Although nPKCs exert pleiotropic effects on a range of
structural and functional properties of the cardiomyocyte, stud-
ies to date have focused almost exclusively on nPKC-dependent
events in mitochondria that mediate ischaemic preconditioning
(IPC), amechanism whereby transient ischaemic episodes protect
against a subsequent severe ischaemia/reperfusion injury. Stud-
ies that rely on peptide translocation inhibitors to identify PKC
isoenzyme-specific actions suggest antithetical roles for PKCe
and PKC$ in cardioprotective and pro-apoptotic responses. These
studies show that an activated form of PKCe localizes to mito-
chondria where it phosphorylates components of the mitochon-
drial IPC signalling machinery that contribute to cardioprotection
[92] and that PKCég-activated events in mitochondria contribute
to ischaemia-reperfusion injury by decreasing intracellular pH
and ATP production, increasing mitochondrial ROS accumula-
tion, inhibiting the cytoprotective AKT-BAD phosphorylation
pathway, and promoting the release of cytochrome c, the ac-
tivation of caspase 3 and the induction of apoptosis [93-96].

Review Article

However, it is worth emphasizing that experiments that rely
exclusively on peptide translocation activators or inhibitors to
identify PKC isoenzyme-specific function assume a single allos-
teric model for PKC enzyme activation by lipid cofactors (i.e. a
lipid cofactor-dependent translocation mechanism that delivers
the enzyme in an active conformation to DAG-enriched plasma
membranes); this ignores a considerable literature showing that
certain PKC isoenzymes (most notably PKC§) can be recovered
as lipid-independent enzymes in the soluble fraction of cardi-
omyocytes subjected to various forms of oxidative stress [97,98].
It also ignores evidence that PKC§ can contribute to receptor-
dependent pathways that activate protein kinase D and thereby
influence HDACS5- and/or CREB-dependent transcriptional pro-
grammes that promote cardiomyocyte growth/survival and in-
duce cardioprotection [99—102]. In this context, it is worth not-
ing that PKC§ and PKCe knockout mice have been available for
~15 years [103—105] but these mice have never been used to val-
idate the assumption that the cardiac phenotypes that develop in
response to treatment with nPKC translocation modifier peptides
are due exclusively to the specific inhibition of nPKCs rather than
some off-target actions.

Until quite recently, the studies that have attempted to define
the cardiac actions of PKC§ and PKCe in knockout mouse models
also have been inconclusive. For example, Mayr et al. reported
that PKC§ knockout mice display proteomic and metabolomic
evidence of altered energy metabolism, with a decrease in certain
glycolytic enzymes and glycolytic end-products and an increase
in several enzymes involved in lipid metabolism and end products
of lipid metabolism [106] and that PKC§ knockout mice show a
defect in their metabolic adaptation to ischaemia preconditioning
[99]. However, mice lacking either PKC§ or PKCe alone do not
develop any gross baseline cardiac phenotype. In fact, although
some studies in PKCe knockout mice have been interpreted as
evidence that PKCe plays a role in IPC [107], the results obtained
in the PKCe knockout mouse model are undermined by the fact
that these mice display a compensatory increase in PKC§ protein
and activity [107,108].

Recognizing that conventional gene ablation methods produce
only very modest and/or uninterpretable phenotypes, Song et al.
recently generated mice with combined postnatal cardiac-specific
genetic ablation of PKC§ and germline deletion of PKCe as a
strategy to deconvolute the cardiac actions of PKC§ and PKCe.
These mice have no gross baseline cardiac phenotype by histology
and or measurements of contractile performance. However, they
display a markedly abnormal cardiac transcriptome, with changes
in gene expression that are reminiscent of pathological cardiac
hypertrophy. They also display an accelerated/exaggerated re-
sponse to TAC-induced pressure overload; this is quite distinct
from the responses to TAC-induced pressure overload in single
PKCe or PKCS$ knockout mice, which are indistinguishable from
wild-type mice [109]. These investigators also showed that the
growth limiting effects of PKCé$ and PKCe are not restricted to
the adult heart, since combined embryonic PKC§/PKCe double
knockout (but not single PKCSs or PKCe knockout) results in
enhanced cardiomyocyte growth, pathological ventricular stiff-
ening and early lethality. Collectively, these newer studies — in
the context of previous experiments in cardiomyocyte cultures
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[29] — emphasize that the interpretation of any cardiac
phenotype in single PKCé or PKCe knockout models is con-
founded by the high level of signalling cross-talk and functional
redundancy between nPKC isoenzymes. In stark contrast with the
literature (derived largely from studies with translocation modify-
ing peptide) which ascribes antithetical roles to PKC§ and PKCe
in cardiac growth and ischaemia/reperfusion injury responses,
these studies provide compelling evidence that PKCS§ and PKCe
play similar roles to limit cardiomyocyte growth and ventricu-
lar fibrosis/remodelling, and that the presence of either PKC§ or
PKCe alone is sufficient to restrict the cardiac stress response
to haemodynamic overload. These tonic effects of nPKCs to re-
strain cardiomyocyte growth responses might limit the efficacy
of any nPKC-targeted inhibitor that displays less than optimal
nPKC isoenzyme specificity.

Finally, any efforts to develop PKCs-targeted therapeutics
must consider an alternate mode for PKCS§ activation during ox-
idative stress. Oxidative stress (which contributes to the patho-
genesis of ischaemic injury) releases PKCé from membranes and
activates Src, which then phosphorylates PKC$ at Tyr*!! [110].
(Note: Tyr’'! in rodent PKC$ corresponds to Tyr’'* in human
PKCS.) Studies that used molecular and biochemical approaches
implicated Tyr’!! phosphorylation as the mechanism underlying
the redox-dependent increase in PKCS§ catalytic activity, show-
ing that PKCS$ acts as a serine kinase (it shows a clear prefer-
ence for substrates with a serine residue at the phosphoacceptor
site) when allosterically-activated by lipid-cofactors and that
PKCS$ becomes a lipid-independent kinase that phosphorylates
substrates with either serine or threonine residues at the phos-
phoacceptor site (i.e. it becomes a serine/threonine kinase) when
Tyr*!! is phosphorylated by Src [30]. PKC$’s unique C2 domain
(which has been characterized as a phosphotyrosine binding mod-
ule [15]) functions as an additional structural determinant of the
Tyr3!! phosphorylation-dependent change in PKC§’s enzymology
(Figure 3, right). Tyr3!! in PKC§’s V3 hinge region is flanked by
an optimal C2 domain consensus binding motif. Hence, Src-
induced phosphorylation of PKC$§ at Tyr’!! generates a binding
site for the C2 domain. The redox-induced C2 domain—pTyr3!!
interaction controls PKC$ catalytic activity indirectly by facil-
itating PKC3 dephosphorylation at a novel phosphorylation site
in the highly conserved Gly-rich ATP-positioning loop (G-loop)
sequence at Ser®®’ (Ser’’ in the rodent sequence corresponds
to Ser* in human PKC$ [111]). PKCS displays a high level
of Ser*”’ phosphorylation in resting cells; oxidative stress pro-
motes the docking interaction between the C2 domain and the
Tyr3!! phosphorylated hinge region of the enzyme and leads to
decreased G-loop Ser®” phosphorylation. Mutagenesis studies
implicate Ser*>” dephosphorylation as the mechanism underlying
the redox-dependent change in PKC§’s enzymology, showing that
PKC§-S357A is a constitutively active lipid-independent enzyme
and that the non-phosphorylatable S357A substitution facilitates
(and a phosphomimetic S357E substitution completely abrog-
ates) PKC§’s Thr kinase activity [111]. These results identify
G-loop Ser*’ phosphorylation as a novel dynamically-regulated
mechanism that controls PKCé’s lipid-requirement for activation
and its phosphoacceptor site specificity. Importantly, the redox-
dependent G-loop Ser**’ dephosphorylation mechanism accounts

for the cellular actions of PKCS in cells subjected to oxidative
stress, where PKC$S phosphorylates substrates throughout the cell
(not just on lipid membranes).

SUMMARY

This review summarizes our current understanding of the vari-
ous maturational and stimulus-induced mechanisms that regulate
signalling by individual PKCs and the role of individual PKCs
in the pathogenesis of cardiac disorders. It is important to note
that this narrative is based upon an experimental literature that
considers mechanisms for individual PKCs separately, but these
enzymes are part of elaborate and complex signalling networks
in cells. Understanding the ensemble effects of the many indi-
vidual PKC-driven events that contribute to the pathogenesis of
heart disease and other clinical disorders presents both challenges
and opportunities for the development of novel PKC-targeted
therapeutics.

FUNDING

This work was supported by the National Institutes of Health [grant
numbers RO1 GM43154 (to A.C.N.) and HL123061 (to S.FE.S.)];
the UCSD Graduate Training Program in Cellular and Molecular
Pharmacology [grant number T32 GM0O07752 (to C.E.A.)]; and the
NSF Graduate Research Fellowship [grant number DGE1144086
(to C.E.A.)].

REFERENCES

1 Rosse, C., Linch, M., Kermorgant, S., Cameron, A.J., Boeckeler,
K. and Parker, RJ. (2010) PKC and the control of localized
signal dynamics. Nat. Rev. Mol. Cell. Biol. 11, 103-112
CrossRef PubMed

2 Newton, A.C. (2010) Protein kinase C: poised to signal. Am. J.
Physiol. 298, E395-E402

3 Griner, E.M. and Kazanietz, M.G. (2007) Protein kinase C and
other diacylglycerol effectors in cancer. Nat. Rev. Cancer 7,
281-294 CrossRef PubMed

4  Steinberg, S.F. (2008) Structural basis of protein kinase C
isoform function. Physiol. Rev. 88, 1341-1378
CrossRef PubMed

5 Steinberg, S.F. (2012) Cardiac actions of protein kinase C
isoforms. Physiology (Bethesda) 27, 130-139
CrossRef PubMed

6 Newton, A.C. (2004) Diacylglycerol’s affair with protein kinase C
turns 25. Trends Pharmacol. Sci. 25, 175-177
CrossRef PubMed

7 Battaini, F. and Mochly-Rosen, D. (2007) Happy birthday protein
kinase C: past, present and future of a superfamily. Pharmacol.
Res. 55, 461-466 CrossRef PubMed

8 Antal, C.E., Hudson, A.M., Kang, E., Zanca, C., Wirth, C.,
Stephenson, N.L., Trotter, E.W., Gallegos, L.L., Miller, C.J.,
Furnari, F.B. et al. (2015) Cancer-associated protein kinase C
mutations reveal kinase’s role as tumor suppressor. Cell 160,
489-502 CrossRef PubMed

9 Palaniyandi, S.S., Sun, L., Ferreira, J.C. and Mochly-Rosen, D.
(2009) Protein kinase C in heart failure: a therapeutic target?
Cardiovasc. Res. 82, 229-239 CrossRef PubMed

10 Mackay, H.J. and Twelves, C.J. (2007) Targeting the protein
kinase C family: are we there yet? Nat. Rev. Cancer 7,
554-562 CrossRef PubMed

1506

© 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.


http://dx.doi.org/10.1038/nrm2847
http://www.ncbi.nlm.nih.gov/pubmed/20094051
http://dx.doi.org/10.1038/nrc2110
http://www.ncbi.nlm.nih.gov/pubmed/17384583
http://dx.doi.org/10.1152/physrev.00034.2007
http://www.ncbi.nlm.nih.gov/pubmed/18923184
http://dx.doi.org/10.1152/physiol.00009.2012
http://www.ncbi.nlm.nih.gov/pubmed/22689788
http://dx.doi.org/10.1016/j.tips.2004.02.010
http://www.ncbi.nlm.nih.gov/pubmed/15116719
http://dx.doi.org/10.1016/j.phrs.2007.05.005
http://www.ncbi.nlm.nih.gov/pubmed/17582783
http://dx.doi.org/10.1016/j.cell.2015.01.001
http://www.ncbi.nlm.nih.gov/pubmed/25619690
http://dx.doi.org/10.1093/cvr/cvp001
http://www.ncbi.nlm.nih.gov/pubmed/19168855
http://dx.doi.org/10.1038/nrc2168
http://www.ncbi.nlm.nih.gov/pubmed/17585335

PKC and cardiac remodelling

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Belin, R.J., Sumandea, M.R, Allen, E.J., Schoenfelt, K., Wang,
H., Solaro, R.J. and de Tombe, PR (2007) Augmented protein
kinase Ca-induced myofilament protein phosphorylation
contributes to myofilament dysfunction in experimental
congestive heart failure. Circ. Res. 101, 195-204

CrossRef PubMed

Takeishi, Y., Ping, P, Bolli, R., Kirkpatrick, D.L., Hoit, B.D. and
Walsh, R.A. (2000) Transgenic overexpression of constitutively
active protein kinase Ce causes concentric cardiac hypertrophy.
Circ. Res. 86, 1218-1223 CrossRef PubMed

Bowling, N., Walsh, R.A., Song, G., Estridge, T., Sandusky, G.E.,
Fouts, R.L., Mintze, K., Pickard, T., Roden, R., Bristow, M.R.

et al. (1999) Increased protein kinase C activity and expression
of Ca?+-sensitive isoforms in the failing human heart.
Circulation 99, 384-391 CrossRef PubMed

Liu, Q. and Molkentin, J.D. (2011) Protein kinase Ca as a heart
failure therapeutic target. J. Mol. Cell Cardiol. 51, 474-478
CrossRef PubMed

Benes, C.H., Wu, N., Elia, A.E., Dharia, T., Cantley, L.C. and
Soltoff, S.R (2005) The C2 domain of PKCS is a
phosphotyrosine binding domain. Cell 121, 271-280

CrossRef PubMed

Tobias, 1.S. and Newton, A.C. (2016) Protein scaffolds control
localized protein kinase C¢ activity. J. Biol. Chem.
doi:10.1074/jbc.M116.729483

Lee, Y.S., Dlugosz, A.A., McKay, R., Dean, N.M. and Yuspa, S.H.
(1997) Definition by specific antisense oligonucleotides of a
role for protein kinase Cua in expression of differentiation
markers in normal and neoplastic mouse epidermal
keratinocytes. Mol. Carcinog. 18, 44-53 CrossRef PubMed
Gould, C.M., Kannan, N., Taylor, S.S. and Newton, A.C. (2009)
The chaperones Hsp90 and Cdc37 mediate the maturation and
stabilization of protein kinase C through a conserved PXXP
motif in the C-terminal tail. J. Biol. Chem. 284, 4921-4935
CrossRef PubMed

Guertin, D.A., Stevens, D.M., Thoreen, C.C., Burds, A.A.,
Kalaany, N.Y., Moffat, J., Brown, M., Fitzgerald, K.J. and
Sabatini, D.M. (2006) Ablation in mice of the mTORC
components raptor, rictor, or mLST8 reveals that mTORC2 is
required for signaling to AKT-FOXO and PKCe«, but not S6K1.
Dev. Cell 11, 859-871 CrossRef PubMed

lkenoue, T., Inoki, K., Yang, Q., Zhou, X. and Guan, K.L. (2008)
Essential function of TORC2 in PKC and AKT turn motif
phosphorylation, maturation and signalling. EMBO J. 27,
1919-1931 CrossRef PubMed

Facchinetti, V., Ouyang, W., Wei, H., Soto, N., Lazorchak, A.,
Gould, C., Lowry, C., Newton, A.C., Mao, Y., Miao, R.Q. et al.
(2008) The mammalian target of rapamycin complex 2 controls
folding and stability of AKT and protein kinase C. EMBO J. 27,
1932-1943 CrossRef PubMed

Dutil, E.M., Toker, A. and Newton, A.C. (1998) Regulation of
conventional protein kinase C isozymes by
phosphoinositide-dependent kinase 1 (PDK-1). Curr. Biol. 8,
1366-1375 CrossRef PubMed

Le Good, J.A., Ziegler, W.H., Parekh, D.B., Alessi, D.R., Cohen, R
and Parker, RJ. (1998) Protein kinase C isotypes controlled by
phosphoinositide 3-kinase through the protein kinase PDK1.
Science 281, 2042-2045 CrossRef PubMed

Keranen, L.M., Dutil, E.M. and Newton, A.C. (1995) Protein
kinase C is regulated in vivo by three functionally distinct
phosphorylations. Curr. Biol. 5, 1394-1403 CrossRef PubMed
Behn-Krappa, A. and Newton, A.C. (1999) The hydrophobic
phosphorylation motif of conventional protein kinase C is
regulated by autophosphorylation. Curr. Biol. 9, 728-737
CrossRef PubMed

Sonnenburg, E.D., Gao, T. and Newton, A.C. (2001) The
phosphoinositide-dependent kinase, PDK-1, phosphorylates
conventional protein kinase C isozymes by a mechanism that is
independent of phosphoinositide 3-kinase. J. Biol. Chem. 276,
45289-45297 CrossRef PubMed

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

Review Article

Stempka, L., Girod, A., Muller, H.J., Rincke, G., Marks, F.,
Gschwendt, M. and Bossemeyer, D. (1997) Phosphorylation of
protein kinase C§ at threonine 505 is not a prerequisite for
enzymatic activity. J. Biol. Chem. 272, 6805-6811

CrossRef PubMed

Liu, Y., Belkina, N.V., Graham, C. and Shaw, S. (2006)
Independence of protein kinase C-§ activity from activation loop
phosphorylation: structural basis and altered functions in cells.
J. Biol. Chem. 281, 12102-12111

CrossRef PubMed

Rybin, V.0., Guo, J., Gertsberg, Z., Elouardighi, H. and
Steinberg, S.F. (2007) Protein kinase C-¢ and Src

control protein kinase C-§ activation loop phosphorylation in
cardiomyocytes. J. Biol. Chem. 282, 23631-23638

CrossRef PubMed

Sumandea, M.R, Rybin, V.0., Hinken, A.C., Wang, C., Kobayashi,
T., Harleton, E., Sievert, G., Balke, C.W., Feinmark, S.J., Solaro,
R.J. and Steinberg, S.F. (2008) Tyrosine phosphorylation
modifies PKCs-dependent phosphorylation of cardiac troponin I.
J. Biol. Chem. 283, 22680-22689 CrossRef PubMed

Oancea, E. and Meyer, T. (1998) Protein kinase C as a
molecular machine for decoding calcium and diacylglycerol
signals. Cell 95, 307-318 CrossRef PubMed

Stensman, H., Raghunath, A. and Larsson, C. (2004)
Autophosphorylation suppresses whereas kinase inhibition
augments the translocation of protein kinase Cu in response to
diacylglycerol. J. Biol. Chem. 279, 40576-40583

CrossRef PubMed

Stensman, H. and Larsson, C. (2007) Identification of acidic
amino acid residues in the protein kinase Ca V5 domain that
contribute to its insensitivity to diacylglycerol. J. Biol. Chem.
282, 28627-28638 CrossRef PubMed

Stahelin, R.V. and Ch, W. (2001) Roles of calcium ions in the
membrane binding of C2 domains. Biochem. J. 359, 679-685
CrossRef PubMed

Bittova, L., Stahelin, R.V. and Cho, W. (2001) Roles of ionic
residues of the C1 domain in protein kinase Ca activation and
the origin of phosphatidylserine specificity. J. Biol. Chem. 276,
4218-4226 CrossRef PubMed

Antal, C.E., Violin, J.D., Kunkel, M.T., Skovso, S. and Newton,
A.C. (2014) Intramolecular conformational changes optimize
protein kinase C signaling. Chem. Biol. 21, 459-469

CrossRef PubMed

Leonard, T.A., Rozycki, B., Saidi, L.F., Hummer, G. and Hurley,
J.H. (2011) Crystal structure and allosteric activation of protein
kinase Cpll. Cell 144, 55-66 CrossRef PubMed

Antal, C.E., Callender, J.A., Kornov, A.R, Taylor, S.S. and
Newton, A.C. (2015) Intramolecular C2 domain-mediated
autoinhibition of protein kinase CSll. Cell Rep. 12, 1252-1260
CrossRef PubMed

Gallegos, L.L., Kunkel, M.T. and Newton, A.C. (2006) Targeting
protein kinase C activity reporter to discrete intracellular
regions reveals spatiotemporal differences in
agonist-dependent signaling. J. Biol. Chem. 281,
30947-30956 CrossRef PubMed

Dutil, E.M., Keranen, L.M., DePaoli-Roach, A.A. and Newton,
A.C. (1994 In vivo regulation of protein kinase C by
trans-phosphorylation followed by autophosphorylation. J. Biol.
Chem. 269, 29359-29362 PubMed

Gao, T, Brognard, J. and Newton, A.C. (2008) The phosphatase
PHLPP controls the cellular levels of protein kinase C. J. Biol.
Chem. 283, 6300-6311 CrossRef PubMed

Hansra, G., Bornancin, F., Whelan, R., Hemmings, B.A. and
Parker, PJ. (1996) 12-O-Tetradecanoylphorbol-13-acetate-
induced dephosphorylation of protein kinase C a correlates with
the presence of a membrane-associated protein phosphatase
2A heterotrimer. J. Biol. Chem. 271, 32785-32788

CrossRef PubMed

© 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.

1507


http://dx.doi.org/10.1161/CIRCRESAHA.107.148288
http://www.ncbi.nlm.nih.gov/pubmed/17556659
http://dx.doi.org/10.1161/01.RES.86.12.1218
http://www.ncbi.nlm.nih.gov/pubmed/10864911
http://dx.doi.org/10.1161/01.CIR.99.3.384
http://www.ncbi.nlm.nih.gov/pubmed/9918525
http://dx.doi.org/10.1016/j.yjmcc.2010.10.004
http://www.ncbi.nlm.nih.gov/pubmed/20937286
http://dx.doi.org/10.1016/j.cell.2005.02.019
http://www.ncbi.nlm.nih.gov/pubmed/15851033
http://dx.doi.org/10.1002/(SICI)1098-2744(199701)18:1
elax protect $
elax <$44::AID-MC6
elax protect $
elax >$3.0.CO;2-R
http://www.ncbi.nlm.nih.gov/pubmed/9022812
http://dx.doi.org/10.1074/jbc.M808436200
http://www.ncbi.nlm.nih.gov/pubmed/19091746
http://dx.doi.org/10.1016/j.devcel.2006.10.007
http://www.ncbi.nlm.nih.gov/pubmed/17141160
http://dx.doi.org/10.1038/emboj.2008.119
http://www.ncbi.nlm.nih.gov/pubmed/18566587
http://dx.doi.org/10.1038/emboj.2008.120
http://www.ncbi.nlm.nih.gov/pubmed/18566586
http://dx.doi.org/10.1016/S0960-9822(98)00017-7
http://www.ncbi.nlm.nih.gov/pubmed/9889098
http://dx.doi.org/10.1126/science.281.5385.2042
http://www.ncbi.nlm.nih.gov/pubmed/9748166
http://dx.doi.org/10.1016/S0960-9822(95)00277-6
http://www.ncbi.nlm.nih.gov/pubmed/8749392
http://dx.doi.org/10.1016/S0960-9822(99)80332-7
http://www.ncbi.nlm.nih.gov/pubmed/10421574
http://dx.doi.org/10.1074/jbc.M107416200
http://www.ncbi.nlm.nih.gov/pubmed/11579098
http://dx.doi.org/10.1074/jbc.272.10.6805
http://www.ncbi.nlm.nih.gov/pubmed/9045715
http://dx.doi.org/10.1074/jbc.M600508200
http://www.ncbi.nlm.nih.gov/pubmed/16505477
http://dx.doi.org/10.1074/jbc.M701676200
http://www.ncbi.nlm.nih.gov/pubmed/17569658
http://dx.doi.org/10.1074/jbc.M802396200
http://www.ncbi.nlm.nih.gov/pubmed/18550549
http://dx.doi.org/10.1016/S0092-8674(00)81763-8
http://www.ncbi.nlm.nih.gov/pubmed/9814702
http://dx.doi.org/10.1074/jbc.M405560200
http://www.ncbi.nlm.nih.gov/pubmed/15277524
http://dx.doi.org/10.1074/jbc.M702248200
http://www.ncbi.nlm.nih.gov/pubmed/17673466
http://dx.doi.org/10.1042/bj3590679
http://www.ncbi.nlm.nih.gov/pubmed/11672443
http://dx.doi.org/10.1074/jbc.M008491200
http://www.ncbi.nlm.nih.gov/pubmed/11029472
http://dx.doi.org/10.1016/j.chembiol.2014.02.008
http://www.ncbi.nlm.nih.gov/pubmed/24631122
http://dx.doi.org/10.1016/j.cell.2010.12.013
http://www.ncbi.nlm.nih.gov/pubmed/21215369
http://dx.doi.org/10.1016/j.celrep.2015.07.039
http://www.ncbi.nlm.nih.gov/pubmed/26279568
http://dx.doi.org/10.1074/jbc.M603741200
http://www.ncbi.nlm.nih.gov/pubmed/16901905
http://www.ncbi.nlm.nih.gov/pubmed/7961910
http://dx.doi.org/10.1074/jbc.M707319200
http://www.ncbi.nlm.nih.gov/pubmed/18162466
http://dx.doi.org/10.1074/jbc.271.51.32785
http://www.ncbi.nlm.nih.gov/pubmed/8955114

A.C. Newton, C.E. Antal and S.F. Steinberg

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

Abrahamsen, H., O'Neill, A.K., Kannan, N., Kruse, N., Taylor,
S.S., Jennings, PA. and Newton, A.C. (2012) Peptidyl-prolyl
isomerase Pinl controls down-regulation of conventional
protein kinase C isozymes. J. Biol. Chem. 287, 13262-13278
CrossRef PubMed

Hansra, G., Garcia-Paramio, R, Prevostel, C., Whelan, R.D.,
Bornancin, F. and Parker, RJ. (1999) Multisite dephosphorylation
and desensitization of conventional protein kinase C isotypes.
Biochem. J. 342, 337-344 CrossRef PubMed

Chen, D., Gould, C., Garza, R., Gao, T., Hampton, R.Y. and
Newton, A.C. (2007) Amplitude control of protein kinase C by
RINCK, a novel E3 ubiquitin ligase. J. Biol. Chem. 282,
33776-33787 CrossRef PubMed

Lu, Z., Liu, D., Hornia, A., Devonish, W., Pagano, M. and Foster,
D.A. (1998) Activation of protein kinase C triggers its
ubiquitination and degradation. Mol. Cell. Biol. 18, 839-845
CrossRef PubMed

Sun, H., Lu, L., Zuo, Y., Wang, Y., Jiao, Y., Zeng, W.Z., Huang,
C., Zhu, M.X., Zamponi, G.W., Zhou, T. et al. (2014) Kainate
receptor activation induces glycine receptor endocytosis
through PKC deSUMOylation. Nat. Commun. 5, 4980
CrossRef PubMed

Wang, Y., Wang, Y., Zhang, H., Gao, Y., Huang, C., Zhou, A.,
Zhou, Y. and Li, Y. (2016) Sequential posttranslational
modifications regulate PKC degradation. Mol. Biol. Cell 27,
410-420 CrossRef PubMed

Lum, M.A., Pundt, K.E., Paluch, B.E., Black, A.R. and Black, J.D.
(2013) Agonist-induced down-regulation of endogenous protein
kinase Ca through an endolysosomal mechanism. J. Biol.
Chem. 288, 13093-13109 CrossRef PubMed

Prevostel, C., Alice, V., Joubert, D. and Parker, RJ. (2000)
Protein kinase Ca actively downregulates through
caveolae-dependent traffic to an endosomal compartment. J.
Cell Sci. 113, 2575-2584 PubMed

Violin, J.D., Zhang, J., Tsien, R.Y. and Newton, A.C. (2003) A
genetically encoded fluorescent reporter reveals oscillatory
phosphorylation by protein kinase C. J. Cell Biol. 161, 899-909
CrossRef PubMed

Schleifenbaum, A., Stier, G., Gasch, A., Sattler, M. and Schultz,
C. (2004) Genetically encoded FRET probe for PKC activity
based on pleckstrin. J. Am. Chem. Soc. 126, 11786-11787
CrossRef PubMed

Komatsu, N., Aoki, K., Yamada, M., Yukinaga, H., Fujita, Y.,
Kamioka, Y. and Matsuda, M. (2011) Development of an
optimized backbone of FRET biosensors for kinases and
GTPases. Mol. Biol. Cell 22, 4647-4656 CrossRef PubMed
Kajimoto, T., Sawamura, S., Tohyama, Y., Mori, Y. and Newton,
A.C. (2010) Protein kinase Cé§-specific activity reporter reveals
agonist-evoked nuclear activity controlled by Src family of
kinases. J. Biol. Chem. 285, 41896-41910

CrossRef PubMed

Gallegos, L.L., Kunkel, M.T. and Newton, A.C. (2006) Targeting
protein kinase C activity reporter to discrete intracellular
regions reveals spatiotemporal differences in
agonist-dependent signaling. J. Biol. Chem. 281,
30947-30956 CrossRef PubMed

Zheng, Y., Zhang, L., Jia, X., Wang, H. and Hu, Y. (2012)
Interaction of protein inhibitor of activated STAT 2 (PIAS2) with
receptor of activated C kinase 1, RACK1. FEBS Lett. 586,
122-126 CrossRef PubMed

Hoshi, N., Langeberg, L.K., Gould, C.M., Newton, A.C. and
Scott, J.D. (2010) Interaction with AKAP79 modifies the cellular
pharmacology of PKC. Mol. Cell 37, 541-550

CrossRef PubMed

Verbeek, D.S., Knight, M.A., Harmison, G.G., Fischbeck, K.H.
and Howell, B.W. (2005) Protein kinase C gamma mutations in
spinocerebellar ataxia 14 increase kinase activity and alter
membrane targeting. Brain 128, 436-442 CrossRef PubMed

59

60

61

62

63

64

65

66

67

68

69

70

71

72

Ji, J., Hassler, M.L., Shimobayashi, E., Paka, N., Streit, R. and
Kapfhammer, J.R (2014) Increased protein kinase Cy activity
induces Purkinje cell pathology in a mouse model of
spinocerebellar ataxia 14. Neurobiol. Dis. 70, 1-11

CrossRef PubMed

Tagawa, K., Homma, H., Saito, A., Fujita, K., Chen, X., Imoto,
S., Oka, T., Ito, H., Motoki, K., Yoshida, C. et al. (2015)
Comprehensive phosphoproteome analysis unravels the core
signaling network that initiates the earliest synapse pathology
in preclinical Alzheimer’s disease brain. Hum. Mol. Genet. 24,
540-558 CrossRef PubMed

Alfonso, S., Callender, J.A., Hooli, B., Antal, C.E., Mullin, K.,
Sherman, M.A., Lesne, S.E., Leitges, M., Newton, A.C., Tanzi,
R.E. and Manilow, R. (2016) Gain-of-function mutations in the
kinase PKCa promotes synaptic defects in Alzheimer’s
Disease. Sci. Signal. 9, ra47 CrossRef PubMed

Sieber, F.E., Traystman, R.J., Brown, PR. and Martin, L.J. (1998)
Protein kinase C expression and activity after global incomplete
cerebral ischemia in dogs. Stroke 29, 1445-1452

CrossRef PubMed

Churchill, E.N., Qvit, N. and Mochly-Rosen, D. (2009) Rationally
designed peptide regulators of protein kinase C. Trends
Endocrinol. Metab. 20, 25-33 CrossRef PubMed

Braz, J.C., Bueno, O.F., De Windt, L.J. and Molkentin, J.D.
(2002) PKCu regulates the hypertrophic growth of
cardiomyocytes through extracellular signal-regulated
kinasel/2 (ERK1/2). J. Cell Biol. 156, 905-919

CrossRef PubMed

Braz, J.C., Gregory, K., Pathak, A., Zhao, W., Sahin, B.,
Klevitsky, R., Kimball, T.F., Lorenz, J.N., Nairn, A.C., Liggett, S.B.
et al. (2004) PKCu regulates cardiac contractility and
propensity toward heart failure. Nat. Med. 10, 248-254
CrossRef PubMed

Yang, L., Liu, G., Zakharov, S.l., Morrow, J.R, Rybin, V.O.,
Steinberg, S.F. and Marx, S.0. (2005) Ser1928 is a common
site for Cavl.2 phosphorylation by protein kinase C isoforms. J.
Biol. Chem. 280, 207-214 CrossRef PubMed

Hidalgo, C., Hudson, B., Bogomolovas, J., Zhu, Y., Anderson,
B., Greaser, M., Labeit, S. and Granzier, H. (2009) PKC
phosphorylation of titin’s PEVK element: a novel and conserved
pathway for modulating myocardial stiffness. Circ. Res. 105,
631-638 CrossRef PubMed

Kooij, V., Zhang, R, Piersma, S.R., Sequeira, V., Boontje, N.M.,
Wijnker, RJ., Jimenez, C.R., Jaquet, K.E., dos Remedios, C.,
Murphy, A.M. et al. (2013) PKCa-specific phosphorylation of the
troponin complex in human myocardium: a functional and
proteomics analysis. PLoS One 8, e74847

CrossRef PubMed

Sumandea, M.R, Pyle, W.G., Kobayashi, T., de Tombe, PR and
Solaro, R.J. (2003) Identification of a functionally critical
protein kinase C phosphorylation residue of cardiac troponin T.
J. Biol. Chem. 278, 35135-35144 CrossRef PubMed
Malhotra, R., D’Souza, K.M., Staron, M.L., Birukov, K.G., Bodi,
I. and Akhter, S.A. (2010) Ga-mediated activation of GRK2 by
mechanical stretch in cardiac myocytes: the role of protein
kinase C. J. Biol. Chem. 285, 13748-13760

CrossRef PubMed

Hambleton, M., Hahn, H., Pleger, S.T., Kuhn, M.C., Klevitsky, R.,
Carr, A.N., Kimball, T.F., Hewett, T.E., Dorn, 2nd, G.W., Koch,
W.J. and Molkentin, J.D. (2006) Pharmacological- and gene
therapy-based inhibition of protein kinase Ca/8 enhances
cardiac contractility and attenuates heart failure. Circulation
114, 574-582 CrossRef PubMed

Rohde, S., Sabri, A., Kamasamudran, R. and Steinberg, S.F.
(2000) The «q-adrenoceptor subtype- and protein kinase C
isoform-dependence of norepinephrine’s actions in
cardiomyocytes. J. Mol. Cell. Cardiol. 32, 1193-1209
CrossRef PubMed

1508

© 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.


http://dx.doi.org/10.1074/jbc.M112.349753
http://www.ncbi.nlm.nih.gov/pubmed/22318721
http://dx.doi.org/10.1042/bj3420337
http://www.ncbi.nlm.nih.gov/pubmed/10455020
http://dx.doi.org/10.1074/jbc.M703320200
http://www.ncbi.nlm.nih.gov/pubmed/17893151
http://dx.doi.org/10.1128/MCB.18.2.839
http://www.ncbi.nlm.nih.gov/pubmed/9447980
http://dx.doi.org/10.1038/ncomms5980
http://www.ncbi.nlm.nih.gov/pubmed/25236484
http://dx.doi.org/10.1091/mbc.E15-09-0624
http://www.ncbi.nlm.nih.gov/pubmed/26564794
http://dx.doi.org/10.1074/jbc.M112.437061
http://www.ncbi.nlm.nih.gov/pubmed/23508961
http://www.ncbi.nlm.nih.gov/pubmed/10862715
http://dx.doi.org/10.1083/jcb.200302125
http://www.ncbi.nlm.nih.gov/pubmed/12782683
http://dx.doi.org/10.1021/ja0460155
http://www.ncbi.nlm.nih.gov/pubmed/15382901
http://dx.doi.org/10.1091/mbc.E11-01-0072
http://www.ncbi.nlm.nih.gov/pubmed/21976697
http://dx.doi.org/10.1074/jbc.M110.184028
http://www.ncbi.nlm.nih.gov/pubmed/20959447
http://dx.doi.org/10.1074/jbc.M603741200
http://www.ncbi.nlm.nih.gov/pubmed/16901905
http://dx.doi.org/10.1016/j.febslet.2011.12.013
http://www.ncbi.nlm.nih.gov/pubmed/22210188
http://dx.doi.org/10.1016/j.molcel.2010.01.014
http://www.ncbi.nlm.nih.gov/pubmed/20188672
http://dx.doi.org/10.1093/brain/awh378
http://www.ncbi.nlm.nih.gov/pubmed/15618281
http://dx.doi.org/10.1016/j.nbd.2014.06.002
http://www.ncbi.nlm.nih.gov/pubmed/24937631
http://dx.doi.org/10.1093/hmg/ddu475
http://www.ncbi.nlm.nih.gov/pubmed/25231903
http://dx.doi.org/10.1126/scisignal.aaf6209
http://www.ncbi.nlm.nih.gov/pubmed/27165780
http://dx.doi.org/10.1161/01.STR.29.7.1445
http://www.ncbi.nlm.nih.gov/pubmed/9660402
http://dx.doi.org/10.1016/j.tem.2008.10.002
http://www.ncbi.nlm.nih.gov/pubmed/19056296
http://dx.doi.org/10.1083/jcb.200108062
http://www.ncbi.nlm.nih.gov/pubmed/11864993
http://dx.doi.org/10.1038/nm1000
http://www.ncbi.nlm.nih.gov/pubmed/14966518
http://dx.doi.org/10.1074/jbc.M410509200
http://www.ncbi.nlm.nih.gov/pubmed/15509562
http://dx.doi.org/10.1161/CIRCRESAHA.109.198465
http://www.ncbi.nlm.nih.gov/pubmed/19679839
http://dx.doi.org/10.1371/journal.pone.0074847
http://www.ncbi.nlm.nih.gov/pubmed/24116014
http://dx.doi.org/10.1074/jbc.M306325200
http://www.ncbi.nlm.nih.gov/pubmed/12832403
http://dx.doi.org/10.1074/jbc.M110.109272
http://www.ncbi.nlm.nih.gov/pubmed/20194499
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.592550
http://www.ncbi.nlm.nih.gov/pubmed/16880328
http://dx.doi.org/10.1006/jmcc.2000.1153
http://www.ncbi.nlm.nih.gov/pubmed/10860763

PKC and cardiac remodelling

73

74

75

76

7

78

79

80

81

82

83

84

85

86

Liu, Q., Chen, X., MacDonnell, S.M., Kranias, E.G., Lorenz, J.N.,
Leitges, M., Houser, S.R. and Molkentin, J.D. (2009) Protein
kinase Ca, but not PKCB or PKCy, regulates contractility and
heart failure susceptibility: implications for ruboxistaurin as a
novel therapeutic approach. Circ. Res. 105, 194-200
CrossRef PubMed

Ladage, D., Tilemann, L., Ishikawa, K., Correll, R.N., Kawase,
Y., Houser, S.R., Molkentin, J.D. and Hajjar, R.J. (2011)
Inhibition of PKCa/ B with ruboxistaurin antagonizes heart
failure in pigs after myocardial infarction injury. Circ. Res. 109,
1396-1400 CrossRef PubMed

Joy, S.V,, Scates, A.C., Bearelly, S., Dar, M., Taulien, C.A.,
Goebel, J.A. and Cooney, M.J. (2005) Ruboxistaurin, a protein
kinase CpB inhibitor, as an emerging treatment for diabetes
microvascular complications. Ann. Pharmacother. 39,
1693-1699 CrossRef PubMed

Kang, M.Y., Zhang, Y., Matkovich, S.J., Diwan, A., Chishti, A.H.
and Dorn, G.W. (2010) Receptor-independent cardiac protein
kinase Ca activation by calpain-mediated truncation of
regulatory domains. Circ. Res. 107, 903-912

CrossRef PubMed

Zhang, Y., Matkovich, S.J., Duan, X., Diwan, A., Kang, M.Y. and
Dorn, 2nd, G.W. (2011) Receptor-independent protein kinase
Cu (PKCa) signaling by calpain-generated free catalytic domains
induces HDAC5 nuclear export and regulates cardiac
transcription. J. Biol. Chem. 286, 26943-26951

CrossRef PubMed

Disatnik, M.H., Buraggi, G. and Mochly-Rosen, D. (1994)
Localization of protein kinase C isozymes in cardiac myocytes.
Exp. Cell Res. 210, 287-297 CrossRef PubMed

Rybin, V.0. and Steinberg, S.F. (1994) Protein kinase C isoform
expression and regulation in the developing rat heart. Circ. Res.
74, 299-309 CrossRef PubMed

Clerk, A., Bogoyevitch, M.A., Fuller, S.J., Lazou, A., Parker, RJ.
and Sugden, PH. (1995) Expression of protein kinase C
isoforms during cardiac ventricular development. Am. J. Physiol.
269, H1087-H1097 PubMed

Takeishi, Y., Chu, G., Kirkpatrick, D.M., Li, Z., Wakasaki, H.,
Kranias, E.G., King, G.L. and Walsh, R.A. (1998) In vivo
phosphorylation of cardiac troponin | by protein kinase C8
decreases cardiomyocyte calcium responsiveness and
contractility in transgenic mouse hearts. J. Clin. Invest. 102,
72-78 CrossRef PubMed

Wakasaki, H., Koya, D., Schoen, F, Jirousek, M.R., Ways, D.K.,
Hoit, B.D., Walsh, R.A. and King, G.L. (1997) Targeted
overexpression of protein kinase Cg isoform in myocardium
causes cardiomyopathy. Proc. Natl. Acad. Sci. U.S.A. 94,
9320-9325 CrossRef PubMed

Bowman, J.C., Steinberg, S.F., Jiang, T., Geenen, D.L., Fishman,
G.l. and Buttrick, PM. (1997) Expression of protein kinase C8 in
the heart causes hypertrophy in adult mice and sudden death in
neonates. J. Clin. Invest. 100, 2189-2195 CrossRef PubMed
Roman, B.B., Geenen, D.L., Leitges, M. and Buttrick, PM.
(2001) PKCB is not necessary for cardiac hypertrophy. Am. J.
Physiol. 280, H2264-H2270

Inoguchi, T., Battan, R., Handler, E., Sportsman, J.R., Heath, W.
and King, G.L. (1992) Preferential elevation of protein kinase C
isoform Bl and diacylglycerol levels in the aorta and heart of
diabetic rats. Proc. Natl. Acad. Sci. U.S.A. 89, 11059-11063
CrossRef PubMed

Nishikawa, T., Edelstein, D., Du, X.L., Yamagishi, S.,
Matsumura, T., Kaneda, Y., Yorek, M.A., Beebe, D., Oates, PJ.,
Hammes, H.P et al. (2000) Normalizing mitochondrial
superoxide production blocks three pathways of hyperglycaemic
damage. Nature 404, 787-790 CrossRef PubMed

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

Review Article

Connelly, K.A., Kelly, D.J., Zhang, Y., Prior, D.L., Advani, A., Cox,
A.J., Thai, K., Krum, H. and Gilbert, R.E. (2009) Inhibition of
protein kinase CB by ruboxistaurin preserves cardiac function
and reduces extracellular matrix production in diabetic
cardiomyopathy. Circ. Heart Fail. 2, 129-137 CrossRef PubMed
Liu, Y., Lei, S., Gao, X., Mao, X., Wang, T., Wong, G.T.,
Vanhoutte, PM., Irwin, M.G. and Xia, Z. (2012) PKC§8 inhibition
with ruboxistaurin reduces oxidative stress and attenuates left
ventricular hypertrophy and dysfunction in rats with
streptozotocin-induced diabetes. Clin. Sci. 122, 161-173
CrossRef PubMed

Bullock, W.H., Magnuson, S.R., Choi, S., Gunn, D.E. and
Rudolph, J. (2002) Prospects for kinase activity modulators in
the treatment of diabetes and diabetic complications. Curr. Top.
Med. Chem. 2, 915-938 CrossRef PubMed

Javey, G., Schwartz, S.G., Flynn, H.W., Aiello, L.R and Sheetz,
M.J. (2010) Ruboxistaurin: review of safety and efficacy in the
treatment of diabetic retinopathy. Clin. Med. Insights: Ther. 2,
625-631 CrossRef

Fedorov, O., Marsden, B., Pogacic, V., Rellos, P, Muller, S.,
Bullock, A.N., Schwaller, J., Sundstrom, M. and Knapp, S.
(2007) A systematic interaction map of validated kinase
inhibitors with Ser/Thr kinases. Proc. Natl. Acad. Sci. U.S.A.
104, 20523-20528 CrossRef PubMed

Dorn, G.W., Souroujon, M.C., Liron, T., Chen, C.H., Gray, M.O.,
Zhou, H.Z., Csukai, M., Wu, G., Lorenz, J.N. and Mochly-Rosen,
D. (1999) Sustained in vivo cardiac protection by a rationally
designed peptide that causes ¢ protein kinase C translocation.
Proc. Natl. Acad. Sci. U.S.A. 96, 12798-12803

CrossRef PubMed

Murriel, C.L. and Mochly-Rosen, D. (2003) Opposing roles of §
and ¢PKC in cardiac ischemia and reperfusion: targeting the
apoptotic machinery. Arch. Biochem. Biophys. 420, 246-254
CrossRef PubMed

Inagaki, K., Chen, L., Ikeno, F., Lee, F.H., Imahashi, K., Bouley,
D.M., Rezaee, M., Yock, RG., Murphy, E. and Mochly-Rosen, D.
(2003) Inhibition of §-protein kinase C protects against
reperfusion injury of the ischemic heart in vivo. Circulation 108,
2304-2307 CrossRef PubMed

Churchill, E.N. and Mochly-Rosen, D. (2007) The roles of PKC§
and ¢ isoenzymes in the regulation of myocardial
ischaemia/reperfusion injury. Biochem. Soc. Trans. 35,
1040-1042 CrossRef PubMed

Churchill, E.N., Murriel, C.L., Chen, C.H., Mochly-Rosen, D. and
Szweda, L.I. (2005) Reperfusion-induced translocation of §PKC
to cardiac mitochondria prevents pyruvate dehydrogenase
reactivation. Circ. Res. 97, 78-85 CrossRef PubMed
Goldberg, M., Zhang, H.L. and Steinberg, S.F. (1997) Hypoxia
alters the subcellular distribution of protein kinase C isoforms
in neonatal rat ventricular myocytes. J. Clin. Invest. 99, 55-61
CrossRef PubMed

Konishi, H., Yamauchi, E., Taniguchi, H., Yamamoto, T.,
Matsuzaki, H., Takemura, Y., Ohmae, K., Kikkawa, U. and
Nishizuka, Y. (2001) Phosphorylation sites of protein kinase Cé§
in H,O»-treated cells and its activation by tyrosine kinase

in vitro. Proc. Natl. Acad. Sci. U.S.A. 98, 6587-6592
CrossRef PubMed

Mayr, M., Metzler, B., Chung, Y.L., McGregor, E., Mayr, U., Troy,
H., Hu, Y., Leitges, M., Pachinger, O., Griffiths, J.R. et al. (2004)
Ischemic preconditioning exaggerates cardiac damage in PKCS
null mice. Am. J. Physiol. 287, H946-H956

Guo, J., Gertsberg, Z., Ozgen, N., Sabri, A. and Steinberg, S.F.
(2011) Protein kinase D isoforms are activated in an
agonist-specific manner in cardiomyocytes. J. Biol. Chem. 286,
6500-6509 CrossRef PubMed

Ozgen, N., Obreztchikova, M., Guo, J., Elouardighi, H., Dorn,
G.W., Wilson, B.A. and Steinberg, S.F. (2008) Protein kinase D
links Gg-coupled receptors to cAMP response element-binding
protein (CREB)-Ser33 phosphorylation in the heart. J. Biol.
Chem. 283, 17009-17019 CrossRef PubMed

© 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.

1509


http://dx.doi.org/10.1161/CIRCRESAHA.109.195313
http://www.ncbi.nlm.nih.gov/pubmed/19556521
http://dx.doi.org/10.1161/CIRCRESAHA.111.255687
http://www.ncbi.nlm.nih.gov/pubmed/21998327
http://dx.doi.org/10.1345/aph.1E572
http://www.ncbi.nlm.nih.gov/pubmed/16160002
http://dx.doi.org/10.1161/CIRCRESAHA.110.220772
http://www.ncbi.nlm.nih.gov/pubmed/20689063
http://dx.doi.org/10.1074/jbc.M111.234757
http://www.ncbi.nlm.nih.gov/pubmed/21642422
http://dx.doi.org/10.1006/excr.1994.1041
http://www.ncbi.nlm.nih.gov/pubmed/8299726
http://dx.doi.org/10.1161/01.RES.74.2.299
http://www.ncbi.nlm.nih.gov/pubmed/8293569
http://www.ncbi.nlm.nih.gov/pubmed/7573506
http://dx.doi.org/10.1172/JCI2709
http://www.ncbi.nlm.nih.gov/pubmed/9649559
http://dx.doi.org/10.1073/pnas.94.17.9320
http://www.ncbi.nlm.nih.gov/pubmed/9256480
http://dx.doi.org/10.1172/JCI119755
http://www.ncbi.nlm.nih.gov/pubmed/9410895
http://dx.doi.org/10.1073/pnas.89.22.11059
http://www.ncbi.nlm.nih.gov/pubmed/1438315
http://dx.doi.org/10.1038/35008121
http://www.ncbi.nlm.nih.gov/pubmed/10783895
http://dx.doi.org/10.1161/CIRCHEARTFAILURE.108.765750
http://www.ncbi.nlm.nih.gov/pubmed/19808328
http://dx.doi.org/10.1042/CS20110176
http://www.ncbi.nlm.nih.gov/pubmed/21892921
http://dx.doi.org/10.2174/1568026023393255
http://www.ncbi.nlm.nih.gov/pubmed/12171564
http://dx.doi.org/10.4137/CMT.S5046
http://dx.doi.org/10.1073/pnas.0708800104
http://www.ncbi.nlm.nih.gov/pubmed/18077363
http://dx.doi.org/10.1073/pnas.96.22.12798
http://www.ncbi.nlm.nih.gov/pubmed/10536002
http://dx.doi.org/10.1016/j.abb.2003.08.038
http://www.ncbi.nlm.nih.gov/pubmed/14654063
http://dx.doi.org/10.1161/01.CIR.0000101682.24138.36
http://www.ncbi.nlm.nih.gov/pubmed/14597593
http://dx.doi.org/10.1042/BST0351040
http://www.ncbi.nlm.nih.gov/pubmed/17956273
http://dx.doi.org/10.1161/01.RES.0000173896.32522.6e
http://www.ncbi.nlm.nih.gov/pubmed/15961716
http://dx.doi.org/10.1172/JCI119133
http://www.ncbi.nlm.nih.gov/pubmed/9011576
http://dx.doi.org/10.1073/pnas.111158798
http://www.ncbi.nlm.nih.gov/pubmed/11381116
http://dx.doi.org/10.1074/jbc.M110.208058
http://www.ncbi.nlm.nih.gov/pubmed/21156805
http://dx.doi.org/10.1074/jbc.M709851200
http://www.ncbi.nlm.nih.gov/pubmed/18378685

A.C. Newton, C.E. Antal and S.F. Steinberg

102

103

104

105

106

107

Harrison, B.C., Kim, M.S., van Rooij, E., Plato, C.F, Papst, RJ.,
Vega, R.B., McAnally, J.A., Richardson, J.A., Bassel-Duby, R.,
Olson, E.N. and McKinsey, T.A. (2006) Regulation of cardiac
stress signaling by protein kinase D1. Mol. Cell. Biol. 26,
3875-3888 CrossRef PubMed

Leitges, M., Gimborn, K., Elis, W., Kalesnikoff, J., Hughes,
M.R., Krystal, G. and Huber, M. (2002) Protein kinase C§ is a
negative regulator of antigen-induced mast cell degranulation.
Mol. Cell. Biol. 22, 3970-3980 CrossRef PubMed

Leitges, M., Mayr, M., Braun, U., Mayr, U., Li, C., Pfister, G.,
Ghaffari-Tabrizi, N., Baier, G., Hu, Y. and Xu, Q. (2001)
Exacerbated vein graft arteriosclerosis in protein kinase Cé-null
mice J. Clin. Invest. 108, 1505-1512 CrossRef

Khasar, S.G., Lin, Y.H., Martin, A., Dadgar, J., McMahon, T.,
Wang, D., Hundle, B., Aley, K.O., Isenberg, W., McCarter, G.

et al. (1999) A novel nociceptor signaling pathway revealed in
protein kinase Ce mutant mice. Neuron 24, 253-260
CrossRef PubMed

Mayr, M., Chung, Y.L., Mayr, U., McGregor, E., Troy, H., Baier, G.,
Leitges, M., Dunn, M.J., Griffiths, J.R. and Xu, Q. (2004) Loss
of PKCS$ alters cardiac metabolism. Am. J. Physiol. 287,
H937-H945

Gray, M.0., Zhou, H.Z., Schafhalter-Zoppoth, I., Zhu, P,
Mochly-Rosen, D. and Messing, R.O. (2004) Preservation of
base-line hemodynamic function and loss of inducible
cardioprotection in adult mice lacking protein kinase Ce. J. Biol.
Chem. 279, 3596-3604 CrossRef PubMed

Received 14 January 2016/16 May 2016; accepted 18 May 2016

Version of Record published 18 July 2016, doi: 10.1042/CS20160036

108

109

110

111

112

Klein, G., Schaefer, A., Hilfiker-Kleiner, D., Oppermann, D.,
Shukla, R, Quint, A., Podewski, E., Hilfiker, A., Schroder, F.,
Leitges, M. and Drexler, H. (2005) Increased collagen
deposition and diastolic dysfunction but preserved
myocardial hypertrophy after pressure overload in

mice lacking PKCe. Circ. Res. 96, 748-755

CrossRef PubMed

Song, M., Matkovich, S.J., Zhang, Y., Hammer, D.J. and Dorn,
2nd, G.W. (2015) Combined cardiomyocyte PKCS and PKCe
gene deletion uncovers their central role in restraining
developmental and reactive heart growth. Sci. Signal. 8, ra39
CrossRef PubMed

Rybin, V.O., Guo, J., Sabri, A., Elouardighi, H., Schaefer, E. and
Steinberg, S.F. (2004) Stimulus-specific differences in protein
kinase C§ localization and activation mechanisms in
cardiomyocytes. J. Biol. Chem. 279, 19350-19361
CrossRef PubMed

Gong, J., Yao, Y., Zhang, R, Udayasuryan, B.,

Komissarova, E.V., Chen, J., Sivaramakrishnan, S.,

Van Eyk, J. and Steinberg, S.F. (2015) The C2 domain

and altered ATP-binding loop phosphorylation at Ser3%°
mediate the redox-dependent increase in protein kinase C§
activity. Mol. Cell. Biol. 35, 1727-1740

CrossRef PubMed

Antal, C.E. and Newton, A.C. (2014) Tuning the signaling output
of protein kinase C. Biochem. Soc. Trans. 42, 1477-1483
CrossRef PubMed

1510

© 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.


http://dx.doi.org/10.1128/MCB.26.10.3875-3888.2006
http://www.ncbi.nlm.nih.gov/pubmed/16648482
http://dx.doi.org/10.1128/MCB.22.12.3970-3980.2002
http://www.ncbi.nlm.nih.gov/pubmed/12024011
http://dx.doi.org/10.1172/JCI200112902
http://dx.doi.org/10.1016/S0896-6273(00)80837-5
http://www.ncbi.nlm.nih.gov/pubmed/10677042
http://dx.doi.org/10.1074/jbc.M311459200
http://www.ncbi.nlm.nih.gov/pubmed/14600145
http://dx.doi.org/10.1161/01.RES.0000161999.86198.1e
http://www.ncbi.nlm.nih.gov/pubmed/15761199
http://dx.doi.org/10.1126/scisignal.aaa1855
http://www.ncbi.nlm.nih.gov/pubmed/25900833
http://dx.doi.org/10.1074/jbc.M311096200
http://www.ncbi.nlm.nih.gov/pubmed/14970215
http://dx.doi.org/10.1128/MCB.01436-14
http://www.ncbi.nlm.nih.gov/pubmed/25755284
http://dx.doi.org/10.1042/BST20140172
http://www.ncbi.nlm.nih.gov/pubmed/25399557

