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Background: PP2A regulates cardiac excitability and physiology.
Results: PP2A regulation in heart occurs through integrative transcriptional, translational, and post-translational control of
three classes of subunits (17 genes) to control holoenzyme synthesis, localization, and maintenance; pathways are mechanisti-
cally altered in heart disease.
Conclusion:Multiple mechanisms are present for acute and chronic regulation of specific PP2A populations.
Significance: Results provide molecular insight into cardiac PP2A regulation.

Kinase/phosphatase balance governs cardiac excitability in
health and disease. Although detailed mechanisms for cardiac
kinase regulation are established, far less is known regarding
cardiac protein phosphatase 2A (PP2A) regulation. This is
largely due to the complexity of the PP2Aholoenzyme structure
(combinatorial assembly of three subunit enzyme from >17
subunit genes) and the inability to segregate “global” PP2A
function from the activities ofmultiple “local” holoenzymepop-
ulations. Here we report that PP2A catalytic, regulatory, and
scaffolding subunits are tightly regulated at transcriptional,
translational, and post-translational levels to tune myocyte
function at base line and in disease. We show that past global
read-outs of cellular PP2A activity more appropriately repre-
sent the collective activity of numerous individual PP2Aholoen-
zymes, each displaying a specific subcellular localization (dic-
tated by select PP2A regulatory subunits) aswell as local specific
post-translational catalytic subunit methylation and phosphor-
ylation events that regulate local and rapid holoenzyme assem-
bly/disassembly (via leucine carboxymethyltransferase 1/phos-
phatase methylesterase 1 (LCMT-1/PME-1). We report that
PP2A subunits are selectively regulated between human and
animal models, across cardiac chambers, and even within spe-

cific cardiac cell types. Moreover, this regulation can be rapidly
tuned in response to cellular activation. Finally, we report that
global PP2A is altered in human and experimental models of
heart disease, yet each pathology displays its own distinct
molecular signature though specific PP2A subunit modulatory
events. These new data provide an initial view into the signaling
pathways that govern PP2A function in heart but also establish
the first step in defining specific PP2A regulatory targets in
health and disease.

In metazoans, the delicate balance of protein phosphoryla-
tion is tightly synchronized by the competing activities of pro-
tein kinases and phosphatases. Dysregulation of protein phos-
phorylation has been linked to mechanical dysfunction and
arrhythmias in a host of cardiovascular diseases including atrial
fibrillation, sinus node disease, heart failure, and myocardial
infarction (1–6). Consequently, great emphasis has been placed
on defining levels and activity of protein kinases in cardiovas-
cular disease. Furthermore, pharmacological inhibitors of
kinase activity have significantly enhanced our ability to treat
cardiovascular disease phenotypes (7–9). Notably, the success
of �-adrenergic receptor blockers in the treatment of arrhyth-
mia, hypertension, and heart failure are attributed to the ability
to dampen several kinase pathways involved in disease. None-
theless, kinase activity represents only one facet of the system
responsible for regulating protein phosphorylation levels.
Protein phosphatase 2A (PP2A)2 is a serine/threonine phos-

phatase found across metazoan cell types. The PP2A holoen-
zyme is composed of three subunits that facilitate PP2A scaf-
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folding (A subunit), regulation (B subunit), and catalytic
activity (C subunit). Thus, potential diversity of PP2Amodula-
tion of cellular function arises from specific combinatorial
holoenzyme products (2 A subunit genes, 13 B subunit genes, 2
C subunit genes) (10). PP2A function is critical for the regula-
tion of a host of targets in both excitable and non-excitable cells
ranging from ion channels and transporters, regulatory
enzymes, transcription factors, and cytoskeletal proteins (11–
13). Moreover, the physiological importance of PP2A is clearly
illustrated by its role in human disease. For example, PP2A
dysfunction is linked with numerous forms of oncogenic regu-
lation and Alzheimer disease (14, 15) and the design of PP2A-
based inhibitors is a major area of research in cancer chemo-
therapies. In myocytes, PP2A activity is linked with multiple
targets important inmembrane excitability and excitation-con-
traction coupling including the ryanodine receptor (RyR2),
connexin43, Cav1.2, troponin, Na�/Ca2� exchanger (NCX),
and phospholamban (16–22). Although manipulation of PP2A
activity or expression in animal or cell models produces defects
in myocyte physiology and cardiac phenotypes (19, 20, 23–26),
the role and regulation of this critical enzyme family in cardio-
vascular disease is still largely elusive. In fact, we lack even a
basic fundamental understanding of the expression, activity,
and regulation of protein phosphatases in heart and/or in car-
diovascular disease.
Recently, work fromour group and others has provided func-

tional data that link dysfunction in local PP2A subunit targeting
and activity with highly penetrant and potentially fatal human
cardiac arrhythmia (27–35). These clinical and translational
findings have raised fundamental questions regarding the scope
and regulation of PP2A subunit in human heart and in cardio-
vascular disease. Here we identify the mechanisms underlying
PP2A holoenzyme regulation in heart and in cardiovascular
disease. We provide new data on the expression of all 17 PP2A
genes in human heart and demonstrate a surprising diversity in
the expression and distribution across multiple species and in
different cardiac chambers. Moreover, we find that all compo-
nents of the PP2A holoenzyme (scaffolding, catalytic, and reg-
ulatory subunits) are subject to a non-uniform and model-spe-
cific pattern of remodeling in animal models of cardiovascular
disease and in human heart failure.Mechanistically, we identify
the PP2A regulatory subunits as critical for conferring PP2A
target specificity in vivo by targeting the holoenzyme to specific
subcellular domains, suggesting an important disconnect
between assays of global phosphatase activity and local control
of cardiomyocyte function. Finally, we demonstrate that car-
diac PP2A subunits are subject to multiple post-translational
modifications that have functional consequences for assembly
of the holoenzyme in human heart failure. Collectively, our
findings define an unexpectedly expansive network for regula-
tion of local PP2A enzyme activity afforded by 1) expression of
large number of regulatory subunits (thirteen) with distinct and
well defined subcellular localization patterns, 2) differential
regulation of all holoenzyme components across heart regions,
species, and disease models, and 3) multiple post-translational
modifications of the catalytic subunit (controlled by expression
levels of upstream regulatory enzymes PME-1 and LCMT-1)
that alter assembly/disassembly of specific PP2A holoenzyme

populations in disease. Together these results highlight the
importance of evaluating PP2Aglobal function in the context of
complexly regulated local signaling domains.

EXPERIMENTAL PROCEDURES

Tissue Preparation—Cardiac tissue fromhuman, canine, and
murine hearts was flash-frozen with liquid N2 and ground into
a fine powder using a chilled mortar and pestle. The resulting
powder was then resuspended in homogenization buffer (1 mM

NaHCO3, 5mM EDTA, 1mM EGTA, 2mMNa3VO4, 1mMNaF,
1 mM PMSF, and protease inhibitor mixture (Sigma)) and fur-
ther homogenized using a chilled Dounce homogenizer. Sam-
ples were flash-frozen in liquid N2 and stored at �80 °C for
immunoblots.
Immunoblots—After quantification tissue lysates were ana-

lyzed onMini-PROTEAN tetra cell (Bio-Rad) on a 4–15% pre-
cast TGX gel (Bio-Rad) in Tris/glycine/SDS buffer (Bio-Rad).
For each lysate, 15 �l of sample (volumes were normalized for
varying protein concentrations) was loaded with 15 �l of a 20:1
mixture of Laemmle sample buffer (Bio-Rad) and �-mercapto-
ethanol. Sampleswere boiled at 100 °C for 5min before loading.
Gels were transferred to a nitrocellulose membrane using the
Mini-PROTEAN tetra cell (Bio-Rad) inTris/glycine buffer with
10%methanol (v/v, Bio-Rad). Membranes were blocked for 1 h
at room temperature using a 3% BSA solution and incubated
with primary antibody overnight at 4 °C. Antibodies included:
PP2A-C subunit (1:500, Millipore 05-421), PPP2R5E (1:1000,
Sigma HPA006034), PP2A subunit B isoform PR55� (1:500,
Sigma SAB4200241), PP2A subunit B isoform B56� (Sigma
SAB4200255), PPP2R5A (1:500, Abcam ab72028) or PP2A-
B56� (1:200, Santa Cruz sc-136045), PPP2R5C (1:500 Abcam
ab94633), PP2A� phosphor-Tyr-307 (1:500 Abcam, ab32104),
PP2A methyl Leu-309 (1:500, Abcam ab66597), PPP2R5B
(Abcam ab1366), anti-PPP2R3A (Sigma HPA035829), PP2A/A
(Calbiochem 539509). Secondary antibodies included donkey
anti-mouse-HRP, donkey-anti-rabbit-HRP, and donkey-anti-
goat-HRP (Jackson ImmunoResearch Laboratories). Densi-
tometry was performed using Adobe Photoshop software, and
all data were normalized to GAPDH levels present in each
sample.
Co-immunoprecipitation Experiments—Canine samples

were flash-frozen in liquid nitrogen and ground into a fine pow-
der. Samples were resuspended in homogenization buffer (0.32
M sucrose, 2.5 mM EGTA, 5 mM EDTA, 50 mM Tris, and 10 mM

NaCl, pH 7.47) and further homogenized by mechanical agita-
tion with a Dounce homogenizer. Triton-100 (1% final) was
added to each sample, and the samples were sonicated. Lysates
were centrifuged for 15 min at 3000 � g. The supernatant was
incubated with 40 �l of TrueBlot anti-rabbit Ig beads (eBiosci-
ence) for 60 min at 4 °C. Samples were again centrifuged at
3000� g for 2min, and 200�l of samplewas loaded into each of
two tubes (two tubes per sample). One tube was incubated with
4 �l of anti-PP2A B55� Ig (Calbiochem 539509) at 4 °C for 1 h
followed by the addition of 40 �l of anti-rabbit Ig beads over-
night at 4 °C. The second tube containing 200 �l of sample
lysate was incubated with TrueBlot anti-rabbit IgG beads over-
night at 4 °C. 20 and 10 �l of each sample were set aside to be
used as a 10 and 5% input loading control. After overnight incu-
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bation with anti-rabbit IgG beads, the supernatant was
removed from the beads, and the beads were washed 3 times
with wash buffer (1� PBS, 0.1% Triton, and 150 mM NaCl)
before immunoblotting with PP2A/A antibody.
Immunofluorescence—Cardiomyocytes were isolated, cul-

tured, and processed for immunofluorescence as described pre-
viously (35–37). For neonatal cardiomyocytes, staining experi-
ments were performed on adherent cells. For adult cells,
staining experiments were performed in solution. Secondary
antibodies included anti-rabbit and anti-mouse Igs conjugated
to AlexaFluor488 or -568 (Invitrogen). After secondary anti-
body treatment, cellswere extensivelywashed and coveredwith
Vectashield imaging medium (Vector Laboratories), and cov-
erslips (#1) were applied. Images were collected on a confocal
microscope (510Meta; Carl Zeiss, Inc.) with a 63� oil 1.40 NA
or 40� oil 1.30 NA lens (pinhole equals 1.0 airy disc; Carl Zeiss,
Inc.) using imaging software (release Version 4.0 SP1; Carl
Zeiss, Inc.). Images were collected using similar confocal pro-
tocols at room temperature. Images were imported into Photo-
shop CS (Adobe) for cropping and linear contrast adjustment.
Statistics—p values were determined with a paired Student’s

t test (2-tailed) or analysis of variance when appropriate for
continuous data. The Bonferroni test was used for post-hoc
testing. The null hypothesis was rejected for p � 0.05. Values
are expressed as the mean � S.E.
Cardiomyocyte Preparations—Neonatal and adult mouse

cardiomyocytes were prepared as previously described (35, 38).
Murine hearts from wild type and ankyrin-B-deficient C57Bl/6
mice were obtained after animals were euthanized by acute
CO2 asphyxiation followed by cervical dislocation in accordance
with the Guide for the Care and Use of Laboratory Animals pub-
lished by the National Institutes of Health and Institutional Ani-
mal Care and Use Committees-approved protocols.
siRNA—siRNA recognizing PP2A/A, PP2A/C, PPP2R3A,

PPP2R4, PPP2R5C, and PPP2R5E (siGENOME, Dharmacon)
were individually transfected into neonatal cardiomyocytes
using Effectene (39).
mRNAAnalysis—PCRreactionsweredone inavolumeof20�l

using PlatinumTaq Polymerase High Fidelity. A touchdown PCR
protocol was used for each primer set to reduce any nonspecific
sequence amplification. Amplification primers included: PP2A/
C_5� GTTCAGCAACGAGCTGGACCAGTG; PP2A/C_3� CCA-
CCACGGTCATCTGGATCTGACCA; PP2A/A�_5� ACCTCT-
CAGCTGACTGTCGGGAGAATGTGATCATGTCCC; PP2A/
A�_3� CTCCGGACTGGCCAAGACCTTGGGGATGATTGT-
GGA; PP2A/A�_5� CGATCGCGGTTTTAATCGACGAGCT-
CCGCAATGAAGACGTGC;PP2A/A�_3�ATACTGACACAAG-
CTTCCACAGCAAGGAGGGCGCACTGAATCC; PPP2R2A_5�
GCTGGAGGAGGGAATGATATTCAGTGGTGTTTTTCTC-
AGGT; PPP2R2A_3� GTAGGATCTCTATACCTTCCATCCT-
CCTCTTTCAAGTTAT; PPP2R2B_5� GATCCTGCCACCAT-
CACAACCCTGCGGGTGCCT; PPP2R2B_3�GTCACACAGC-
CGGATTGTCCCTTTGCTGCGGC; PPP2R2C_5� CDCCDCCC-
ACTCACTCCTGTCCACCAACGAT; PPP2R2C_3� GGA-
CGGCTTGATGTCCACGATGTTGAAGCTCCTGTCGG;
PPP2R2D_5� TGGTGCTTCTCGCAGGTCAGGGGGGCC-
ATCGACGA; PPP2R2D_3� GACCCGTAGCGCCGTGATC-
CTAAATGGGTCTCGAAGTC; PPP2R5A_5� GAGTATG-

TTTCAACTAATCGTGGTGTAATTGTTGAATCAGCG;
PPP2R5A_3� TCCCATAAATTCGGTGCAGAACAGTCT-
TCAGG; PPP2R5B_5� ATGGAGACGAAGCTGCCCCCTG-
CAAGCACCCCCACTAGCCCCTCCTCC; PPP2R5B_3� GAC-
GGGCTCGATGAGGACACCCCGGGTGCTCCCCACACT;
PPP2R5C_5� CAGTGACAACGCAGCGAAGATTCTGC-
CCATCAT; PPP2R5C_3� CTAGCGGCCGTCCTGGGAGGC-
CAGCTCATCGGCCC; PPP2R5D_5� GGCCCGGCTTAATC-
CCCAGTATCCCATGTTCCGAGCCCCTCC; PPP2R5D_3�
TCAGAGAGCCTCCTGGCTGGCAGTTAGGAACTCTTC-
CGCCCG; PPP2R5E_5�CCGGCTATTGTGGCGTTGGTGTA-
CAATGTGTTGAAGGC; PPP2R5E_3� TAAAGTTGGAAT-
TATTCCATCACGTCTACGTCTAAGACCTCTCTTTAA;
PPP2R3A_5� GGATGTGGTGGATACCCACCCTGGTCTC-
ACGTTCCT;PPP2R3A_3� CTCATACATGGAGAGTACAC-
CGTCTCCATCCACATCCAT; PPP2R3B_5� ATGCCGCCCG-
GCAAAGTGCTGCAGCCGGTCCTG; PPP2R3B_3� CGT-
TCGTGGGGCTGGAGGCGGCGCCAAGGG; PPP2R3C_5�
TCGTCGGCGCCTAGCGACGCCCAACACCTG; PPP2R3C_3�
ATCGCTTCCTCTCCAATCATAGGTGGTGTCTGGTGT-
TTGTCCAGC; PPP2R4_5� GCTGAGGGCGAGCGGCAG-
CCGCCGCCA; PPP2R4_3� GCCAGATGGGTAGGGACC-
ACTGTGGCCACC.
H202 Treatment of Cardiomyocytes and Fibroblasts—Neona-

tal murine fibroblasts and cardiomyocytes were separated by
differential adherence during the isolation procedure, and puri-
fied populations were confirmed by �-actinin staining. After
24 h of culture at 37 °C and 5% CO2 in either defined growth
media (DMEM/F-10 supplemented with insulin (1 �g/ml),
transferrin (5 �g/ml), LiCl (1 nM), NaSeO4 (1 nM), ascorbic acid
(25 �g/ml), thyroxine (1 nm)) for the cardiomyocytes or com-
plete medium (DMEM/Ham’s F-10, 10% FBS, and 10% HS) for
fibroblasts, 75 �M H2O2 was applied to the cells for 60 min.
After H2O2 treatment, cells were lysed in Laemmle buffer.
Human Tissue Samples—Left ventricular (LV) tissue was

obtained from explanted hearts of patients undergoing heart
transplantation through The Cooperative Human Tissue Net-
work, Midwestern Division at Ohio State University. Institu-
tional approval for use of human subjects was obtained from
the Institutional Review Board of Ohio State University.
LV tissue from healthy donor hearts not suitable for transplan-
tation was obtained through the Iowa Donors Network and the
National Disease Research Interchange. The investigation con-
forms to the principles outlined in the Declaration of Helsinki.
Age and sex were the only identifying information acquired
from tissue providers.
Institutional Approval for Animals—All animal studies in

this study were approved by the appropriate (Ohio State Uni-
versity/Columbia University) institutional review board (Insti-
tutional Animal Care and Use Committees).
Canine Ischemic and Non-ischemic Heart Failure Models—

Myocardial infarction was produced in healthy mongrel dogs
by total coronary artery occlusion, as described previously (38).
A cardiectomy was performed 5 days after surgery. Thin tissue
slices from visible epicardial border zone and from a remote
area away from the infarct (LV base) were flash-frozen for anal-
ysis. HF via chronic tachypacing was induced as described (40,
41). Cardiac tissues were snap-frozen in liquid nitrogen and
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stored at �80 °C until used. Control dogs were sacrificed in
parallel. All animals were used according to approved Institu-
tional Animal Care and Use Committees protocols (Columbia
University and Ohio State University).

RESULTS

Defining PP2A Family Subunits in Human Heart—The
human genome encodes at least 17 different PP2A subunits
(Fig. 1, A and B; 2 A subunits, 13 B subunits, 2 C subunits).
However, despite intense study of PP2A function inmetazoans,
surprisingly little is known regarding the differential expression
or activity of PP2A subunits across tissues or cell types. In fact,
there are no studies that characterize the detailed expression
and/or regulation of the PP2A subunit family in human heart.
We identified mRNA for PP2A scaffolding subunit (A subunits
� and �) in human LV (Fig. 1C). Additionally, the message for
the PP2A catalytic subunit was identified (Fig. 1C). Notably, we
identified mRNA expression of 12 of the 13 PP2A regulatory
subunit genes present in the human genome (Fig. 1C). Catalytic
subunit (PPP2AC), two scaffolding subunits (PPP2R1A,
PPP2R1B), andmultiple regulatory subunits (PPP2R2A,PPP2R2B,
PPP2R5A, PPP2R5B, PPP2R5C, PPP2R5D, PPP2R5E, PPP2R3A,

PPP2R3B, PPP2R3C, and PPP2R4) were detected in human
heart. The message for PPP2R2C, not present in heart, was
observed in human brain (Fig. 1C). All appropriate controls for
PP2A subunit mRNAs were negative. Together these data sug-
gest that the human heart has the potential to assemble a com-
binatorial library of PP2A holoenzymes with potentially unique
targets/functions.
Expression of PP2A Subunits in Human Heart—We next

tested PP2A subunit protein expression in human heart. As
predicted, we observed both PP2A catalytic and scaffolding
subunits at the appropriate molecular weights in human LV
(Fig. 2A). Additionally, we observed nine different PP2A regu-
latory subunits (PPP2R2A, PPP2R2B, PPP2R3A, PPP2R4,
PPP2R5A, PPP2R5B, PPP2R5C, PPP2R5D, and PPP2R5E) at
their appropriate molecular weights by immunoblot (Fig. 2A).
Other subunits were not detected. Notably, subsequent immu-
noblot analyses across human heart chambers revealed differ-
ences in PP2A subunit expression. For example, both PP2A
catalytic and scaffolding subunit expression were significantly
higher in right atria and ventricle when comparedwith left atria
and ventricle (Fig. 2,A and B, n � 3, p � 0.05). We observed no
statistical differences in relative protein expression of regula-
tory subunits between the four human chambers. Finally, we
tested whether PP2A subtype expression was conserved across
species. Immunoblots of human, canine, rat, and mouse LV
confirmed the presence of both PP2A catalytic and scaffolding
subunits (PP2A-A, PP2A-C) as well as regulatory subunits
(PPP2R2A, PPP2R2B, PPP2R3A, PPP2R4, PPP2R5A, PPP2R5B,
PPP2R5C, PPP2R5D, and PPP2R5E; Fig. 2B). Although we did
not observe differences in overall expression patterns of the
catalytic or scaffolding subunits, several regulatory subunits
had variable interspecies expression levels. PPP2R5A and
PPP2R5E expression levels were significantly higher in rat and
mouse than in human and dog (Fig. 2D, n � 3, p � 0.05),
and PPP2R2A and PPP2R5C was significantly lower in rat and
mouse than in human and dog (Fig. 2D; n � 3, p � 0.05). These
new findings illustrate the complexity and diversity of PP2A
subunit expression in mammalian hearts. Furthermore, the
data suggest that variable expression of the regulatory subunits
may confer signaling specificity across regions, species, and dis-
ease states.
PP2A Regulatory Subunits Display Specific Localized Expres-

sion in Myocytes—As illustrated above, diversity in cardiac
PP2A holoenzyme activity may arise from differential organ or
chamber mRNA and/or protein expression. However, an addi-
tional level of target specificity may arise through differential
subcellular distribution of specific PP2A holoenzymes. We
tested this hypothesis by evaluating the subcellular localization
of PP2A subunits in primary adult mouse myocytes. We
observed broad subcellular distribution of PP2A scaffolding
and catalytic subunits throughout the cytosol and nucleus of
ventricularmyocytes. In fact, immunostaining for bothA andC
subunits was present throughout the entire myocyte (Fig. 3, A
and B). In contrast, we observed remarkable specificity in the
localization of PP2A regulatory subunits in ventricular myo-
cytes. For example, PPP2R5E was localized specifically to the
Z-line/T-tubule region as demonstrated by co-distribution
with �-actinin (Fig. 3, I–J), whereas PPP2R3A was localized to

FIGURE 1. Defining PP2A family subunits in human heart. A, PP2A holoen-
zyme is shown. The model of PP2A holoenzyme consists of a scaffolding,
catalytic, and regulatory subunit. B, human PP2A isoform descriptions include
subunit type, gene name, related names, and PP2A subfamily. C, cardiac PP2A
subunit transcripts are shown. Primers designed to amplify the specific sub-
unit noted above were used to determine the presence of PP2A subunit tran-
scripts in non-failing human heart. PCR products are shown, and a plus sign
indicates the detection of a PCR product.
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both Z- and M-lines of the cardiomyocyte (Fig. 3, C and D).
PPP2R5C was primarily localized to the myocyte nucleus, with
a secondary population overlying the cardiac Z-line (Fig. 3, G
andH). Finally,PPP2R4was concentrated in the cardiomyocyte
nucleus and in fact localized with nuclear speckles (Fig. 3, E and
F). Importantly, PP2A antibodies utilized for these studies as
well as immunoblots were verified for specificity in primary
neonatal cardiomyocytes � subunit-specific siRNAs (supple-
mental Fig. 1). Together, these findings illustrate an additional
layer of complexity of PP2A holoenzyme regulation, namely dif-

ferential regulatory subunit localization, for specific subcellular
targets. These findings will be important in defining the target
specificity and function of each PP2A holoenzyme in vivo.
PP2A Subunit Regulation inHumanHeart Failure—Wenext

tested if expression levels of PP2A subunits were altered in
human heart failure. In particular, our goal was to determine
whether variability in expression of the regulatory subunits
might offer a specific signature of cardiac pathology. We first
investigated PP2A subunit expression in human ischemic heart
failure samples. Although PP2A scaffolding subunit levels were

FIGURE 2. Differential expression of PP2A subunits in human heart chambers and animal species. A and B, shown is PP2A subunit expression in human
heart chambers. Expression of PP2A subunits across human heart chambers is shown. For panel A, * denotes p � 0.05 for each subunit relative to expression in
human LV (n � 3). C and D, shown is PP2A subunit expression across species. Expression of PP2A subunits in healthy human, canine, rat, and mouse LV is shown.
In D, * denotes p � 0.05 for each subunit relative to human LV (n � 3). In A–D, band densities were normalized to GAPDH, and data are shown relative to
expression levels in non-failing human LV.
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unchanged in LV tissue, we observed a nearly 2-fold increase in
PP2A catalytic subunit expression when compared with non-
failing hearts (Fig. 4, A–C); n � 5 non-failing and ischemic HF,
p � 0.05). We observed differential expression of regulatory
subunits in ischemic heart failure with elevated levels of
PPP2R5A, PPP2R5B, PPP2R5E, PPP2R3A, and PPP2R4 (Fig. 4,
A and C; n � 5 non-failing and ischemic HF, p � 0.05). Other
subunit levels were not statistically different between non-fail-
ing and diseased hearts (Fig. 4; n � 5 non-failing and ischemic
HF, N.S.).
We also examined PP2A subunit expression in LV samples

from non-ischemic failing and non-failing hearts. Although we
observed similar data for PP2A catalytic subunit (increased
�2-fold), PP2A scaffolding subunit levels were also elevated in
non-ischemic failing LV (Fig. 4, B and D; n � 5 non-failing and
non-ischemic, p � 0.05 for A and C subunits). Regulatory sub-
unit overexpression was observed for PPP2R5A, PPP2R5B,
PPP2R5E, PPP2R3A, and PPP2R4, similar to ischemic heart
failure data (Fig. 4B; n � 5 non-failing and non-ischemic HF,
p � 0.05). Consistent with ischemic heart failure data, we
observed no difference in the expression of PPP2R2A,
PPP2R2B, PPP2R5C, or PPP2R5D gene products (n � 5 non-
failing and non-ischemic HF, N.S.). These data provide the first
insight into the regulation of PP2A subtype family proteins in
human heart disease and demonstrate complexity in the regu-
lation of specific PP2A holoenzymes in specific pathologies.
Moreover, these data suggest that past evaluations of global
PP2A function in disease may more appropriately represent a
combination of differential activities of a large population of
individual holoenzymes.
Differential PP2A Subunit Transcriptional Regulation in

Human Heart Failure—We determined if PP2A subunits dis-
played differential transcriptional regulation in human heart
failure. Human PP2A subunit mRNA levels were evaluated
from samples from non-failing LV tissue and tissue from indi-
viduals with ischemic or non-ischemic heart failure. PP2A/A
transcript (both � and � splice forms) was significantly
decreased in LV ischemic heart failure samples compared with
non-failing tissue (Fig. 5A; n � 3 for non-failing, n � 3 for
failing, p � 0.05). Moreover, consistent with protein data, we
observed a significant increase in PPP2R3A and PPP2R5B tran-
script levels in ischemic heart failure samples compared with
non-failing samples (Fig. 5A; n� 3 for non-failing, n� 3 forHF,
p � 0.05). Notably, we observed no significant difference in
mRNA levels of all other PP2A subunits analyzed between non-
failing and ischemic heart failure samples (Fig. 5A; n � 3 for
non-failing, n � 3 for HF, p � N.S.). Consistent with ischemic
heart failure data, subunit transcriptional regulation was not
widely observed in non-ischemic heart failure samples. In fact,
only PPP2R5D displayed a significant increase in non-ischemic
heart failure samples when compared with non-failing tissue
(Fig. 5B;n� 3 for non-failing,n� 3 forHF, p� 0.05). Together,
these data from both ischemic and non-ischemic human heart
failure suggest that PP2A subunit expression in cardiovascular
disease is differentially regulated by both transcriptional and
translational mechanisms, further adding to the complexity of
holoenzyme regulation in human pathophysiology.

FIGURE 3. Differential subcellular localization of PP2A regulatory sub-
units in heart. Isolated adult mouse cardiomyocytes were analyzed by con-
focal microscopy for distribution of PP2A subunits. A, PP2A/A. B, PP2A/C.
C, PPP2R3A is in red; the asterisk denotes the site of the nucleus, arrows indi-
cate Z-line, and arrowheads indicate M-line. D, PPP2R3A is in red, and �-actinin
is in blue. E, PPP2R4 is in (green). F, PPP2R4 is in green, and �-actinin is in red.
G, PPP2R5C is in red. H, PPP2R5C is in red, and �-actinin is in green. I, PPP2R5E is in
blue. J, PPP2R5E is in blue, and �-actinin is in purple. Each experiment was done in
triplicate using myocytes isolated from three different WT mice. Bar � 10 �m.

Phosphatase Regulation in Cardiac Pathophysiology

JANUARY 4, 2013 • VOLUME 288 • NUMBER 2 JOURNAL OF BIOLOGICAL CHEMISTRY 1037

 by guest on Septem
ber 12, 2016

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


PP2A Subunit Regulation in Canine Cardiovascular Disease
Models—Large and small animal experimental models have
been essential for understanding the cell and molecular patho-
genesis of cardiovascular disease. Therefore, we examined
PP2A subunit expression in two different canine models of
human heart disease. First, we examined PP2A subunit expres-
sion after myocardial infarction (5 days after total coronary
artery occlusion), a leading cause of death worldwide (42). Sim-
ilar to ischemic and non-ischemic human heart failure samples,
we observed elevated levels of PP2A catalytic subunit in infarct
border zone tissue compared with remote tissue of a well vali-
dated canine ventricular tachycardia post myocardial infarc-
tion model(43) (Fig. 6, A and C; n � 5 non-failing and post-
occlusion, p � 0.05). Additionally, PP2A scaffolding subunit
levels were also significantly elevated, although only moder-
ately at 5 days post-occlusion (Fig. 6,A andC; n� 5 non-failing
and post-occlusion, p � 0.05). PP2A regulatory subunits
with altered expression included PPP2R5A, PPP2R5D, and
PPP2R4 at 5 days post-occlusion. At this early time point, we
observed no difference in the expression of regulatory subunit
products of PPP2R2A, PPP2R2B, PPP2R2B, PPP2R5C,
PPP2R5E, or PPP2R3A (Fig. 6, A and C; n � 5 non-failing and
post-occlusion, N.S.).
We also evaluated PP2A subunit expression in a well vali-

dated long term tachy-pacing-induced non-ischemic model of
canine heart failure (41). At 4 months of heart failure, we
observed elevated levels of both scaffolding and catalytic sub-
units in experimental samples comparedwith non-failing tissue
(Fig. 6, B andD; n � 5 non-failing and HF, p � 0.05). PPP2R2B,
PPP2R5B, PPP2R5D, PPP2R5E, PPP2R3A, and PPP2R4 gene
products were significantly elevated in failing canine LV com-
pared with non-failing canine tissue (Fig. 6 B and D; n � 5
non-failing and HF, p � 0.05). In contrast, levels of PPP2R2A,
PPP2R5A, and PPP2R5C were unchanged between non-failing
and heart failure samples (Fig. 6, B andC; n� 5 non-failing and
HF, N.S.). Collectively, data in these canine ischemic and non-
ischemic disease models demonstrate significant regulation of

FIGURE 4. Differential PP2A subunit regulation in ischemic and non-ischemic heart disease. Shown is PP2A subunit expression in non-failing (NF) human
LV and in LV of human hearts in end stage ischemic heart failure (IHF) (A) or in end stage non-ischemic heart failure (nIHF) (B). C and D, densitometry analysis
describes PP2A subunit expression levels in non-failing human LV and in the LV of human hearts in end stage ischemic heart failure (IHF) (C) or in end stage
non-ischemic heart failure (nIHF) (D). In all experiments, GAPDH was utilized as a loading control. n � 5 for all experiments, and the asterisk denotes p � 0.05
compared with human LV.

FIGURE 5. Transcriptional regulation of PP2A subunits in human heart
failure. A, shown are PP2A isoform mRNA levels in LV samples from human
non-failing (black bars) and ischemic heart failure. B, PP2A isoform mRNA
levels in LV samples from human non-failing (black bars) and non-ischemic
heart failure are shown. n � 3 for all experiments, and an asterisk denotes p �
0.05 compared with human non-failing sample. Values were normalized to
GAPDH as an internal amplification control and are expressed as levels com-
pared with non-failing samples.
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the PP2A enzyme through regulation of both PP2A catalytic
and scaffolding subunits. However, these data also reveal that
full holoenzyme regulation may be tightly regulated for target
specificity in each disease through regulation of regulatory sub-
unit expression. Our data further demonstrate that each spe-
cific disease pathology (ischemic versus non-ischemic, acute
versus chronic, etc.) likely has its own PP2A subunit expression
signature presumably corresponding with selective regulation
of specific targets.
Select PP2A Subunit Regulation in Mouse Model of Human

Catecholamine-induced Arrhythmia—Dysregulation in car-
diac sympathetic tone has been linked to both genetic and
acquired forms of human ventricular arrhythmia (18). In fact,
dysfunction in select myocyte pathways that alter the phospho-
protein axis have been identified as a primary cause of multiple
forms of congenital catecholaminergic polymorphic ventricu-
lar tachycardia (44). One notable pathway is the ankyrin-B-
pathway that coordinates the subcellular localization of mem-
brane-associated ion channels, transporters, and signaling
molecule that is altered in human catecholaminergic polymor-
phic ventricular tachycardia as well as sinus node disease, heart
rate variability, and atrial fibrillation (31, 33, 35, 36). We
hypothesized that PP2A subunit levels might be altered in a
murine model of human ankyrin-B catecholaminergic poly-
morphic ventricular tachycardia. Consistent with investigated
forms of human and canine heart disease, we observed signifi-
cant increases in both PP2A catalytic and scaffolding subunits
in adult ankyrin-B�/� LV compared with littermates (supple-
mental Fig. 2; n � 5 wild type and ankyrin-B�/�, p � 0.05).
Additionally, we observed alterations in expression of PP2A
regulatory subunits PPP2R5A, PPP2R5B, and PPP2R5E in
ankyrin-B�/� hearts (supplemental Fig. 2; n � 5 wild type and
ankyrin-B�/�, p� 0.05). Although there were trends for differ-
ences in other PP2A regulatory subunits, we observed no sig-
nificant difference in expression of PPP2R2A, PPP2R2B,

PPP2R3A, PPP2R4, PPP2R5C, or PPP2R5D between WT and
ankyrin-B�/� mice (supplemental Fig. 2; n � 5 wild type and
ankyrin-B�/�, p � N.S.). Thus, consistent with a role for aber-
rant regulation of the kinase/phosphatase signaling axis in sym-
pathetic-mediated ventricular tachycardia, our results indicate
that multiple arms of the PP2A signaling cascade are differen-
tially regulated in an animal model of catecholaminergic poly-
morphic ventricular tachycardia.
Mechanisms Underlying Post-translational Regulation of Car-

diac PP2A Function in Human Cardiovascular Disease—
Although not studied in heart, post-translational regulation of
PP2A activity is implicated in holoenzyme regulation in other
organ systems and non-cardiac disease states (10, 45). We,
therefore, investigated potential new mechanisms for cardiac
phosphatase regulation via post-translational modifications at
base line and in heart disease. Notably, the C terminus of the
PP2A catalytic subunit interacts with an interface of the A and
B subunits. This C-terminal region is altered by both phosphor-
ylation and methylation that serve to “switch” the active and
inactive state of the full holoenzyme through altering the
recruitment and docking of the regulatory subunit with the A
and C subunits (Fig. 7A) (45). We examined the phosphory-
lation status of the catalytic subunit of PP2A at residueTyr-307,
a site liked with inactivation of the phosphatase (10, 12, 46).
Notably, we observed phosphorylated PP2A/CTyr-307 in non-
failing human heart (Fig. 7, B–D). Moreover, we observed a
significant increase in the expression level of the phosphory-
lated (inactivated) catalytic subunit being expressed in non-
ischemic heart failure samples comparedwith non-failing heart
(Fig. 7, B and C; n � 4, p � 0.05). In contrast, we observed no
difference in methylation of PP2A catalytic subunit at residue
Leu-309, a site regulated by the opposing activities of LCMT-1
and phosphatase methylesterase 1 (PME-1) to control recruit-
ment of the PPP2R2A and PPP2R2B regulatory subunits (46)
(Fig. 7, A and C, n � 4, p � N.S.). Total PP2A catalytic subunit

FIGURE 6. Differential PP2A subunit regulation in canine cardiovascular disease. Shown is PP2A subunit expression in canine LV. Experiments in panels A
and C represent data from control versus border zone (BZ) tissue 5 days post coronary artery occlusion (n � 5, p � 0.05). Experiments in panels B and D represent
data from non-failing versus heart failure. In all experiments, GAPDH was used as a loading control (n � 5, p � 0.05). MI, myocardial infarction.
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expression was increased in non-ischemic heart failure (Fig. 7,
B and C, n � 4, p � 0.05). However, in parallel, levels of PP2A-
phospho-Tyr-307 (inactivated) were increased. Thus, we nor-
malized expression of phosphorylated andmethylated forms of
the PP2A catalytic subunit to the expression level of the total
amount of the PP2A/C subunit expressed in each sample.Nota-
bly, the ratio of PP2A subunit Tyr-307 to total PP2A/C was
increased in human heart failure samples compared with non-
failing heart (Fig. 7D; n � 4, p � 0.05), favoring inactivation of
the holoenzyme. Moreover, the ratio of methylated catalytic
subunit to total catalytic subunit was significantly decreased in
human heart failure compared with non-failing samples (Fig.
7D; n � 4, p � 0.05), a modification further disabling the func-
tional holoenzyme. Notably, we observed similar findings in
samples from human ischemic heart failure versus non-failing
heart samples (Fig. 7, E–G; n � 4 HF, n � 5 non-failing; p �
0.05) and canine heart failure samples versus control samples
(Fig. 7, H–J; n � 4 control, n � 4 HF, p � 0.05).

In response to increased catalytic phosphorylation and
decreased catalytic subunit methylation, select PP2A regula-
tory subunits (B55� encoded by PPP2R2A) dissociate from the
core PP2A enzyme (45–47). Based on our observations of
altered PP2A catalytic post-translational regulation in heart
failure (increased phosphorylation, decreasedmethylation; Fig.
7), we hypothesized that PP2A core subunits would display
reduced association with B55� in heart failure. To test this
hypothesis, we performed co-immunoprecipitation experi-
ments using control and heart failure samples from canine LV.
Consistent with our hypothesis, we observed dissociation of
B55� from the core PP2A scaffolding and catalytic subunits in
canine heart failure samples comparedwith control LV samples
(Fig. 8). These data demonstrate that whereas global PP2A cat-
alytic subunit levels may increase in heart failure, levels of spe-

cific local PP2A holoenzyme populations (i.e. B55�) will be
reduced due to alterations in post-translational regulation. In
summary, our findings provide the initial data on PP2A subunit
post-translational regulation in heart and provide data on the
regulation of these critical subunits in human heart failure.
PP2A Subunit Post-translational Regulation Is Cardiac Cell

Type-specific—Although excitable cardiomyocytes comprise
the majority of cells in the heart, a host of other cell types
including cardiac fibroblasts are present in heart and alter car-
diac physiology and response in disease. Experimentally, these
non-myocyte populationsmay affect interpretation of our anal-
ysis of global cardiac PP2A regulation.We, therefore, evaluated
the presence of PP2A subunits in purified populations of pri-
mary cardiomyocytes (Fig. 9, A and B) and cardiac fibroblasts
(Fig. 9, C and D). Mouse cardiac cells were utilized to generate
large and homogenous cell populations. By immunoblot, both
myocyte and fibroblast cell populations showed robust expres-
sion of PP2A core subunits (Fig. 9,A–D). Additionally, both cell
populations displayed both post-translational PP2A C subunit
methylation and phosphorylation (Fig. 9, A–D).

FIGURE 7. Post-translational regulation of PP2A subunits at base line and in disease. A, a model of post-translational modifications of the PP2A catalytic
subunit is shown. Tyr-307 phosphorylation of PP2A/C results in generalized inhibition of phosphatase activity; Leu-309 methylation (regulated by LCMT-1 and
PME-1) results in the enhanced recruitment of the PPP2R2A and PPP2R2B into the holoenzyme. Shown are expression levels of total, phosphorylated (Thr-307),
and methylated (Leu-309) PP2A catalytic subunit in LV samples of non-failing (NF) and non-ischemic human heart failure (B and C; n � 5; p � 0.05), non-failing
and ischemic human heart failure (E and F, n � 5 non-failing, n � 4 ischemic HF, p � 0.05), and canine control and heart failure samples (H–I, n � 4/group, p �
0.05). D, G, and J, adjusted phosphorylated and methylated catalytic subunit activities based on total PP2A catalytic subunit expression in non-failing and heart
failure samples from human and canine heart are shown. GAPDH was used as an internal loading control. IR, insulin response.

FIGURE 8. Decreased assembly of PP2A enzyme with B55 regulatory sub-
unit in heart failure. Shown are co-immunoprecipitation experiments from
non-failing and failing canine LV tissue lysate using B55�-specific Ig (lanes 1–2,
and 5 and 6 represent 5 and 10% of experimental input). Note that PP2A B55� Ig
immunoprecipitated reduced PP2A/A subunit in failing canine tissue compared
with non-failing tissue even though PP2A/A and PP2A/C levels were elevated in
the canine heart failure model. Molecular weight markers are shown in the figure.
Identical data were observed in multiple biochemical experiments.

FIGURE 9. Cardiac cell type-specific regulation of PP2A post-translational
regulation. A, shown is expression of the PP2A catalytic subunit in purified
populations of primary ventricular cardiomyocytes � treatment with H2O2 to
induce ROS production. Immunoblots also depict relative expression of PP2A
catalytic subunit phosphorylation and methylation �H2O2. GAPDH was uti-
lized as internal loading control. B, shown are mean expression levels of the
catalytic subunit and modified forms � H2O2 from purified primary car-
diomyocytes (n � 4; * represents p � 0.05 for each antibody � H2O2).
C, shown is expression of PP2A catalytic subunit in purified populations of
primary cardiac fibroblasts � H2O2. Immunoblots also depict relative expres-
sion of PP2A catalytic subunit phosphorylation and methylation � H2O2.
GAPDH was utilized as internal loading control. D, mean expression levels are
shown of the catalytic subunit and modified forms � H2O2 from purified
primary fibroblasts (n � 4; p � N.S. for each group � H2O2).
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We next examined whether both myocyte and fibroblast cell
populations would show display similar responses to disease-
associated agonists. Consistent with earlier heart failure data,
we observed increased cardiomyocyte PP2A catalytic subunit
phosphorylation and decreased PP2A catalytic subunit methyl-
ation in response to elevated reactive oxygen species (ROS), a
hallmark of human heart failure (Fig. 9, A and B, n � 4 control,
n � 4 ROS exposure, p � 0.05). However, unlike purified myo-
cyte experiments, we observed no statistical difference in PP2A
catalytic subunit methylation or phosphorylation in purified
cardiac fibroblasts in response to elevated ROS (Fig. 9,C andD,
n � 4 control, n � 4 ROS exposure, p � N.S.). Together, these
data demonstrate that although PP2A subunits likely exist in
most cardiac cell types, themechanisms for PP2A subunit post-
translational regulation are cell type-specific.
PP2A Holoenzyme Post-translational Regulation Is Modified

Through Upstream Pathways—Methylation status of the PP2A
catalytic subunit (via LCMT-1 and PME-1) alters the activity of
specific PP2A subclasses. We hypothesized that down-regula-
tion of LCMT-1 expression and/or increased expression of
PME-1 may explain the observed decrease in PP2A catalytic
subunit methylation in human heart failure. Consistent with
this hypothesis, we observed decreased expression of LCMT-1
in both ischemic and non-ischemic heart disease (Fig. 10, A, B,
E, and F; p � 0.05 versus non-failing human heart tissue). Sim-
ilar results were obtained in experimental samples from
chronic canine heart disease versus non-failing (Fig. 10, C, E,
and F; p � 0.05 versus non-failing canine heart samples). In
contrast, LCMT-1 expression was significantly increased in

ankyrin-B�/� mouse hearts (mouse model of ventricular
arrhythmia) comparedwith wild-type littermates (Fig. 10,D–F;
p � 0.05 versus wild-type hearts). Conversely, we observed no
statistical difference in expression of PME-1 in ischemic and
non-ischemic human heart failure samples compared with
non-failing heart tissue (Fig. 10, A, B, E, and F; p � N.S. heart
failure versus non-failing). Similarly, canine andmurine disease
models also showed no change in PME-1 expression (Fig. 10,
C–F, p � N.S.). Mechanistically, these data support a model
where PP2A holoenzyme post-translational regulation is mod-
ulated upstream through the transcriptional control of methyl-
transferase activity in disease.

DISCUSSION

Work over the past five decades has illustrated the impor-
tance of adrenergic balance in normal cardiac physiology as
well as adrenergic imbalance a host of cardiovascular patholo-
gies (48). For example, increased activity of GSK-3� has been
linked to cardiomyocyte cell death after ischemia and reperfu-
sion (49) and increased PKA, PKC, and calmodulin kinase II
activity have been linked to a host of congenital and acquired
cardiac pathologies (50–52). Although our knowledge of how
aberrant regulation of kinase activity contributes to human car-
diovascular disease continues to expand and has seeded the
development of new compounds for cardioprotection, phos-
phatase activity and its regulation in disease remain less well
understood. Here, we provide new data that support 1) the
complexity of PP2A protein family regulation in heart and in
cardiovascular disease and 2) the potential diversity of individ-

FIGURE 10. Decreased catalytic subunit methylation is linked with decreased LCMT-1 expression. A–D, shown are representative immunoblots of LCMT-1
and PME-1 expression in whole heart lysates from ischemic heart failure, non-ischemic human heart failure, canine pacing-induced heart failure, and a mouse
model of a human inheritable ventricular arrhythmia syndrome. NF, non-failing. E and F, shown is densitometry analysis indicating the expression level of
LCMT-1 and PME-1 expression in ischemic heart failure, non-ischemic human heart failure, canine pacing-induced heart failure, and a mouse model of a human
inheritable ventricular arrhythmia syndrome relative to wild type. In all experiments, GAPDH was used as a loading control. N values are noted in the figure, and
p � 0.05 was considered statistically significant.

Phosphatase Regulation in Cardiac Pathophysiology

1042 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 2 • JANUARY 4, 2013

 by guest on Septem
ber 12, 2016

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


ual populations of PP2A holoenzymes in myocytes. Our find-
ings demonstrate that PP2A subunits show heterogeneity in
their mRNA and protein expression patterns in heart andmyo-
cytes with distinct expression profiles across cardiac chambers,
species, and disease states (Figs. 1, 2, 4–6). Steady state expres-
sion of the large family of regulatory subunits in particular is
highly variable and may serve as a molecular rheostat to tune
signaling specificity. Specificity is further regulated by subunit
specific expression within different subcellular domains (Fig.
3), and ultimately local signaling is controlled by multiple post-
translational modifications and upstream regulatory proteins
and is cell type-specific. In different cardiac disease pathologies,
we demonstrate remodeling of not only subunit expression but
also subunit post-translational phosphorylation and methyla-
tion. Moreover, our data demonstrate that specific cardiac
pathologies display specific combinations of subunit regulatory
patterns associated with not only the severity of the phenotype
but also with the time course of the cardiac insult. Ultimately,
these data provide a new data of the complex nature of protein
phosphatase regulation in health and disease, strongly support-
ing not only distinct but spatially and temporally regulatory
phospho-targets.
An unexpected finding from this study was the diversity in

PP2A regulatory (B) subunit regulation between cardiac cham-
bers, cell types, subcellular domains, and disease phenotypes.
Based on our findings, we predict that PP2A regulatory sub-
units provide a primary regulatory step for PP2A function in
heart. Although PP2A scaffolding (A) and catalytic (C) subunits
are expressed throughout all chambers and across cellular
domains, we identified diversity across the regulatory subunit
family. For example, although PPP2R5E was expressed at the
M-line, PPP2R4 was enriched in the nucleus of the cell. These
findings are unanticipated given the high sequence conserva-
tion between subunits. Our past work has demonstrated that
ankyrin proteins play a key role in the subcellular targeting of
the PPP2R5A regulatory subunit through a non-conserved
C-terminal domain (30).Moreover, ankyrin-B levels are altered
in human and experimental forms of heart failure (53), suggest-
ing that PPP2R5A (B56�) may also altered in disease models.
Consistent with this hypothesis, we observed altered PPP2R5A
protein expression and distribution in response to disease con-
ditions (Figs. 4 and 6 and supplemental Fig. 3). It will be impor-
tant in the future to more clearly define how different disease
pathologies result in alterations in PP2A subunit regulation. In
summary, based on the relationship between ankyrin-B and
PPP2R5A, we predict that the C-terminal domain of each reg-
ulatory protein may also play similar roles in holoenzyme tar-
geting and specificity in vivo.
Whereas local PP2A activity appears to be highly linked with

regulatory subunit function, post-translational regulation of
PP2A catalytic subunits offers a second mechanism to tune
local function. Post-translational regulation of PP2A has not
been previously studied in heart or in heart disease. In human
heart failure the relative decrease in the methylated catalytic
subunit and increase in the phosphorylated catalytic subunit
suggest that specific subsets of regulatory subunits may be
selectively excluded from the PP2A enzyme (45–47). In fact, in
our experiments we observed loss of the B55 family of PP2A

regulatory subunit from the PP2A A/C core enzyme in disease.
There are competing interpretations to these data. The first is
that pathological processes associated with heart failure alter
the expression or enzymatic availability of LCMT-1 and PME-1
(enzymes that regulate catalytic subunit methylation) leading
to exclusion of regulatory subunits fromactive holoenzyme for-
mation. A second interpretation is that shifting PP2A enzy-
matic activity toward targets favored by the B� and B	 family of
regulatory subunits is a physiologic response to heart failure.
Our studies of LCMT-1 and PME-1 cell-type and disease-
linked expressional regulation offer yet another level of PP2A
regulatory complexity.
Based on our new data, post-translational regulation of the

PP2A catalytic subunit appears to be altered in a relatively rapid
time course by physiological and pathological stress (i.e. ROS
generation within cardiomyocytes). Moreover, in light of the
fact that we observed no change in catalytic subunit expression
in cardiac fibroblasts following an identical time course, our
data suggest that catalytic subunitmethylationmay be a central
mechanism for acute regulation of only a select population of
cardiac cells in disease. Furthermore, these results suggest that
the differential regulation of PP2A identified in this study
occurs in cardiomyocytes rather than another of the many cell
types present in cardiac tissue. In summary, our initial experi-
ments support a highly organized regulatory network (multiple
orders of magnitude) for controlling PP2A holoenzyme func-
tion in heart. Additional studies on upstream regulatory mole-
cules (e.g. LCMT-1/PME-1) will be necessary to further define
regulation in vivo and whether these alterations are adaptive or
maladaptive.
Cardiac phosphatase activity is not limited to PP2A. In fact,

work over the past 15 years has also implicated critical roles for
type 1 protein phosphatase (PP1) at base line and in cardiovas-
cular disease. In fact, the diversity of PP2A regulation presented
in this study has a level of complexity similar to that discovered
for PP1. Inmechanisms similar to PP2A, PP1 confers tissue and
subcellular specificity also through multiple isoforms (catalytic
diversity for PP1) and numerous regulator and endogenous
inhibitors (54). Moreover an increase in PP1 is linked with a
number of experimental models of heart failure (55–60), and
the molecule has been studied as a potential target for thera-
peutic application due to its specific subcellular compartmen-
talization. Our new data support the findings from these PP1
data of the complex mechanisms that support phosphatase
activity. Future experiments will be critical to uncover the
mechanisms that underlie spatial and temporal dual regulation
of PP1 and PP2A in vivo.
One limitation of this study is the lack of data for local PP2A

function in specific subcellular domains. For years, the litera-
ture has utilized “broad-stroke” functional kinase and phospha-
tase assays to assess the phosphor-substrate of a tissue or cell.
For example, the use of the phosphatase inhibitors such as oka-
daic acid, cantharidin, and calyculin A exposed the physiologi-
cal importance of protein phosphatases and led to the discovery
of key regulatory phosphoproteins (57, 61–64). However, the
use of these inhibitors as inotropic therapies has been pre-
vented due to their global and non-compartmentalized inhibi-
tory effects. Our data suggest these global assays, although por-
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traying the phospho-balance of an entire cell population, may
have limited use in predicting the regulation of subcellular tar-
gets. Our findings suggest that monitoring the combination of
the activity of specific regulatory subunits in parallel with the
post-translational status of the PP2A catalytic subunit may
offer a more sensitive, cell-specific and subcellular-specific
assay for defining local holoenzyme activity. Importantly,
although our data illustrate differences in the mRNA and pro-
tein expression profiles and localization of PP2A subunits, it is
important to note that these data denote qualitative differences
as each subunit was detected using a specific mRNA or anti-
body probe. For example, our mRNA data show increased
mRNA levels of PP2A/A� versus PP2A/A�. However, work in
other tissues suggest differences in these ratios but also a dis-
connect between PP2A/A subunit mRNA and protein levels
(65–67). It will be critical in the future to design targeted probes
that may be able to more definitively define the relative and
local concentrations of each PP2A holoenzyme in vivo.
In summary, our data describe multiple layers of complexity

underlying the diversity in tissue, cellular, and subcellular tar-
get phospho-regulation in cardiac muscle and in heart disease.
Our findings illustrate differential regulation of all PP2A sub-
type classes (scaffolding, catalytic, regulatory) in health and dis-
ease and reveal a high order of complexity in relation to the
subunit-specific expression and regulation in each cardiac sig-
nature whether at base line or in disease. These data offer
insight into the complexity of cardiac phospho-protein regula-
tion but also suggest new therapeutic targets to modify specific
cellular and subcellular targets for cardioprotection.Moreover,
our data suggest that other excitable organs (nervous system,
skeletal muscle, beta cells) may also harbor similar regulatory
networks for control of cell signaling and physiology.
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SUPPLEMENTAL FIGURE 1. Validation of PP2A isoform-specific antibodies.  Immunostaining of 
wild-type neonatal cardiomyocytes ±expression of specific PP2A isoform siRNAs.  Images were 
representative of hundreds of myocytes in the culture and alpha-actinin or phalloidin was utilized to 
validate cells as myocytes for imaging.  Scale bar equals 10 microns. A-B) PPP2A/A and α-actinin ± 
siRNA. C-D) PP2A/C and phallodin ± siRNA. E-F) PPP2R3A and α-actinin ± siRNA. G-H) PPP2R4 and 
α-actinin ± siRNA. I-J) PPP2R5C and α-actinin ± siRNA. K-L) PPP2R5E and α-actinin ± siRNA. Note 
that while perinuclear and nuclear staining is shown for PP2A/A and PP2A/C, analysis across multiple 
cells revealed distribution of these isoforms across myocyte membrane domains (i.e. nuclear, perinuclear, 
striated).  

 

 

 

 



 

 
 
 
 
 
 
 

 
 
SUPPLEMENTAL FIGURE 2. Differential PP2A subunit regulation in a murine model of human 
catecholaminergic polymorphic ventricular tachycardia. A-B) PP2A subunit expression levels in WT and 
ankyrin-B+/- mice. GAPDH was utilized as a loading control (N=5 samples/genotype, p<0.05). 
 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SUPPLEMENTAL FIGURE 3.  Differential distribution of PP2A regulatory subunit B56 (PPP2R5A) 

following H2O2 treatment.  Control mouse cardiomyocytes and myocytes treated with H2O2 (75 M for 60 
minutes).  Myocytes were confirmed by alpha-actinin co-labeling. Scale bar equals ten microns.  
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