THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 30, pp. 26943-26951, July 29, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Receptor-independent Protein Kinase Ca (PKCa) Signaling
by Calpain-generated Free Catalytic Domains Induces HDAC5
Nuclear Export and Regulates Cardiac Transcription™

Received for publication, February 24, 2011, and in revised form, May 27,2011 Published, JBC Papers in Press, June 3,2011, DOI 10.1074/jbcM111.234757

Yan Zhang', Scot J. Matkovich', Xiujun Duan, Abhinav Diwan, Min-Young Kang, and Gerald W. Dorn II*
From the Center for Pharmacogenomics, Department of Medicine, Washington University School of Medicine, St. Louis, Missouri 63110

Receptor-mediated activation of protein kinase (PK) C is a
central pathway regulating cell growth, homeostasis, and pro-
grammed death. Recently, we showed that calpain-mediated
proteolytic processing of PKCea in ischemic myocardium acti-
vates PKC signaling in a receptor-independent manner by
releasing a persistent and constitutively active free catalytic
fragment, PKCa-CT. This unregulated kinase provokes car-
diomyopathy, but the mechanisms remain unclear. Here, we
demonstrate that PKCa-CT is a potent regulator of pathological
cardiac gene expression. PKCa-CT constitutively localizes to
nuclei and directly promotes nucleo-cytoplasmic shuttling of
HDACS5, inducing expression of apoptosis and other deleterious
genes. Whereas PKD activation is required for HDAC5 nuclear
exportinduced by unprocessed PKCs activated by phorbol ester,
PKCa-CT directly drives HDAC cytosolic relocalization. Acti-
vation of MEF2-dependent inflammatory pathway genes by
PKCa-CT can induce a cell-autonomous transcriptional
response that mimics, but anticipates, actual inflammation.
Because calpain-mediated processing of PKC isoforms occurs in
many tissues wherein calcium is increased by stress or injury,
our observation that the catalytically active product of this
interaction is a constitutively active transcriptional regulator
has broad ramifications for understanding and preventing the
pathological transcriptional stress response.

Protein kinase Cs (PKC)? are activated by Gq/phospholipase
C-coupled receptors and regulate a myriad of cellular
responses, including growth, mobility, and programmed death
(1). Of cardiac-expressed PKCs, PKCe is expressed at higher
levels than other isoforms, is dynamically regulated in cardiac
disease, and is implicated in functional decompensation and
development of cardiomyopathy (2-6). PKCe is also highly
expressed, but is cardio-protective (7, 8). Accordingly, there is a
need to better understand isoform-specific actions of cardiac-
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expressed PKCs and to develop isoform-specific pharmacolog-
ical PKC activators and inhibitors as therapeutics.

PKCs regulate proteins directly through substrate phosphor-
ylation on serines or threonines, or indirectly by phosphory-
lating positive and negative regulators of protein expression or
function. An example of indirect PKC control is transcriptional
up-regulation of the cell death factor, Nix, which mediates pro-
grammed cell death and the transition to dilated cardiomyop-
athy in Gq-mediated and pressure overload hypertrophy: PKC
is activated via the canonical Gq/phospholipase C signaling
pathway and activates the transcription factor SP1, which binds
to and induces the Nix promoter (9). Transcriptional changes
induced by protein kinase C are implicated in other cardiac
syndromes (10).

Because PKCs are typically activated downstream of Gq-cou-
pled receptors, angiotensin, al-adrenergic, and endothelin
receptor blockade can been used to interrupt PKC signaling
(11). We recently described a mechanism for PKC activation in
cardiac ischemia that bypasses the receptor-G protein signaling
pathway (12): Calpain proteases are activated by increased
cytosolic calcium in ischemic myocardium and cleave PKC at
the hinge region, generating free N-terminal regulatory and
C-terminal kinase fragments. The free N-terminal (NT) frag-
ment of PKCa had no biological activity in cultured cells or
mouse hearts, whereas the free C-terminal (CT) fragment of
PKCa exhibited constitutive kinase activity and promiscuous
substrate targeting. Forced PKCa-CT expression induced a
dilated cardiomyopathy that progressed more rapidly and was
more severe than that produced by overexpression of unpro-
cessed PKCa at similar levels (3, 12).

Normal substrate phosphorylation by PKCs is critically
dependent upon proper subcellular localization. As PKCa-CT
lacks the N-terminal sites that direct normal PKC subcellular
translocation (13), it is mistargeted, which may contribute to its
promiscuous kinase activity. Previously, we established
that receptor-independent, calpain-mediated PKCa signaling
through PKCa-CT increased myocardial phosphoserine/thre-
onine protein content and lead to an aggressive dilated car-
diomyopathy (12). However, the changes in the cardiac phos-
phoproteome of PKCa-CT hearts relative to that of
unprocessed PKCa-expressing hearts were modest in compar-
ison to the severity and rapid progression of the PKCa-CT-
induced cardiomyopathy. We hypothesized that one or a few
atypical effects of PKCa-CT, rather than the general increase in
kinase activity, produced the deleterious effects.
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Here, using microarray RNA expression profiling and RNA-
sequencing, we reveal that PKCa-CT is a powerful transcrip-
tional activator in otherwise normal mouse hearts. Transcrip-
tional activity derives in part from partial constitutive nuclear
localization of the free PKCa-CT peptide, leading to HDAC5
nuclear export that de-represses expression of MEF2-depen-
dent pathological genes. These results uncover a receptor-in-
dependent pathway for transcriptional regulation by an isch-
emia-induced, PKCa-derived rogue kinase. The data provide
further support for therapeutic use of direct kinase inhibitors in
cardiac ischemia and other conditions wherein PKC can be pro-
teolytically activated.

EXPERIMENTAL PROCEDURES

Transgenic Mice—The generation and phenotypic charac-
terization of mice conditionally overexpressing human PKCa
and fragments encoding peptides corresponding to the calpain
N-terminal cleavage fragment (PKCa-NT) and C-terminal
cleavage fragment (PKCa-CT) have been described previously
(12). Mice were housed and studied according to procedures
approved by Animal Studies Committee at Washington Uni-
versity School of Medicine.

Immunoblot Analysis—SDS-PAGE and immunoblotting of
myocardial fractions used standard techniques: Cardiac homo-
genates were clarified at 200 X g for 20 min, followed by cen-
trifugation at 1000 X g for 10 min to pellet nuclei. The super-
natant was centrifuged at 100,000 X g for 1 h to generate a
microsomal membrane pellet fraction and a cytoplasmic super-
natant fraction. Nuclear and microsomal pellets were resus-
pended in 50 mMm Tris (pH 7.5), 2.5 mMm EDTA, 25 mm NaCl,
0.2% Nonidet P-40, 10 mMm EGTA, 20 mM sodium fluoride, 2 mm
sodium orthovanadate, and Complete Mini Protease Inhibitor
Mixture Tablet (Roche). Antibodies to label fractions were:
anti-LDH (Invitrogen) for cytosolic protein, anti-transferrin
receptor (Invitrogen) for microsomal protein, and anti-lamin
A/C (Abcam) for nuclear protein.

Anti-PKC antibodies used were: anti-PKCa C terminus
(Santa Cruz Biotechnology, sc-208; recognizes an epitope at the
C terminus of human PKCa) and anti-PKCa (Santa Cruz Bio-
technology, sc-80; recognizes an epitope within the N-terminal
hinge region (residues 292-317) of human PKCa).

GFP-HDACS5 Nuclear Export Studies—COS7 cells were
transfected using lipofection with plasmids expressing GFP-
HDACS5 (14) and either empty pcDNA3 (vector control) or
pcDNA3-human PKCea, -PKCa-CT, or -PKCa-NT. Forty-
eight hours after transfection, cells were treated with vehicle or
100 nm PMA, and examined 30 min later under a confocal fluo-
rescence microscope. Kinase inhibitors were added to cell cul-
tures at the indicated concentrations ~18 h before assay.
Nuclei were counterstained with Hoescht dye. Each condition
is the result of 4— 6 individual experiments performed on sep-
arate days; each experiment evaluated ~100 cells.

HDACS Phosphorylation Studies—Lysates of HEK293 cells
transfected with the plasmids described above were incubated
with purified active full-length HDACS5 protein (Abcam) for 15
min in the absence or presence of PKD inhibitor CID755673,
the reactions stopped by boiling in SDS sample buffer, and
phosphorylation of PAGE-separated proteins assessed by
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immunoblotting with rabbit polyclonal anti-HDAC5 (phos-
phor-S498) (Thermo Scientific).

Histological Studies—Mouse heart sections were fixed in for-
malin and assayed by TUNEL assay for programmed cell death
or Masson’s trichrome stain for myocardial fibrosis using
standard methods.

Cardiac mRNA Profiling using Affymetrix Microarrays—To-
tal cardiac RNA was isolated from flash-frozen ventricular tis-
sue harvested from 4-week-old hearts using Trizol (Invitrogen)
and quantified using a NanoDrop spectrophotomer (Thermo
Scientific). Affymetrix Mouse Gene 1.0 ST arrays were used to
assess individual mRNA levels. To facilitate comparison with
RNA sequencing data, we excluded data pertaining to ESTs and
rRNAs (15). Selection of genes expressed above median values,
hierarchical clustering, and computation of significant changes
were performed as described (16, 17).

Cardiac mRNA Profiling by RNA Sequencing—Preparation of
cardiac cDNA libraries and DNA bar-coding was as previously
described (15). Four barcoded libraries were combined in
equimolar (10 nm) amounts and diluted to 6 pm for cluster for-
mation on a single Illumina Genome Analyzer II flowcell lane.
Single-end sequencing, base calling of DNA clusters and sort-
ing of sequence data by bar code was as previously described
(15). Cufflinks was used with Ensembl gene annotation files to
calculate overall gene expression in terms of Fragments Per Kb
of exon per Million mapped reads (FPKM), equivalent to RPKM
(Reads Per Kb of exon per Million mapped reads). We analyzed
only RNA elements with FPKM expression datain at least 2 of 3
biological replicates, and excluded ESTs and rRNAs from our
analyses. An FPKM of 3 was assumed to correspond to 1 copy/
cell, as per (18).

Prediction of Mef2 Binding Sites—The Transcription Ele-
ment Search System (TESS; (19)) located at was used to exam-
ine 1 kb regions upstream of known transcriptional start sites in
the mouse genome. A 1 kb upstream region gives fewer false
positives, with alower cost of missing true signals, than a search
conducted over a larger region (20).

Statistical Methods—For gene expression data on mouse
hearts, a p value of <0.001 was defined as significant and false
discovery rates (FDR) calculated for each group comparison
using q-value methods in Partek Genomics Suite 6.5 software
(Partek, St Louis, MO) (16, 17). FDRs for microarray compari-
son of PKCa transgenic groups to tTA control mice were as
follows: -CT, <0.01; -FL, <0.2; NT, >0.3. FDRs for RNA-se-
quencing comparison of PKCa transgenic groups to control
mice were as follows: -CT, <0.01; -FL, <0.08; NT, <0.18.
Unsupervised hierarchical clustering using Euclidean distance
and average distance was performed using Partek. Biological
Networks Gene Ontology (BiNGO; (21)) was used to assign
gene-ontology categories to each of the regulated genes. Over-
representation of Gene Ontology categories was assessed at p <
0.05 using a hypergeometric test with Benjamini-Hochberg
false discovery rate correction (21).

RESULTS
The Free C-terminal Fragment of PKCa Activates a Unique

Profile of Gene Expression—Altered gene expression is charac-
teristic of cardiomyopathies, and PKCs activated through con-
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FIGURE 1. PKCa-CT reprograms cardiac gene expression. A, Venn diagramsiillustrating the pattern of requlated mRNAs in unprocessed full-length PKCa (FL),
PKCa-CT (CT), and PKCa-NT (NT) expressing hearts, compared with tTa-expressing controls hearts. Top is result of microarray-based profiling; bottom is result
of deep RNA sequencing. B and C, heat maps showing results of unsupervised hierarchical clustering of mRNA expression assayed by microarrays (B) or RNA
sequencing (C). Each column represents expression of the 500 consensus most regulated mRNAs in a single heart; red is high expression, blue is lower
expression. Color code for transgene categories (squares at top of each column) is: tTA control, red; PKCa-NT, green; full-length PKCe, blue; PKCa-CT, purple.

ventional receptor signaling pathways are potent modifiers of
cardiac gene expression (10, 22). We used Affymetrix
GeneChip Mouse Gene 1.0ST microarrays to examine the
mRNA signature of hearts conditionally expressing PKCa-CT
and PKCa 4 weeks after transgene induction, which is before
heart failure develops. The mRNA expression profiles of hearts
expressing these two kinases were compared with those of
same-age hearts expressing the tetracycline transcriptional
activator alone (tTA) or the other daughter peptide of calpain-
mediated PKCa processing, catalytically inactive PKCa-NT.
Using the control tTA transgenic hearts as a normal baseline,
959 mRNAs were regulated at least 1.3-fold (p < 0.001) in
PKCa-CT hearts, compared with only 51 in unprocessed
PKCa-expressing hearts, and 3 in PKCa-NT hearts (Fig. 14, top
and supplemental Table S1). Unsupervised hierarchical clus-
tering of relative transcript expression levels (Fig. 1B) revealed a
transcriptional signature in PKCa-CT-expressing hearts that
was distinct from the other three groups.

The striking difference in mRNA expression profile between
PKCa-CT and PKCa hearts was unexpected. Therefore, we
performed a technical replication of the comparative transcrip-
tional profiling using deep RNA sequencing, which provides
greater sensitivity and specificity than microarray profiling for
quantifying mRNAs expressed at fewer than 20 copies per cell
(15). Assessed by RNA-sequencing, 621 mRNAs were regulated
at least 1.3-fold (p < 0.001) in PKCa-CT hearts, 59 in PKCa
hearts, and 29 in PKCa-NT hearts (compared with tTA hearts)
(Fig. 1A, bottom and supplemental Table S2). Again, unsuper-
vised hierarchical clustering revealed a distinct transcriptional
signature induced by PKCa-CT (Fig. 1C). The microarray and
RNA-sequencing transcriptional profiling results agreed for
276 uniquely PKCa-CT-regulated transcripts. These results
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demonstrate genetic reprogramming of hearts expressing
PKCa-CT.

The Free C-terminal Fragment of PKCa Is Constitutively
Localized to Cardiac Myocyte Nuclei—Distinct cellular effects
of PKC isoforms are determined by their ability to phosphory-
late specific targets, which is dependent upon subcellular co-lo-
calization of the kinase and its substrates (13). The ability of
PKCa-CT to regulate gene expression might therefore accrue
not only from constitutive kinase activity, but also from nuclear
mis-localization. We assessed subcellular compartmentaliza-
tion of PKCa-CT compared with full-length PKCe in trans-
fected HEK293 cells. Confocal analysis showed that full-length
PKCu is almost entirely cytosolic and rapidly translocates to
cell membranes after activation by 100 nm phorbol myristate
acetate (PMA) (Fig. 24, left). In contrast, PKCa-CT localizes
throughout the cytosol and nucleus, and shows minimal redis-
tribution after PMA treatment; a substantial fraction remains
in the nucleus (Fig. 24, right). (We previously found that
PKCa-NT appears as cytosolic punctae and does not undergo
translocation after PMA stimulation (12)).

To examine the possibility that partial constitutive nuclear
localization of PKCa-CT in cardiac myocytes induced tran-
scription in hearts, we performed immunoblot analysis of frac-
tionated myocardium from the same groups of transgenic mice
used for the transcriptional profiling studies: tTA controls, full-
length human PKCa, PKCa-NT, or PKCa-CT. Full-length
human PKCa predominantly co-fractionated with cytosolic
lactate dehydrogenase (LDH); minor proportions were
detected in the transferrin receptor (TfR)-rich microsomal and
lamin A/C-enriched nuclear fraction (Fig. 2B). These findings
were consistent using antibodies that recognize either the N
terminus of PKCa (Fig. 2B, left) or its C terminus (Fig. 2B, right).
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FIGURE 2. PKCa-CT localizes to nuclei in HEK293 cells and cardiac myo-
cytes. A, fluorescent confocal microscopy of PKCa (left) and PKCa-CT (right)
expression at baseline (top) and 1 h after (bottom), treatment with 100 nm
PMA. PKC is red; nuclei in right merged panels are stained blue with DAPI.
B, immunoblot analysis of PKCa and peptides corresponding to its NT or CT
calpain fragments in transgenic myocardial subcellular fractions. Lamin A/C
labels nuclear fraction (n), transferrin receptor (TfR) labels microsomal mem-
brane fraction (m), and lactate dehydrogenase (LDH) labels cytoplasmic frac-
tion. Arrows indicate 40 kDa PKCa fragments. Left blots use anti-human PKCa
antibody that recognizes the N terminus, right blot uses anti-PKCa antibody
that recognizes the C terminus.

The free N-terminal PKCa calpain-derived peptide was
detected almost exclusively in the LDH-rich cytosolic fraction
(Fig. 2B, left), whereas PKCa-CT was observed primarily in the
microsomal and nuclear-rich fractions (Fig. 2B, right). These
results show that the catalytically active calpain proteolysis
fragment PKCea-CT is, in part, constitutively localized within
cardiomyocyte nuclei.

The Free PKCa C-terminal Peptide Directly Induces Nuclear
Export of HDAC5—Activated protein kinase C regulates tran-
scription in multiple cell types by promoting the phosphoryla-
tion and nucleo-cytoplasmic shuttling of HDAC5 (14, 23).
Because PKCa-CT exhibits unregulated kinase activity, is con-
stitutively nuclear, and has pronounced effects on gene expres-
sion, we examined its effects on HDACS5 nuclear export in
COS7 cells, which exhibit the same partial nuclear localization
of PKCa-CT as seen in HEK293 cells (Fig. 3A4). Green fluores-
cent protein (GFP)-tagged HDAC5 was co-expressed with
PKCa, PKCa-NT, or PKCa-CT in cultured COS7 cells, and the
subcellular localization of HDAC5 was examined by confocal
microscopy. HDACS5 was nuclear in the vast majority of cells
co-transfected with empty vector, PKCa or PKCa-NT (Fig. 3, A
and B), and was exported from nuclei after treatment with
PKC-activating phorbol ester (Fig. 3, A—C). This confirms the
previously described response of HDACS5 to activation of
endogenous cellular PKCs (14, 24, 25). The normal pattern of
HDACS5 nucleo-cytoplasmic redistribution by PMA was not
altered by transfection with full-length PKCa or PKCa-NT
(Fig. 3, B and C). Strikingly however, transfection with
PKCa-CT induced PMA-independent HDACS5 nuclear export

(Fig. 3, A-C).
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The above result shows that expression of the predicted cal-
pain 1-generated C-terminal kinase fragment of PKCa induces
HDACS5 nucleo-cytoplasmic shuttling, but does not formally
show that calpain-mediated PKCa processing affects HDAC5.
To address this issue we co-transfected full-length PKCa with
or without calpain 1, and examined subcellular localization of
HDACS (Fig. 3D). Calpain had no effect on HDAC5 localization
in cells transfected with empty vector. Strikingly however, cells
co-expressing calpain 1 and PKCa exhibited HDAC5 nuclear
export, mimicking the activity of PKCa-CT. Thus, calpain
processing of PKCa is sufficient to induce PMA-independent
HDACS nuclear export.

The signaling mechanism for PKCa-CT mediated HDAC5
nuclear export was interrogated using pharmacological inhibi-
tors of PKC and its putative downstream signaling effectors.
First, we examined the effects of two different classes of PKC
inhibitors, bisindolylmaleimide IX (Bis) that competes with
ATP in the PKC C-terminal catalytic domain (26), and calphos-
tin C that interacts at calcium binding sites in the PKC N-ter-
minal regulatory domain (27). Calphostin C did not prevent
HDACS5 translocation under any of the experimental condi-
tions (Fig. 44), whereas Bis prevented HDAC5 nuclear export
under all conditions assayed, i.e. in response to PMA and in
PKCa-CT cells in the absence of PMA (Fig. 4B). These results
show that phorbol ester activation is sufficient (without inde-
pendent calcium signaling) to activate PKCs and promote
HDACS5 nuclear export, and that ATP utilization by the kinases
is essential for HDACS5 translocation.

Nuclear export of HDACs can be induced by calcium/cal-
modulin-dependent kinases (CaM kinase) (29), but CaM kinase
inhibition with KN-93 and KN-62 (30, 31) had no effect on
HDACS translocation in our systems (supplemental Fig. S1).
During the course of these studies we identified one pharmaco-
logical inhibitor that uniquely affected PKCa-CT-stimulated
HDACS5 translocation, the protein kinase inhibitor Go6976
(32). Cells pre-treated with Go6976 exhibited normal PMA-
induced HDACS5 nuclear export in vector-, PKCa-, and PKCa-
NT-expressing cells. However, the typical basal HDACS5 trans-
location seen in PKCa-CT expressing cells was abolished, and
PMA-induced HDACS translocation in these cells was attenu-
ated, by the Go compound (Fig. 4C).

PKCs are thought to promote HDAC5 nuclear export indi-
rectly by activating PKD (also known as PKCpu) that, in turn,
phosphorylates HDACs (14, 24, 25). Consistent with this mech-
anism, the specific PKD inhibitor CID 755673 (28) significantly
blunted PMA-induced HDACS5 translocation in vector-,
PKCa-, and PKCa-NT-transfected cells (Fig. 4D). Remarkably,
CID 755673 did not inhibit HDAC5 nuclear export induced by
PKCa-CT in the absence of PMA (Fig. 4D), showing that
PKCa-CT directly induces HDACS5 nuclear translocation,
independent of PKD. We confirmed the lack of an effect of PKD
inhibition on the PKCa-CT HDACS5 interaction by measuring
in vitro phosphorylation of HDAC5 protein. Cell lysates
expressing PKCa and its fragments all phosphorylated
HDACS, likely due to activation of endogenous kinases and
PKCa by cell-derived diacyglycerol. Strikingly, addition of CID
755673 prevented in vitro HDAC5 phosphorylation under all
conditions except PKCa-CT (Fig. 4E, middle panel), paralleling
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FIGURE 3. Calpain 1-generated PKCa-CT induces constitutive nuclear export of HDACS5. A, live-cell confocal fluorescent microscopy of COS7 cells tran-
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same treatment vector-transfected cells. D, effects of calpain cleavage of full-length PKCa on HDAC nucleo-cytoplasmic shuttling.

the results on in vivo HDAC5 nuclear export. These findings
prove that PKCa-CT directly promotes HDAC5 phophoryla-
tion and nucleo-cytoplasmic shuttling, mechanistically distin-
guishing it from the indirect, PKD-mediated effects of its PKCe
parent and endogenous PKCs.

Gene Expression Induced by PKCa-CT Is Linked to Cardiac
Pathology—Our prior study showed that calpain-generated
PKCa-CT is a constitutively active protein kinase that promis-
cuously phosphorylates atypical substrates. Ablation of calpain

GRS
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1 prevented the formation of PKCa-CT and was cardioprotec-
tive in myocardial ischemia (12). To establish a pathophysiolog-
ical connection between transcriptional regulation by
PKCa-CT and the pathology it induces in mouse hearts, we
performed an analysis of Gene Ontology categories on the
PKCa-CT-regulated gene sets. Apoptosis, as well as lipid
metabolism and transport and (predictably) intracellular sig-
naling genes were over-represented among PKCa-CT-up-reg-
ulated mRNAs (Fig. 54). Accordingly, we examined PKCa-CT
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lysates of HEK293 cells transfected with same constructs as in panel C.

hearts for evidence of programmed cardiomyocyte death.
TUNEL positivity was increased in PKCa-CT and PKCa hearts
after the onset of cardiomyopathy, although there was no dif-
ference in steady-state TUNEL positivity between PKCa- and
PKCa-CT-expressing hearts (Fig. 5B). Thus, transcriptional
up-regulation of cell death genes likely contributes to the car-
diomyopathy of PKCa activation, whether this occurs via
receptor-dependent or calapin-mediated receptor-indepen-
dent pathways.

To examine the potential role of the prototypical HDAC-
MEF2 interaction (33) on the effects of PKCa-CT, we examined
the regulation of bioinformatically identified MEF2 target
mRNAs. Our studies reveal 297 predicted MEF2 target genes
expressed >1 mRNA copy/cell in mouse hearts. Compared
with control tTA hearts, 15 MEF2 target mRNAs were up-reg-
ulated in PKCa-CT hearts, only one of which (Rtn4) was also
regulated in PKCa hearts; no MEF2 target mRNAs were signif-
icantly regulated in PKCa-NT hearts (Table 1). Interestingly,
nine of the PKCa-CT-up-regulated MEF2 target mRNAs were
classified by Ingenuity Pathways Analysis software within a net-
work of cellular development and inflammatory response sig-
naling activated by tumor necrosis factor (TNF) « (Fig. 6). Thus,
the transcriptional signature induced by constitutive PKCa-CT
mediated phosphorylation of HDACS5 recapitulates seminal
features of genetic reprogramming induced by TNFa-mediated
activation of cardiac death receptor pathways.

DISCUSSION

We recently described receptor-independent, calpain-medi-
ated proteolytic processing of PKCa in ischemic hearts that
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generates a stable, constitutively active PKCa-CT kinase frag-
ment, which is sufficient to cause dilated cardiomyopathy (12).
However, a mechanistic link between kinase activity and
PKCa-CT-induced cardiomyopathy has not been clearly
defined. Here, we report constitutive nuclear localization and
transcriptional regulation by PKCa-CT that can explain at least
some of its detrimental effects on the heart. Our studies further
reveal a direct stimulatory effect of PKCa-CT on HDAC5
nuclear export that differentiates it from its parent kinase,
PKCa, and that can provoke programmed cell death ensuing
from calpain-mediated generation of this rogue kinase.
Signaling pathways mediated via G-protein coupled recep-
tors play important roles in the compensatory responses to car-
diac stress, and in functional decompensation that ensues when
these mechanisms fail. Gq/phospholipase C signaling initiated
by angiotensin, a-adrenergic, and other cardiomyocyte recep-
tors is implicated in pathological hypertrophy and the transi-
tion to heart failure (34). Conventional PKC isoforms («, BI, BII,
and vy) are activated by these Gq/phospholipase C-coupled
receptors as the consequence of increased intracellular calcium
and phospholipid, which bind to specific domains within the
regulatory N-terminal half of PKCs (35-38). Calcium and phos-
pholipid binding induce allosteric changes that expose ATP-
and substrate-binding domains located within the catalytic car-
boxy-terminal half of the protein (39). Because PKC unfolding
after calcium and phospholipid binding also exposes binding
domains for PKC anchoring proteins (RACKs), receptor-medi-
ated PKC activation stimulates PKC translocation from cytosol
to particulate cell membranes. Spatial restriction thus produces
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FIGURE 5. Cardiac PKCa-CT induces expression of pathological genes that contribute to the cardiomyopathy phenotype. A, schematic depiction of
results of gene-ontology analysis of deep RNA sequencing. Size of pie slice is proportional to number of regulated mRNAs in that functional cluster. *, signif-
icantly increased proportional expression compared with control tTA-expressing hearts. GO categories by color are listed to the right. Gene lists indexed by
gene-ontology category and ID are in supplemental Table S1. B, myocardial TUNEL staining (green), co-stained for sarcomeric actin (phalloidin, red) and DAPI
nuclear stain (blue); group quantitative results are on the right (n = 3 12-week-old mice/group). *, p < 0.05 compared with tTA control hearts. #, p < 0.05
compared with PKCa hearts.
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TABLE 1
PKCa-CT-regulated MEF2 target genes in transgenic mouse hearts

mRNAs are ordered according to the magnitude of fold-change compared to tTA hearts, and expression values are numbers of copies per cell (mean = S.E.) determined
from RNA sequencing (n = 3 hearts per genotype). All mRNAs are significantly different between PKCa-CT and tTA hearts, p < 0.001.

Gene symbol Gene name tTA copies/cell PKCa-CT copies/cell
Up-regulated
Sprria Small proline-rich protein 1A 3.32 +2.99 131.31 * 24.63
Atf3 Activating transcription factor 3 0.78 = 0.20 5.39 £ 0.54
Tgfb2* Transforming growth factor, beta 2 1.39 £ 0.09 7.82 £ 0.77
Eno2* Enolase 2 (gamma, neuronal) 0.57 £ 0.02 2.59 + 0.44
Srpx2° Sushi-repeat-containing protein, X-linked 2 0.82 = 0.19 3.55 £ 0.64
Palm?2 Paralemmin 2 15.44 * 0.46 63.88 = 3.89
Rtn4® Reticulon 4 6.68 + 0.15 21.82 = 0.48
Trp53inpl* Transformation related protein 53 inducible nuclear protein 1 1.03 = 0.20 3.23 £0.26
Kife Kruppel-like factor 6 4.41 £ 0.20 11.79 = 1.88
Tti7 Tubulin tyrosine ligase-like family, member 7 0.82 + 0.07 2.05 + 0.12
Fkbp7 FK506 binding protein 7 2.88 = 0.23 6.67 = 0.89
Acot10 Acyl-CoA thioesterase 10 1.60 = 0.24 3.47 £ 0.28
Syk Spleen tyrosine kinase 2.18 += 0.05 4.01 + 0.44
Zfc3hl Zinc finger, C3H1-type containing 1.16 = 0.01 1.96 = 0.09
Tnsl Tensin 1 51.00 = 0.06 72.53 * 1.62
Down-regulated
R3hdm2” R3H domain containing 2 14.45 *= 0.40 10.45 = 0.57
Phyh” Phytanoyl-CoA 2-hydroxylase 61.60 = 3.19 34.48 * 4.64
Cand2 Cullin-associated and neddylation-dissociated 2 (putative) 6.89 + 0.64 3.76 = 0.38
Speg” SPEG complex locus 8.85 +0.12 4.79 £ 0.47
Ugcrel Ubiquinol-cytochrome c reductase core protein I 127.63 = 7.39 68.54 + 3.16
Slc2a4 Solute carrier family 2 (facilitated glucose) transporter), member 4 18.76 = 0.77 8.97 £ 1.18
Adhfel” Alcohol dehydrogenase, iron containing, 1 7.11 £ 0.54 3.05 £0.28
Extl1* Exostoses (multiple)-like 1 2.74 + 0.22 1.13 £ 0.16
Dhrs7c¢* Dehydrogenase/reductase (SDR family) member 7C 22.61 * 0.84 6.41 *2.10
Rpl3l Ribosomal protein L3-like 15.05 = 1.13 2.04 = 0.10

“ Denotes significant difference between PKCa-CT and tTA hearts found by microarray, i.e. concordant results between RNA-Seq and microarray.

substrate specificity (13). Because PKC activity has a narrow activating signals expire, the inactive PKC molecular configu-
physiological range, it is limited not only in space, but in time: ration is restored (temporal restriction). Importantly, post-
PKC-activating calcium and phospholipid second messengers translational formation of PKCa-CT by calpain-mediated
are evanescent, lasting only seconds to minutes. As these PKC-  proteolytic processing generates a kinase lacking both of these
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FIGURE 6. Ingenuity pathway analysis of PKCa-CT regulated, MEF2-tar-
getted cardiac mRNAs. Ingenuity Pathways Analysis software was used to
depict potential signaling pathways involving the 15 putative MEF2 targets
among PKCa-CT up-regulated mRNAs. Nine of 15 mRNAs were included in
the network. Lines with arrowheads, molecule acts on a target; lines without
arrowheads, binding only. Solid lines, direct interaction; dotted lines, indirect
interaction. Blue background, regulated putative MEF2 targets; white back-
ground, other signaling network members.

normal physiological restraints: PKCa-CT lacks the N-termi-
nal targeting domains, and therefore accesses atypical subcel-
lular compartments and abnormal substrates. PKCa-CT also
lacks the N-terminal autoinhibitory domains and is therefore
constitutively and persistently active (12).

Calpain-generated PKCa-CT corresponds approximately to
Nishizuka’s description of PKMa and Olson’s artificial PKC
mutant, PKC-8 (36, 40). Our observation that full-length car-
diomyocyte PKCa and PKCa-NT are largely cytosolic, whereas
PKCa-CT also resides in the nuclear fraction, echos the find-
ings of James and Olson (41) who reported that: 1. Inactive
PKCu in transfected CHO cells and C2 myoblasts was largely
cytosolic and underwent nuclear translocation after activation
with phorbol ester; 2. A PKCa truncation mutant lacking the
catalytic domain (PKC-TM310; analogous to the PKCa-NT
calpain proteolysis product) is cytosolic and unstable; and 3. A
PKCa truncation mutant consisting only of the PKCa« catalytic
domain (PKC-8; analogous to the PKCa-CT calpain proteolysis
product) is stable and constitutively localized to Triton-insolu-
ble and nuclear fractions. Thus, in vitro mutational analysis of
PKCa domains and iz vivo analysis of the naturally occurring
calpain-generated PKCa fragments agree that the free catalytic
kinase domain will localize in part to cell nuclei and regulate
gene transcription. It is worth noting that calpain-mediated
processing of PKCs has been observed in many tissues, and that
an analogous calpain-generated constitutively active PKC{ cat-
alytic domain, designated PKM(, plays a physiological role in
maintaining long-term memory (42). Thus, genetic reprogram-
ming by calpain-generated PKC-derived kinases may be a
recurring theme in vertebrate biology.

Nuclear-localized PKCa is thought to direct gene transcrip-
tion by activating PKD, which phosphorylates class Il HDACs,
thus de-repressing MEF2-dependent genes (14). Our results
confirm that PKD is an essential downstream mediator of
HDACS5 nuclear export mediated by endogenous COS7 cell
PKCs and by unprocessed human PKCa. However, we found
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that PKCa-CT provoked HDACS5 nucleo-cytoplasmic shut-
tling independently of PKD by directly inducing HDAC phos-
phorylation. This describes a new receptor-independent path-
way for transcriptional control. Previously described
mechanisms for HDAC nuclear export include PKC, PKD, and
CaM kinase II, all of which are calcium-dependent factors
within G-protein-coupled receptor signaling pathways. HDAC
phopshorylation by calpain-generated PKCa-CT links
increased cell calcium and MEF2-dependent gene transcription
in a manner that bypasses normal receptor signaling pathways,
and therefore cannot be prevented by pharmacological recep-
tor antagonism or receptor agonist synthesis inhibition.

Cardiac gene reprogramming by PKCa-CT reproduced
aspects of TNFa-stimulated gene expression. Pro-inflamma-
tory cytokines such as TNFa are linked to heart failure by acti-
vating their cardiomyocyte receptors and stimulating gene
transcription via the well-characterized NFkB pathway (43).
Cytokine signaling thus coordinates the response of external
inflammatory factors recruited to stressed or damaged myocar-
dium and the cardiomyocytes in the area of stress or injury.
Work in other cell types has implicated PKC signaling and
HDAC nuclear export in atypical, NFkB-independent tran-
scriptional activation by TNFa (44, 45). Activation of compo-
nents of the inflammatory gene program by PKCa-CT in viable
ischemic and/or reperfused is therefore a mechanism by which
the cardiomyocyte transcriptional stress response is rapidly and
persistently activated in a manner that anticipates actual mono-
nuclear infiltration and local cytokine production.

Our studies provide additional support for the approach of
direct protein kinase inhibition in heart failure. Not only do we
observe that an inhibitor of catalytical PKC activity prevented
HDAC nuclear export induced by PMA, PKCe, and PKCa-CT,
but we also found that Go6976 specifically inhibited constitu-
tive PKCa-CT-induced HDAC nucleoplasmic shuttling.
G06976, which is an inhibitor of calcium-dependent protein
kinase C isoforms and has additional activities as well (46),
failed to inhibit PMA-stimulated HDAC nuclear export, but
abolished that constitutively induced by PKCa-CT. This find-
ing demonstrates the feasibility of developing inhibitors with
relative specificity for the strictly pathological free catalytic
kinase fragments, but that spare normal receptor-mediated
PKC signaling pathways that may have critical essential func-
tions in non-involved tissues.
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