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1. ABSTRACT

Type 1 protein phosphatase (PP1) is a critical
regulator of several cellular processes. In the heart, it
mediates restoration of contractility to basal levels by
dephosphorylating key phospho-proteins, after beta-
adrenergic stimulation. PP1 is a holoenzyme consisting of
its catalytic and regulatory subunits, which anchor the
catalytic subunit to desired subcellular locations, define
substrate specificity and modulate catalytic activity. At the
level of the cardiac sarcoplasmic reticulum (SR), PP1 is
regulated by Inhibitor-1 (I-1) and Inhibitor-2 (I-2), which
modulate its activity, and the striated muscle-specific
glycogen-targeting subunit, Gy/Rgr, which targets it to the
SR vicinity. PP1 regulation is highly important in
maintaining  cardiac  function under physiological
conditions. In fact, aberrant Ca handling and depressed
contractility in heart failure have been, at least partly,
attributed to increases in PP1 activity, mediated by
impaired regulation via its inhibitors. Importantly, increases
in the level and activity of I-1 and I-2 in animal models
have been successful in ameliorating dysfunction and
remodeling in heart failure, suggesting that PP1 inhibition
may be a plausible therapeutic strategy in heart failure.
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2. INTRODUCTION

Despite  the recently reported progress,
cardiovascular disease remains the leading cause of
morbidity and mortality in the United States, with heart
failure representing the fastest growing subcategory over
the past ten years (1). In fact, 5.3 million Americans were
afflicted with heart failure in 2005 (1). According to the 44-
year-follow-up of the Framingham Heart Study, 80% of
men and 70% of women under the age of 65 suffering from
heart failure will die within eight years (2). These statistics
are a clear indication of ineffective therapeutic agents. A
common clinical characteristic of heart failure is disturbed
Ca homeostasis (3) and depressed Ca cycling (4, 5). As
such, therapeutic interventions have been targeted at
rectifying this impaired Ca handling. The sarcoplasmic
reticulum (SR) is the major organelle responsible for proper
Ca cycling in the cardiac cell. In general, it regulates Ca
dynamics on a beat-to-beat basis through Ca release during
contraction and Ca sequestration during relaxation.
Importantly, Ca homeostasis is also subject to regulation by
the phosphorylation status of key proteins, which is very
tightly regulated by the balance of kinases and
phosphatases in the cardiomyocyte. This becomes of
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Figure 1. Excitation-contraction coupling in the
cardiomyocyte. A. Upon a depolarizing signal, extracellular
Ca enters the cell via the LTCC (1), which binds to the
RyR (2) and induces release of a greater amount of Ca (3),
which initiates contraction at the myofilaments (4).
Removal of Ca is primarily facilitated via SERCA2a (5)
and to a lesser extent by the NCX (6), the PMCA (7) and
the Ca uniporter on the mitochondrial membrane (8). B.
Upon beta-adrenergic stimulation, AC is activated, which
leads to production of cAMP and PKA activation. PKA
then phosphorylates the RyR, Tnl, PLN and MyBP-C,
which augment contractility. LTCC: L-type Ca channel;
RyR: ryanodine receptor; TRI: triadin; JUN: junctin; CSQ:
calsequestrin; HRC: histidine-rich Ca binding protein; Tnl:
troponin I; MyBP-C: myosin binding protein C; SERCA2a:
SR/ER  Ca-ATPase; PLN:  phospholamban;  SR:
sarcoplasmic reticulum; NXC: sodium-calcium exchanger;
PMCA: plasma-membrane Ca-ATPase.

particular importance in the failing heart, where
abnormalities in the activity of enzymes in the kinase and
phosphatase families disturb this fine equilibrium of
phosphorylation.
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In this review, we summarize the current views
on SR Ca-cycling and provide evidence that the type 1
protein phosphatase (PP1) is an important negative
regulator of Ca cycling and contractility in the heart.
Furthermore, we discuss the regulation of this enzyme in
terms of localization and activity modulation at the level of
the SR. Subsequently, we outline the potential contribution
of disrupted PP1 regulation to the impaired Ca cycling and
dysfunction observed in the diseased myocardium. Finally,
we discuss the potential therapeutic benefits of inhibition of
SR-coupled PP1 in the failing heart as a novel and perhaps
efficacious therapeutic strategy.

3. SR CALCIUM CYCLING AND EXCITATION-
CONTRACTION COUPLING IN THE
CARDIOMYOCYTE

Increases in intracellular Ca are responsible for
initiating cell contraction during systole, while the decay of
cytoplasmic Ca causes relengthening in diastole. The
cellular events mediating these effects are illustrated in
Figure 1A. In response to a depolarizing signal during an
action potential, a relatively small amount of Ca enters the
cell via the voltage-dependent L-type Ca channel (LTCC).
The LTCC are localized in specialized invaginations of the
sarcolemma, named transverse tubules (T-tubules), which
are in close proximity to the SR. As such, the Ca entering
the cell via these channels causes localized increases in the
cleft between the sarcolemma and the SR, and subsequently
activates the release of a larger amount of Ca from the
Ryanodine Receptor (RyR) on the SR membrane. This
process is termed Calcium-Induced-Calcium-Release
(CICR) (6). The Ca diffuses to the myofilaments where it
initiates contraction. Collectively, this process facilitates
the transduction of the electrical stimulation to a
mechanical result and is known as excitation-contraction
coupling. To commence relaxation, the Ca is re-sequestered
in the SR by the SR Ca-ATPase pump (SERCA2a) located
on the SR membrane, which is regulated by the small
phospho-protein, phospholamban (PLN), and to a lesser
extent by the Na-Ca exchanger (NCX), the sarcolemma Ca-
ATPase and the Ca uniporter found on the mitochondrial
membrane.

3.1. Beta-adrenergic stimulation and Ca-cycling

The rate and amplitude of Ca cycling and
therefore contractility is enhanced in response to
neurohormonal signals in the body under flight-or-fight
conditions, in order to accommodate increased bodily
demands. The cellular events, which account for these
increases are illustrated in Figure 1B. Specifically upon
binding of a catecholamine (epinephrine or norepinephrine)
to the beta-adrenergic receptors, adenylate cyclase becomes
activated (7). This enzyme catalyzes the conversion of ATP
to 3°-5’-cyclic-AMP (cAMP), which subsequently binds to
the regulatory subunit of protein kinase A (PKA) and
allows activation of its catalytic subunit. PKA then
phosphorylates several proteins, including the LTCC, the
RyR, Troponin I (Tnl), Myosin Binding Protein C (MyBP-
C) and PLN, which lead to enhanced contractile function.
The process of phosphorylation is counter-acted by
dephosphorylation, carried out by phosphatases, which
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facilitate restoration of contractility to basal levels. The
type 1 protein phosphatase PP1, and the type 2
phosphatases, PP2A and PP2B, constitute the majority of
phosphatase activity in the heart. Amongst these enzymes,
PP1 is of particular importance as it has been implicated as
an important negative regulator of cardiac function. In fact,
perturbations in PP1 levels or activity have been suggested
to contribute to the pathogenesis of heart disease.

4. TYPE 1 PROTEIN PHOSPHATASE (PP1)

Serine/Threonine Protein Phosphatases (PP) are
classified into two broad categories, namely the Phospho-
Protein Phosphatases (PPP) and the Magnesium-Activated
Protein Phosphatases (PPM). These enzymes are further
categorized according to their biochemical properties (8).
PP1 is classified as a type 1 phosphatase based on its
preference for the beta subunit of phosphorylase kinase and
the fact that it can be inhibited by okadaic acid at relatively
high concentrations (20 nM) and the endogenous inhibitory
phospho-proteins, inhibitor-1 (I-1) and inhibitor-2 (I-2).
PP1 is a holoenzyme composed of the catalytic subunit
(PP1lc), which possesses its phosphatase activity,
complexed with as many as 100 established or putative
regulatory proteins (9, 10). These associated proteins either
function as targeting subunits, which guide PP1 to its
substrate and to the desired subcellular location or regulate
its catalytic activity (11). Importantly, it has also been
suggested that these targeting subunits stabilize PP1 and
prevent its degradation (12). The regulation of PP1 by its
auxiliary proteins at the level of the SR is described in
Section 5.

4.1. The catalytic subunit

Mammalian species have four known PPlc
isoforms, which are encoded by three independent genes,
namely: PP1c-alpha, PP1c-gamma, which gives rise to two
splice variants (PPlc-gammal and PPlc-gamma2) and
PPlc-beta/delta  (13-15). These homologues are
ubiquitously expressed, and are ~80% identical in amino
acid sequence (9). Interestingly, the catalytic subunit of
PP1 is one of the most highly conserved proteins, with its
catalytic core being the most conserved domain.
Importantly, PP1c also shows a high degree of similarity
throughout the eukaryotic phylogenetic tree both
structurally and functionally. In fact, the PPlc in the early
eukaryote Giardia lamblia is 72% identical to the isoform
in mammalian species (16).

Our understanding of the mechanism by which
PPlc catalyzes the removal of phosphate from its substrate
targets as well as its interactions with its regulators has
been advanced by extensive crystallographic and
biochemical studies. The first study to give such
mechanistic insights resolved the crystal structure of PP1lc
complexed with the inhibitory toxin microcystin (17). This
seminal study revealed that two bi-metallic ions are
positioned in the central vicinity of an alpha- and beta-
helical sandwich, which are thought to assist in catalysis.
Importantly, these experiments also identified three surface
grooves projected from the central scaffold as potential
binding sites for regulatory molecules and identified the
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hydrophobic groove in the betal2-betal3 loop, which is in
close proximity to the active site, as the site of interaction
for inhibitory toxins. In fact, subsequent studies also
implicated the betal2-betal3 loop as the binding site for
other endogenous and exogenous inhibitors. Specifically, it
has been shown that alterations in the betal2-betal3 loop
attenuated inhibition by the endogenous inhibitors, I-1 and
I-2, toxins and the commonly used protein phosphatase
inhibitors calyculin A and okadaic acid (18-20). In a more
recent study, Xie et al (21) showed that mutagenesis of
individual amino acids in this region severely impaired
PPlc activity, suggesting that this loop may also be
involved in activity regulation. Interestingly, this region is
the least conserved region between PP1 and other enzymes
in the PPP family. Substitutions of this part of the molecule
with the respective sequence in PP2A (19, 20) or PP2B (21,
22) resulted in chimeric proteins, which displayed an
attenuated ability to be inhibited by endogenous inhibitors
and toxins, similar to the type 2 enzymes. Overall, these
studies implicate the betal2-betal3 loop as an important
regulatory site in PP1c and indicate that this region may be
responsible for the unique properties of PP1c amongst the
PPP family.

In addition to the identification of the betal2-
betal3 loop as an important regulatory site in PP1c, several
studies have also suggested that the RVXF motif in its
binding partners is also important for their interaction (23-
25). This RVXF motif is a short, well-conserved motif
present in the majority of PPlc-binding proteins, which
facilitates their interaction with a hydrophobic groove
located at a distance from the catalytic site on the surface of
PPlc (23). Subsequent mapping studies showed that the
binding between PPlc and other regulatory subunits is
mediated by either the RVXF motif or a degenerate variant
of it conforming to [RK]x,.[VI]{P}[FW], where x refers to
any amino acid and {P} is any residue except proline (26-
29). Perturbations in this motif, using site-directed
mutagenesis, have shown that this domain is important for
the binding of I-1. Specifically these studies have shown
that the sensitivity of PP1c to this endogenous inhibitor was
drastically altered, when these sites were mutated (25, 29).
A more recent study, which solved the crystal structure of
the PP1¢/I-2 complex, also showed that the KSQKW amino
acid sequence in I-2 binds to the same groove that the
other binding proteins do in PPlc, suggesting that the
sequence degeneracy at the RVXF site is greater than
previously indicated (30).Overall, these studies have
yielded great mechanistic insights into the regulation of
PPlc and may facilitate the design of more specific and
potent PP1c inhibitors, which may be used therapeutically
(see Section 7).

4.2. The role of PP1 in cardiac contractility

The potential significance of PP1 as an important
regulator of cardiac function was realized when PP1 was
identified as the major phosphatase responsible for
dephosphorylating PLN in SR-enriched preparations in two
independent studies (31, 32). Based on the major role of
this small phospho-protein in cardiac contractility, it was
suggested that PP1 may be an important regulator in the
heart. As mentioned previously, PLN regulates the activity
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of the Ca-ATPase pump on the SR. Specifically, it inhibits
the pump’s activity in its dephosphorylated state.
Phosphorylation of PLN, by the beta-adrenergic cascade, at
its PKA- (Ser16) and its CAMKII- (Thr17) dependent sites,
relieves the inhibition and allows for increased Ca influx
into the SR. The physiological role of PLN was elucidated
through the generation and characterization of genetically
altered models. Specifically, mice lacking PLN exhibited
enhanced Ca-uptake and augmented contractility (33),
whereas transgenic mice overexpressing PLN displayed
decreased Ca influx into the SR and depressed function
(34). These studies and many others that followed
(reviewed in 35-38) established PLN as a key regulator of
both basal contractility and the heart’s beta-agonist
responses. Therefore, the identification of PP1 as a putative
regulator of the phosphorylation status of PLN was of great
importance.

The first evidence that demonstrated the potential
physiological relevance of PP1 came from use of non-
specific inhibitors, which inhibit both PP1 and PP2A at low
concentrations. Specifically, two independent studies
showed that okadaic acid enhanced contractility in guinea-
pig isolated ventricular muscles (39, 40) by enhancing
phosphorylation of PLN and Tnl (39, 40). The positive
ionotropic effects of PP1 inhibition were also noted using
calycullin A or cantharidin in isolated guinea pig
ventricular myocytes (41, 42). Importantly, these studies
identified key regulatory phosphoproteins, which were
associated with the enhanced function. These included
PLN, Tnl, myosin light chain 2 (MLC2), C-protein and the
LTCC. Even though these studies provided the first
evidence of PPl physiological significance, they were
limited by the promiscuous nature of the inhibitors. The
generation and  characterization of  PPlc-alpha
overexpressing mice provided the first direct evidence into
the functional significance of this enzyme in the heart (43).
These mice exhibited significant increases in PP1 activity
(almost three-fold), depressed contractile function and
diminished phosphorylation of PLN at Serl6. Important
insights into the physiological role of this enzyme also
came from genetic models, which either overexpress or
lack the endogenous inhibitors, I-1 and I-2 (see Section 5).
Briefly, mice lacking the endogenous inhibitor I-1
exhibited moderate increases in PP1 activity (23%),
impaired contractility and depressed PLN phosphorylation
at both sites (43). Conversely, overexpression of
constitutively active forms of I-1 (44) or I-2 (45) yielded
significantly enhanced function and increased PLN
phosphorylation. Collectively, these data suggest that PP1
is an important regulator of cardiac function.

5. REGULATION OF PP1 IN THE SARCOPLASMIC
RETICULUM

The tight regulation of protein phosphorylation
and dephosphorylation in the cell is enacted by protein
kinases and phosphatases. To that end, the human genome
encodes ~500 protein kinases and only ~150 phosphatases,
of which ~40 are Ser/Thr phosphatases. As such, in order to
achieve the high degree of diversity and versatility
exhibited by the vast number of kinases, phosphatases are
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complexed to various regulatory proteins. In fact, the PP1
catalytic subunit has been shown to exist as a holoenzyme
complexed with as many as 100 regulators, which dictate
its distinctive localization, substrate specificity and activity
(9, 10). This section reviews the regulation of PP1 at the
level of the SR.

5.1. Inhibitor-1

Inhibitor-1 (I-1) was the first recognized
endogenous inhibitor of PP1 (46). Early studies revealed
that upon phosphorylation at Thr35 by PKA, I-1 potently
inhibits PP1 activity (ICsq: 1 nM) (46, 47). The significance
of I-1 has been described extensively in neuronal tissue,
where it was implicated as an important mediator of
synaptic plasticity (48, 49). However, only in more recent
years has the physiological role of I-1 in the heart been
emerging. Initial studies showed that I-1 is present in the
heart and that it is hormonally-regulated in guinea pig
ventricles (50, 51) and rat heart slices (52). Gupta and
colleagues later showed that I-1 is present in
cardiomyocytes (53). Importantly, these studies indicated
that I-1 can be phosphorylated upon treatment with
isoproterenol (51-53) resulting concomitantly in decreased
PP1 activity. These lines of evidence suggested that I-1
may be an important regulator of cardiac function. Indeed,
the generation and characterization of a mouse deficient in
I-1 gave further insights into its physiological role in the
heart. This model was characterized by increased PP1
activity, depressed cardiac function, blunted beta-
adrenergic response and reduced PLN phosphorylation
(43). In subsequent experiments, El-Armouche et al
showed that adenoviral delivery of I-1 in engineered heart
tissue as well as in neonatal and adult rat cardiomyocytes
enhanced contractility and increased PLN phosphorylation,
upon stimulation with the beta-agonist, isoprenaline (54). A
more recent study showed that expression of a truncated
(AA: 1-65), constitutively active (T35D) form of I-1 (I-1c)
in a transgenic mouse model, effectively decreased PP1
activity at the level of the SR and enhanced both basal
contractility and the heart’s beta-adrenergic response (44).
Importantly, the authors showed that these effects were
specifically attributed to enhanced PLN phosphorylation at
both Ser16 and Thr17, while the phosphorylation levels of
two other major regulators of contractility, namely the RyR
and Tnl, were unaffected. As mentioned previously, the
role of the regulatory subunits is not only to dictate activity
but also substrate specificity. Therefore, these results
suggest that I-1 may specifically regulate the PP1/PLN
complex in the SR. Collectively, these experiments
suggested that I-1 may be acting as a molecular ionotrope
by suppressing PP1 activity and allowing for unopposed
increases in the phosphorylation of PLN, which amplifies
the beta-agonist response. Interestingly, I-1 is itself
dephosphorylated by PP2A and PP2B, which allows for
restoration of function to basal levels by relieving PP1
inhibition (55), which suggests that the cross-talk between
the cAMP and Ca signaling pathways may be partly
mediated through I-1.

Even though the role of phosphorylation at Thr35
is now well-accepted, the role of other identified
phosphorylation sites in I-1 is less clear and has been the
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Figure 2. Proposed role of I-1 and I-2 in cardiac function. A. Phosphorylation of I-1 at Thr35, suppresses PP1 activity, which
subsequently increases PLN phosphorylation and contractility. Phosphorylation at Ser67 and/or Thr75 depresses phosphorylation
at Thr35, which increases PP1 activity and depresses PLN phosphorylation and contractility. B. I-2 forms a latent complex with
PP1, which allows for unopposed increases in the phosphorylation of PLN specifically at its S16 site, which leads to augmented
contractility. Phosphorylation of I-2 at Thr72 activates the PP1/I-2 holoenzyme, which dephosphorylates pS16-PLN and results
in depressed cardiac function. Even though it is not currently known which kinases phosphorylate 1-2 at Thr72 in the heart, it has
been reported that I-2 is phosphorylated at this site by the ubiquitously expressed kinases GSK-3 and ERK1/2. It is therefore
possible that these kinases may also phosphorylate I-2 in the heart. I-1: Inhibitor-1; PP1/2A/2B: protein phosphatase-1/2A/2B;
PKA: protein kinase A; PKC: protein kinase C; PLN: phospholamban; I-2: Inhibitor-2; GSK-3: glycogen synthase kinase 3;
ERK1/2: mitogen-activated protein kinase extracellular signal-related kinase 1/2; italics: putative kinases.

target of several studies. Aitken et al were the first to show
that I-1 could be phosphorylated at another site, namely
Ser67 in skeletal muscle and that phosphorylation at this
site had no effect on PP1’s catalytic activity in vitro (56).
Conversely, Huang et al showed that phosphorylation at
Ser67 makes I-1 a potent PP1 inhibitor, similar to
phosphorylation at Thr35 (57). Bibb ef al later showed that
Ser67 could be phosphorylated in vitro by several kinases,
namely cyclin-dependent kinase 1 (Cdkl), cyclin-
dependent kinase 5 (Cdk5) and mitogen-activated protein
kinase, while it was only phosphorylated by CdkS in striatal
brain tissue in vivo (58). Similarly to the study by Aitken et
al, these authors also noted no changes in PP1 activity by
phosphorylation at Ser67. However, they did find that
phosphorylation at Ser67 makes I-1 a poor substrate for
phosphorylation at the Thr35 PKA site, suggesting a
physiological role for phosphorylation of Ser67 in vivo.
The same group later reported the identification of another
phosphorylation site in the rat I-1 at Ser65 by PKC (59),
which prevented efficient phosphorylation at Thr35,
similarly to their reported results with Ser67. However,
Ser65 is substituted by aspartic acid in humans, limiting the
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significance of this site in human physiology. The first
evidence for the functional role of phosphorylation at Ser67
in the heart was shown in a study by Braz et al, which
indicated that phosphorylation of I-1 at Ser67 by PKC-
alpha was associated with increased PP1 activity and
depressed contractility in vivo (60). Interestingly, an
additional PKC-alpha phosphorylation site on human I-1,
Thr75, was recently identified and this was associated with
increased PP1 activity, depressed PLN phosphorylation and
depressed contractile function in isolated myocytes (61). A
subsequent study, which compared the Thr75 site to the
Ser67 site, showed that phosphorylation at Ser67 and/or
Thr75 can depress contractile function to a similar extent in
isolated myocytes (62). Importantly, this study also showed
that activation of the cAMP pathway was able to only
partially reverse the observed depressed contractile
parameters and that this may be related to the inability of
Thr35 to become phosphorylated efficiently, when the PKC
sites are phosphorylated, similarly to previous reports (58,
59). As such, I-1 appears to be an important mediator of the
crosstalk between the PKA and the PKC pathways in the
heart (Figure 2). Overall, these studies suggest that I-1 is a
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more complex regulator than previously thought and may
modulate PP1’s activity according to cellular conditions.

5.2. Inhibitor-2

Inhibitor-2  (I-2), similarly to I-1, is a
thermostable phospho-protein, which was initially isolated
from skeletal muscle (46). I-2 forms a stable and latent
complex with PP1c (63). Phosphorylation at Thr72 causes a
conformational change in I-2, which reactivates the
complex (63, 64). Even though the kinases, which
phosphorylate I-2 at Thr72, have not been reported in the
heart, it has been shown that I-2 is phosphorylated by the
ubiquitously expressed kinases, glycogen synthase kinase 3
(GSK3) and mitogen-activated protein kinase extracellular
signal-related kinase 1/2 (ERK1/2) in vitro or in intact cells
(63-66). As such, it is possible that these kinases may also
mediate phosphorylation of this site in the heart in vivo.
Furthermore, 1-2 also contains 3 casein Kkinase-2
phosphorylation sites, which do not in themselves alter its
inhibitory activity, but rather enhance phosphorylation by
GSK-3 at the Thr72 site (64). Notably, once the
holoenzyme is activated, it is dephosphorylated by PP1 in
an autocatalytic manner (Figure 2B). The functional
significance of I-2 in the heart has only recently been
explored. Kirchhefer et a/ (45) generated a mouse model
expressing a truncated (AA: 1-140) and constitutively
active form of 1-2 (I-2*), which could not be inhibited by
phosphorylation at Thr72 (67, 68). This study showed that
expression of I-2* resulted in depressed PP1 activity,
associated with enhanced contractile parameters and
increased Ca transient kinetics. Interestingly, the authors
demonstrated increased PLN phosphorylation at Ser16 but
not at Thr17, suggesting that the PP1c¢/I-2* complex may
preferentially dephosphorylate the PKA site in PLN.
Furthermore, overexpression of [-2* was associated with
increased PP1 protein levels, while mRNA levels were
unchanged, which suggested that [-2 may be able to
stabilize the PP1c protein. Indeed, previous reports support
a chaperone-like function of I-2. Specifically, mammalian
PPlc expressed in bacteria shows altered properties to
native PP1lc. However, binding of phosphorylated 1-2 to
PPl1c transformed recombinant PP1c properties to those of
native PPlc, suggesting that I-2 may be involved in
mediating the correct folding of PPlc (69, 70). It is
important to note however that the stabilization of PP1c by
its regulatory proteins is not unique to I-2. Specifically,
increased PP1 levels have also been observed in transgenic
mice overexpressing the Gy/Rg subunit in skeletal muscle
(71). Overall, these experiments have begun to elucidate
the role of I-2 in the heart and suggest that I-2 may regulate
PP1 activity in the SR and specifically regulate the
PP1/pS16-PNL complex (Figure 2B). Future studies may
yield further insights into its role in the heart.

5.3. The Gy/Rg, targeting subunit

The study of PP1 in glycogen metabolism has
been instrumental in unraveling important insights into the
complex regulation of this enzyme. In fact, PP1 was
initially identified as the enzyme responsible for
dephosphorylating phosphorylase a, which catalyzes the
conversion of glycogen to glucose-1-phosphate (72). The
regulatory subunits mediating binding between PP1 and
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glycogen particles were identified in these initial seminal
studies. The most well-known regulatory subunits in this
family are Gy/RgL and Gi, where G stands for glycogen-
targeting subunit. However, it is now recognized that these
subunits may promote binding between PPlc and other
biological molecules. The subscript denotes the tissue that
these G subunits are more abundant in: striated muscle (M)
and liver (L), respectively (73, 74).The mammalian genome
contains seven genes encoding these regulatory subunits,
four of which have been studied at the protein level (16). In
the heart, there exists some evidence that implicates a G
subunit as a potential PP1 regulatory protein at the level of
the SR. Indeed, Hubbard and colleagues showed that PP1c
is targeted to the SR by a protein that is highly similar or
identical to the Gy/Rgp subunit that directs PPlc to
glycogen in skeletal muscle (75). In fact, early studies
showed that the C-terminus of Gy/Rg. had a hydrophobic
region, suggesting a potential association with a membrane
compartment (73). Interestingly, a study demonstrated that
the transmembrane domain of PLN interacts directly with
the C-terminus of this subunit (76), raising the possibility
that G\/RgL may also target PP1c to PLN, providing yet
another layer of complexity and regulation. Interestingly, a
truncation mutation in the region that binds to the SR in
human Gy/Rg; has been shown to result in aberrant PP1
regulation, impaired glycogen synthase activity and
diminished glycogen content in human carriers (77, 78),
human muscle cells (79), and in a knock-in mouse model
expressing this mutant (78). However, the effects of this
mutant were not reported in the heart. Furthermore, it has
been suggested that the PP1/Gy/Rg. complex is also
regulated by phosphorylation of the Gy/Rg. subunit at
Ser48 and Ser67. Specifically, it has been reported that
Ser48 phosphorylation increases the rate at which the
PP1/Gy/Rgr complex dephosphorylates its substrates (80),
while phosphorylation at Ser67 disrupts the interaction
between PPlc and the Gy /Rgp subunit, which could
potentially result in inhibition of dephosphorylation of its
protein-targets (81). However, the role of these sites in SR
function in the heart is not currently clear. Interestingly, it
has also been postulated that these subunits may be
responsible for stabilizing the PP1 protein, similarly to I-2
(45). In fact, mice overexpressing (71) or lacking Gy/RgL
(82, 83) are characterized by increased and decreased PP1
levels, respectively. Overall, these data suggest that the
G\/RgL subunit is an important modulator of PP1.
Although some evidence exists that suggests that Gy/RgL
may affect PP1 at the level of the SR, more studies are
needed to elucidate its physiological role in the heart.

6. PP1 IN CARDIAC PATHOLOGY

Heart failure is a chronic condition manifested in
the inability of the heart to pump blood and perfuse bodily
organs efficiently. The failing heart is characterized by
ventricular dilation, circulatory congestion as well as
systolic and diastolic dysfunction. At the cellular level,
failing cardiomyocytes present with depressed contractility,
decreased peak systolic Ca and increased diastolic Ca (3-4).
These disturbances in Ca homeostasis are at least partly
mediated at the level of the SR, where reduced Ca transport
into the sarcoplasmic reticulum and depressed SR Ca load
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Figure 3. Impaired regulation of PP1 by I-1 in heart failure. The inhibitory effects of I-1 are depressed due to decreased
phosphorylation at Thr35, which could be due to altered PKA and/or PP2B activity observed in the failing heart. Altered
phosphorylation of this endogenous inhibitor ultimately leads to increased PP1 activity, depressed function and heart failure.
Importantly, enhanced phosphorylation at Ser67 and/or Thr75 of I-1 may also contribute to enhanced PP1 activity. Future studies
may examine their role in heart failure. I-1: Inhibitor-1; PP1/2B: protein phosphatase-1/2B; PKA: protein kinase A; PLN:

phospholamban.

(84) have been reported. A major contributing factor
to SR Ca cycling dysfunction is impaired regulation
of the Ca-ATPase pump and its regulatory phospho-
protein, PLN. Specifically, decreased SERCA2a
activity evoked by either reduced protein levels or
increased inhibition by PLN in its dephosphorylated
state have been linked to SR dysfunction in the
failing  heart (85, 86). This  diminished
phosphorylation of PLN can be attributed to an
attenuation of the beta-adrenergic cascade due to
receptor desensitization, receptor downregulation and
uncoupling, which occurs during disease progression
(87, 88). Importantly, more recently it has been
recognized that activation of phosphatases may play
an important role in the diseased myocardium and
may also contribute to the dephosphorylation of PLN.
This section reviews the contribution of alterations in
PP1 levels and activity to the etiopathogenesis of
heart failure.

6.1. The role of PP1 in heart disease

Several lines of evidence have shown that
PP1 activity is increased in both experimental models
of heart failure and in human heart failure, which
further exacerbates cardiac function by promoting
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dephosphorylation of its protein-targets. Neumann
and colleagues were the first to demonstrate that
membrane vesicles from hearts of patients with end-
stage heart failure displayed significant increases in
PP1 activity (89). Furthermore, these authors showed
that PP1 mRNA levels were increased in these
patients, providing a plausible mechanism for the

observed increase in activity. Mishra et al
subsequently showed that protein phosphatase
activity was increased in the left ventricular

myocardium of patients suffering from idiopathic
dilated cardiomyopathy (90). Importantly, these
authors correlated the enhanced phosphatase activity,
attributed both to PP1 and PP2A, to depressed PLN
phosphorylation at Ser16 and reduced Ca-uptake into
the SR. Data from several animal models of heart
failure later correlated increases in PP1 activity to
diminished PLN phosphorylation. Two independent
studies examined PP1 activity at different stages of
heart disease, in a rat model of myocardial infarction.
In particular, Huang et a/ found that PP1 activity was
increased during the compensated phase of heart
failure and this was associated with depressed PLN
phosphorylation at both its Serl6 and its Thrl7
phosphorylation sites (91). Furthermore, Sande and
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colleagues showed that PP1 levels were upregulated
in the decompensated phase of heart failure and this
was accompanied by decreased PLN phosphorylation
at the PKA site, Ser16 (92). In addition to this, PP1
activity was also shown to be enhanced, with
concomitantly depressed PLN phosphorylation at
both sites, in a rat model of cardiac hypertrophy
induced by long-term beta-adrenergic stimulation
(93) and in a different model of congestive heart
failure induced by chronic renal hypertension (94).
An important extension of these studies was the
demonstration that the PP1 activity coupled to the SR
was specifically increased in a canine model of heart
failure (95). Overall, these sets of experiments show
overwhelmingly that PP1 activity is increased during
hypertrophy and congestive heart failure, regardless
of the model, suggesting that this is a universal
characteristic of heart failure and may be associated
with cardiac dysfunction. Indeed, Carr et a/ validated
this hypothesis in a more direct way (43).
Specifically, a genetic model overexpressing PPlc-
alpha to similar levels as those seen in human heart
failure (89) was characterized by depressed cardiac
function, dilated cardiomyopathy and premature
mortality. These authors also showed that this
increase in PPl activity leads to depressed PLN
phosphorylation. Collectively, these data point to an
important role for PP1 in heart failure as a major
contributing factor to dephosphorylation of PLN and
aggravation of cardiac function.

6.2. PP1 regulation in heart disease

The increases in PP1 activity observed in the
failing heart raised the possibility that regulation of
this phosphatase via its endogenous inhibitors, I-1
and -2, may be impaired in the diseased
myocardium. As such, recent studies in both human
and experimental heart failure sought to identify
these potential alterations, focusing mainly on the
role of I-1 (Figure 3). Two independent studies
showed that the phosphorylation of I-1 at Thr35 was
depressed in human failing hearts, which was
associated with depressed PLN phosphorylation (43,
96). This decrease in I-1 phosphorylation levels may
be a reflection of attenuated PKA activity or
increased calcineurin activity observed in the failing
heart (97). Similar results have been obtained in an
experimental model of heart failure. In particular,
Gupta et al showed that phosphorylation of I-1 at its
PKA site was depressed, whereas I-2 phosphorylation
was increased in a rat heart failure model induced by
renal hypertension (94). Overall, these changes in
phosphorylation were reflected in depressed
inhibitory activity for both I-1 and I-2, which was
manifested in increased PP1 activity and depressed
PLN phosphorylation. In addition to depressed
phosphorylation at Thr35, decreased I-1 protein
levels have also been observed in the human failing
heart (96), in a canine heart failure model (95) and
after  long-term  beta-adrenergic stimulation,
mimicking the excessive adrenergic drive observed in
heart failure, in a rat model (98), thereby providing
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another mechanism by which PP1 activity may be
enhanced under this pathophysiological setting.
Importantly, the contribution of altered
phosphorylation at Ser67 and Thr75 of I-1 to
increased PP1 activity has yet to be explored.
Conceivably, enhanced phosphorylation at these sites
would provide another mechanism, which could
account for the depressed phosphorylation at Thr35
and enhanced PP1 activity (58, 59, 62) observed in
heart failure. A more recent study identified a
polymorphism in the human I-1 gene, which entails
substitution of a glycine at position 147 with an
aspartic acid (99). This substitution resulted in a
blunted beta-adrenergic response and depressed PLN
phosphorylation in adult rat cardiomyocytes,
suggesting that this polymorphism may be a
contributing factor to impaired SR Ca cycling in
heart failure. Importantly, alterations in PP1 activity
have also been associated with another heart disease,
namely chronic atrial fibrillation (cAF) in humans
(100). Specifically, EI-Armouche and colleagues have
shown that total PP activity is increased in cAF,
associated with depressed phosphorylation of MyBP-
C at its Ser282 PKA site. Paradoxically, PLN
phosphorylation was found to be enhanced, which
was attributed to increased phosphorylation of I-1 at
Thr35 and possibly decreased SR-coupled PP1
activity. As such, this study demonstrates differential
compartmentalization and regulation of kinases and
phosphatases in the cell. Furthermore, the authors
postulated that hyperphosphorylation of PLN in the
atria may enhance leakiness of the RyR and trigger
arrhythmogenesis. Overall, these findings have shown
that regulation of PPlc by its inhibitors is altered in
the diseased myocardium, suggesting that restoration
of PP1 regulation may be a plausible therapeutic
modality, as discussed in the following section.

7. TARGETING PP1 IN HEART FAILURE

Generally, ionotropic therapies, either at the
receptor or intracellular levels, have yielded
controversial results as to their efficacy as
therapeutic modalities (101). These controversial
results could be attributed to the pleiotropic effects
mediated by the targeted molecules. Therefore, more
specific and more efficacious therapies are needed,
which will restore contractile function, using a more
targeted approach. Since several lines of evidence
implicate PP1 as an important contributor to the
cardiac dysfunction observed in heart failure,
inhibition of this enzyme was the focus of many
studies as a novel therapeutic strategy. Importantly,
PP1 is functionally very diverse but is regulated
tightly by numerous auxiliary proteins to carry out its
role in specific subcellular compartments. This
provides us with a unique opportunity to specifically
target the PP1 compartmentalized to the SR as a
therapeutic strategy in heart failure.

The potential of phosphatase inhibition as a
viable therapeutic approach to enhance cardiac
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function in heart failure was realized early on with
the use of non-specific phosphatase inhibitors.
Interestingly, a study by Linck and colleagues
showed that the non-specific phosphatase inhibitor,
cantharidin induced an ionotropic effect in failing
human hearts, which was as strong as the effect of
isoprenaline in non-failing hearts (102). Similarly,
Huang et al showed that another phosphatase
inhibitor, namely okadaic acid, enhanced PLN
phosphorylation and partially restored the prolonged
relaxation of intracellular Ca transients in a
myocardial infarction-induced hypertrophy rat model,
which was characterized by increased PP1 activity
(91). Even though, these studies used non-specific
inhibitors, they did raise the possibility that
inhibition of phosphatases may alleviate the
contractile dysfunction observed in the failing heart.
Subsequent studies, described below, explored the
therapeutic potential of more targeted strategies to
inhibit SR-coupled PPI1, using the endogenous
inhibitors, I-1 and I-2.

Carr and colleagues demonstrated that the
contractile response and the Ca kinetics of human
failing myocytes were enhanced by adenoviral-
mediated expression of the constitutively active
(T35D), truncated form of I-1 (I-1c), described in
Section 5 (43). This molecule lacks the Ser67 and
Thr75 sites, which could limit I-1’°s therapeutic value
and may thus represent a better therapeutic strategy.
To better address any potential beneficial effects of
chronic administration of I-c in vivo, the same group
extended these studies to a transgenic mouse model
overexpressing this molecular ionotrope (44). As
described in section 5, these mice showed enhanced
basal contractility and an enhanced beta-adrenergic
response. Importantly, upon aortic stenosis, which
recapitulates important clinical features of heart
failure, these mice exhibited enhanced function and
attenuated progression to heart failure, characterized
by a diminished extent of cardiac hypertrophy and no
decompensation. Furthermore, this study also showed
that adenoviral delivery of I-1c in pre-existing heart
failure, in a rat model of pressure overload, restored
contractility to non-failing levels. Of special interest
is the fact that these beneficial effects were mediated
by enhanced phosphorylation of PLN, while
phosphorylation levels of the RyR were unchanged.
This may have important implications at a therapeutic
level, since increased RyR phosphorylation may
potentially lead to diastolic leakiness and
arrhythmogenic activity (103, 104). A subsequent
study, using I-2 as a therapeutic modality yielded
similar results (105). Specifically, I-2 was delivered
by gene transfer in a cardiomyopathic hamster, a
well-established genetic heart failure model. I-2
overexpression during the transition phase from
moderate to severe dysfunction successfully
prevented heart failure progression both in the short-
term, by adenoviral gene transfer of I-2 for one week,
and in the long-term, by adeno-associated viral-
mediated transfer of I-2 for 3 months, where it also

3579

increased survival. These beneficial effects were
attributed to decreased PP1 activity and increased
PLN phosphorylation at Serl6. Similarly to the I-1
studies, these authors did not note any changes in the
phosphorylation state of the RyR. Collectively, these
sets of experiments have established that PP1
inhibition, using these endogenous inhibitors may be
a promising therapeutic strategy to alleviate the
contractile dysfunction and remodeling observed in
the failing heart due to their specificity for the SR-
coupled enzyme and perhaps PLN.

8. CONCLUSIONS AND PERSPECTIVE

In  summary, accumulating evidence
implicates PP1 as a key regulator of cardiac function,
which is very tightly modulated. At the level of the
SR, this regulation is mediated via its association
with I-1, I-2 and the GM/RGL targeting subunit,
which appear to guide it to this subcellular
compartment and perhaps to PLN. Importantly,
perturbations in PP1 regulation via its endogenous
inhibitors have been suggested to contribute
significantly to the impaired function in the failing
heart. As such, targeted inhibition of PP1, using I-1
and [-2 has been shown to be beneficial in alleviating
the contractile dysfunction and remodeling observed
in heart failure, by enhancing PLN phosphorylation.
It is important to note that these studies were
conducted in rodents, which differ significantly in
regards to Ca cycling and motor proteins from
humans. Therefore, it is essential to assess the
potential beneficial effects of PP1 inhibition in
higher species and in a clinical setting. Nevertheless,
compelling evidence suggests that SR-coupled PP1
inhibition may be a plausible therapeutic strategy,
since it not only alleviates contractile dysfunction but
it also attenuates remodeling and progression to
decompensation. Importantly, extensive
crystallographic, structural and biochemical studies
have defined the domains of PPlc, which mediate
binding with its regulatory proteins, which may be
instrumental in designing short and specific
inhibitors, which may be used therapeutically in heart
failure.

9. ACKNOWLEDGEMENTS

Research in the authors’ laboratory is supported
by NIH grants HL-26507, HL-64018, HL-77101, the
Leducq Foundation (to EGK) and AHA pre-doctoral
fellowship 0715500B (to PN)

10. REFERENCES

1. www.americanheart.org

2. EA Farkas , JA Elefteriades: Assisted circulation:
experience with the Novacor Left Ventricular Assist
System. Expert Rev Med Devices 4, 769-74 (2007)



PP1 in cardiac function and dysfunction

3. JK Gwathmey , L Copelas , R MacKinnon , FJ
Schoen , MD Feldman , W Grossman , JP Morgan :
Abnormal intracellular calcium handling in
myocardium from patients with end-stage heart
failure. Circ Res 61, 70-6 (1987)

4. G Hasenfuss: Alterations of calcium-regulatory
proteins in heart failure. Cardiovasc Res 37, 279-89
(1998)

5. DJ Beuckelmann, M Nibauer, E Erdmann:
Intracellular calcium handling in isolated ventricular
myocytes from patients with terminal heart failure.
Circulation 85(3), 1046-55 (1992)

6. A Fabiato , F Fabiato: Calcium release from the
sarcoplasmic reticulum. Circ Res 40, 119-29 (1977)

7. A Levitzki: From epinephrine to cyclic AMP.
Science 241, 800-6 (1988)

8. TS Ingebritsen, P Cohen: The protein phosphatases
involved in cellular regulation. 1. Classification and
substrate specificities. Eur J Biochem 132, 255-61
(1983)

9. H Ceulemans, M Bollen: Functional diversity of
protein phosphatase-1, a cellular economizer and
reset button. Physiol Rev 84, 1-39 (2004)

10. Lesage B, Beullens M, Pedelini L, Garcia-
Gimeno MA, Waelkens E, Sanz P, Bollen M. A
complex  of  catalytically inactive  protein
phosphatase-1 sandwiched between Sds22 and
inhibitor-3. Biochemistry 46, 8909-19 (2007)

11. PT Cohen: Protein phosphatase 1--targeted in
many directions. J Cell Sci 115, 241-56 (2002)

12. E Wozniak , S Otdziej , J Ciarkowski: Molecular
modeling of the catalytic domain of serine/threonine
phosphatase-1 with the Zn2+ and Mn2+ di-nuclear
ion centers in the active site. Comput Chem 24, 381-
90 (2000)

13. PT Cohen: Two isoforms of protein phosphatase 1
may be produced from the same gene. FEBS Lett 232,
17-23(1988)

14. V Dombradi, JM Axton, ND Brewis, EF da Cruz
e Silva, L Alphey, PT Cohen: Drosophila contains
three genes that encode distinct isoforms of protein
phosphatase 1. Eur J Biochem 194, 739-45 (1990)

15. K Sasaki, H Shima, Y Kitagawa, S Irino, T
Sugimura, M Nagao: Identification of members of
the protein phosphatase 1 gene family in the rat and
enhanced expression of protein phosphatase 1 alpha
gene in rat hepatocellular carcinomas. Jpn J Cancer
Res 81, 1272-80 (1990)

3580

16. H Ceulemans, W Stalmans, M Bollen: Regulator-
driven  functional diversification of protein
phosphatase-1 in eukaryotic evolution. Bioessays 24,
371-81 (2002)

17.J Goldberg , HB Huang , YG Kwon , P Greengard
, AC Nairn , J Kuriyan: Three-dimensional structure
of the catalytic subunit of protein serine/threonine
phosphatase-1. Nature 376, 745-53 (1995)

18. JH Connor , HN Quan , NT Ramaswamy , L
Zhang, S Barik , J Zheng, JF Cannon , EY Lee , S
Shenolikar: Inhibitor-1 interaction domain that
mediates the inhibition of protein phosphatase-1. J
Biol Chem 273, 27716-24 (1998)

19. JH Connor, T Kleeman, S Barik, RE Honkanen, S
Shenolikar: Importance of the betal2-betal3 loop in
protein phosphatase-1 catalytic subunit for inhibition
by toxins and mammalian protein inhibitors. J Biol
Chem 274, 22366-72(1999)

20. T Watanabe, HB Huang, A Horiuchi, EF da Cruze
Silva, L Hsieh-Wilson, PB Allen, S Shenolikar, P
Greengard, AC Nairn: Protein phosphatase 1
regulation by inhibitors and targeting subunits. Proc
Natl Acad Sci 98, 3080-5 (2001)

21. X Xie, C Xue, W Huang, Q Wei: The betal2-
betal3 loop of protein phosphatase-1 is involved in
activity regulation. I[UBMB Life 58, 487-92 (2006)

22. JT Maynes , KR Perreault , MM Cherney , HA
Luu, MN James , CF Holmes: Crystal structure and
mutagenesis of a protein phosphatase-1:calcineurin
hybrid elucidate the role of the betal2-betal3 loop in
inhibitor binding. J Biol Chem 279, 43198-206
(2004)

23. MP Egloff , DF Johnson , G Moorhead , PT
Cohen , P Cohen , D Barford : Structural basis for
the recognition of regulatory subunits by the catalytic
subunit of protein phosphatase 1. EMBO J 16, 1876-
87 (1997)

24. M Terrak , F Kerff , K Langsetmo , T Tao , R
Dominguez: Structural basis of protein phosphatase
1 regulation. Nature 429, 780-4 (2004)

25. JA Gibbons , DC Weiser , S Shenolikar:
Importance of a surface hydrophobic pocket on
protein  phosphatase-1 catalytic  subunit in
recognizing cellular regulators. J Biol Chem 280,
15903-11 (2005)

26. S Zhao, EY Lee: A protein phosphatase-1-binding
motif identified by the panning of a random peptide
display library. J Biol Chem 272, 28368-72 (1997)

27. JP Kreivi , L Trinkle-Mulcahy , CE Lyon , NA
Morrice , P Cohen , Al Lamond: Purification and
characterisation of p99, a nuclear modulator of



PP1 in cardiac function and dysfunction

protein phosphatase 1 activity. FEBS Lett 420, 57-62
(1997)

28. PB Allen, YG Kwon, AC Nairn, P Greengard:
Isolation and characterization of PNUTS, a putative
protein phosphatase 1 nuclear targeting subunit. J
Biol Chem 273, 4089-95 (1998)

29. P Wakula, M Beullens, H Ceulemans, W
Stalmans, M Bollen: Degeneracy and function of the
ubiquitous RVXF motif that mediates binding to
protein phosphatase-1. J Biol Chem 278, 18817-23
(2003)

30. TD Hurley , J Yang , L Zhang , KD Goodwin , Q
Zou, M Cortese , AK Dunker , AA DePaoli-Roach:
Structural basis for regulation of protein phosphatase
1 by inhibitor-2. J Biol Chem 282, 28874-83 (2007)

31. LK MacDougall , LR Jones , P Cohen:
Identification of the major protein phosphatases in
mammalian cardiac muscle which dephosphorylate
phospholamban. Eur J Biochem 196, 725-34 (1991)

32. NA Steenaart, JR Ganim, J Di Salvo, EG Kranias:
The phospholamban phosphatase associated with
cardiac sarcoplasmic reticulum is a type 1 enzyme.
Arch Biochem Biophys 293, 17-24 (1992)

33. W Luo , IL Grupp , J Harrer , S Ponniah , G
Grupp , JJ Duffy , T Doetschman , EG Kranias:
Targeted ablation of the phospholamban gene is
associated with markedly enhanced myocardial
contractility and loss of beta-agonist stimulation.
Circ Res 75, 401-9 (1994)

34. VJ Kadambi, S Ponniah, JM Harrer, BD Hoit,
GW Dorn 2nd, RA Walsh, EG Kranias: Cardiac-
specific overexpression of phospholamban alters
calcium kinetics and resultant cardiomyocyte
mechanics in transgenic mice. J Clin Invest 97, 533-9
(1996)

35. G Chu, EG Kranias: Phospholamban as a
therapeutic modality in heart failure. Novartis Found
Symp 274, 156-71 (2006)

36. A Mattiazzi, C Mundifia-Weilenmann, C
Guoxiang, L Vittone, E Kranias: Role of
phospholamban phosphorylation on Thrl7 in cardiac

physiological and pathological conditions.
Cardiovasc Res 68, 366-75 (2005)
37. K Haghighi, KN Gregory, EG Kranias:

Sarcoplasmic reticulum Ca-ATPase-phospholamban
interactions and dilated cardiomyopathy. Biochem
Biophys Res Commun 322, 1214-22 (2004)

38. DH MacLennan, EG Kranias: Phospholamban: a
crucial regulator of cardiac contractility. Nat Rev Mol
Cell Biol 4, 566-77 (2003)

3581

39. I Kodama, N Kondo, S Shibata:
Electromechanical effects of okadaic acid isolated
from black sponge in guinea-pig ventricular muscles.
J Physiol 378, 359-73 (1986)

40. J Neumann, P Boknik, S Herzig, W Schmitz, H
Scholz, RC Gupta, AM Watanabe: Evidence for
physiological functions of protein phosphatases in the
heart: evaluation with okadaic acid. Am J Physiol
265, H257-66 (1993)

41. J Neumann , P Boknik , S Herzig , W Schmitz , H
Scholz , K Wiechen, N Zimmermann: Biochemical
and electrophysiological mechanisms of the positive
inotropic effect of calyculin A, a protein phosphatase
inhibitor. J Pharmacol Exp Ther 271, 535-41 (1994)

42. J Neumann, S Herzig, P Boknik, M Apel, G

Kaspareit, W Schmitz, H Scholz, M Tepel,
Zimmermann N. On the cardiac contractile,
biochemical and electrophysiological effects of

cantharidin, a phosphatase inhibitor. J Pharmacol
Exp Ther 274, 530-9 (1995)

43. AN Carr, AG Schmidt, Y Suzuki, F del Monte, Y
Sato, C Lanner, K Breeden, SL Jing, PB Allen, P
Greengard, A Yatani, BD Hoit, IL Grupp, RJ Hajjar,
AA DePaoli-Roach, Kranias EG: Type 1
phosphatase, a negative regulator of cardiac function.
Mol Cell Biol 22, 4124-35 (2002)

44. A Pathak, F del Monte, W Zhao, JE Schultz, JN
Lorenz, I Bodi, D Weiser, H Hahn, AN Carr, F Syed,
N Mavila, L Jha, J Qian, Y Marreez, G Chen, DW
McGraw, EK Heist, JL Guerrero, AA DePaoli-Roach,
RJ Hajjar, EG Krania: Enhancement of cardiac
function and suppression of heart failure progression
by inhibition of protein phosphatase 1. Circ Res 96,
756-66 (2005)

45. U Kirchhefer, HA Baba, P Boknik, KM Breeden,
N Mavila, N Briichert, I Justus, M Matus, W Schmitz,
AA Depaoli-Roach, J Neumann: Enhanced cardiac
function in mice overexpressing protein phosphatase
Inhibitor-2. Cardiovasc Res 68, 98-108 (2005)

46. FL Huang, WH Glinsmann: Separation and
characterization of two phosphorylase phosphatase
inhibitors from rabbit skeletal muscle. Eur J Biochem
70, 419-26 (1976)

47.JG Foulkes, SJ Strada, PJ Henderson, P Cohen: A
kinetic analysis of the effects of inhibitor-1 and
inhibitor-2 on the activity of protein phosphatase-1.
Eur J Biochem 132, 309-13 (1983)

48. GP Brown, RD Blitzer, JH Connor, T Wong, S
Shenolikar, R Iyengar, EM Landau: Long-term
potentiation induced by theta frequency stimulation is
regulated by a protein phosphatase-1-operated gate. J
Neurosci 20, 7880-7 (2000)



PP1 in cardiac function and dysfunction

49. JH Connor, DC Weiser, S Li, JM Hallenbeck, S
Shenolikar: Growth arrest and DNA damage-
inducible protein GADD34 assembles a novel
signaling complex containing protein phosphatase 1
and inhibitor 1. Mol Cell Biol 21, 6841-50 (2001)

50. Z Ahmad, FJ Green, HS Subuhi, AM Watanabe:
Autonomic regulation of type 1 protein phosphatase
in cardiac muscle. J Biol Chem 264, 3859-63 (1989)

51. J Neumann, RC Gupta, W Schmitz, H Scholz, AC
Nairn, AM Watanabe: Evidence for isoproterenol-
induced phosphorylation of phosphatase inhibitor-1
in the intact heart. Circ Res 69, 1450-7 (1991)

52. RB Iyer, SB Koritz, MA Kirchberger: A
regulation of the level of phosphorylated
phospholamban by inhibitor-1 in rat heart

preparations in vitro. Mol Cell Endocrinol 55, 1-6
(1988)

53. RC Gupta, J Neumann, AM Watanabe, M Lesch,
HN Sabbah: Evidence for presence and hormonal
regulation of protein phosphatase inhibitor-1 in
ventricular cardiomyocyte. A4m J Physiol 270, H1159-
64 (1996)

54. A El-Armouche, T Rau, O Zolk, D Ditz, T
Pamminger, WH Zimmermann, E Jickel, SE Harding,
P Boknik, J Neumann, T Eschenhagen : Evidence for
protein phosphatase inhibitor-1 playing an amplifier
role in beta-adrenergic signaling in cardiac myocytes.
FASEB J 1, 437-9 (2003)

55. A El-Armouche, A Bednorz, T Pamminger, D
Ditz, M Didié, D Dobrev, T Eschenhagen: Role of
calcineurin and protein phosphatase-2A in the
regulation of phosphatase inhibitor-1 in cardiac
myocytes. Biochem Biophys Res Commun 346, 700-6
(2006)

56. A Aitken, P Cohen: Isolation and characterization
of active fragments of protein phosphatase inhibitor-1
from rabbit skeletal muscle. FEBS Lett 147, 54-8
(1982)

57. KX Huang, HK Paudel: Ser67-phosphorylated
inhibitor 1 is a potent protein phosphatase 1 inhibitor.
Proc Natl Acad Sci 97, 5824-9 (2000)

58. JA Bibb , A Nishi , JP O'Callaghan , J Ule , M
Lan , GL Snyder , A Horiuchi, T Saito , S Hisanaga ,
AJ Czernik , AC Nairn , P Greengard:
Phosphorylation of protein phosphatase inhibitor-1 by
Cdk5. J Biol Chem 276, 14490-7 (2001)

59. B Sahin, H Shu, J Fernandez , A El-Armouche ,
JD Molkentin , AC Nairn , JA Bibb:
Phosphorylation of protein phosphatase inhibitor-1 by
protein kinase C. J Biol Chem 281, 24322-35 (2006)

3582

60. JC Braz, K Gregory, A Pathak, W Zhao, B Sahin,
R Klevitsky, TF Kimball, JN Lorenz, AC Nairn, SB
Liggett, I Bodi, S Wang, A Schwartz, EG Lakatta,
AA DePaoli-Roach, J Robbins, TE Hewett, JA Bibb,
MV Westfall, EG Kranias, JD Molkentin: PKC-alpha
regulates cardiac contractility and propensity toward
heart failure. Nat Med 10, 248-54 (2004)

61. P Rodriguez, B Mitton, JR Waggoner, EG
Kranias: Identification of a novel phosphorylation
site in protein phosphatase inhibitor-1 as a negative
regulator of cardiac function. J Biol Chem 281,
38599-608 (2006)

62. P Rodriguez, B Mitton, P Nicolaou, G Chen, EG
Kranias: Phosphorylation of human inhibitor-1 at
Ser67 and/or Thr75 attenuates stimulatory effects of
protein kinase A signaling in cardiac myocytes. Am J
Physiol Heart Circ Physiol 293, H762-9 (2007)

63. WD Picking, W Kudlicki, G Kramer, B Hardesty,
JR Vandenheede, W Merlvede, IK Park, A DePaoli-
Roach: Fluorescence studies on the interaction of
inhibitor 2 and okadaic acid with the catalytic subunit
of type 1 phosphoprotein phosphatases. Biochemistry
30, 10280-7 (1991)

64. G Sakashita , H Shima , M Komatsu , T Urano, A
Kikuchi , K Kikuchi: Regulation of type 1 protein
phosphatase/inhibitor-2  complex by glycogen
synthase kinase-3beta in intact cells. J Biochem 133,
165-71 (2003)

65. QM Wang, KL Guan, PJ Roach, AA DePaoli-
Roach: Phosphorylation and activation of the ATP-
Mg-dependent protein phosphatase by the mitogen-
activated protein kinase. J Biol Chem 270, 18352-8
(1995)

66. M Li, DL Satinover, DL Brautigan:
Phosphorylation and functions of inhibitor-2 family
of proteins. Biochemistry 46, 2380-9 (2007)

67. IK Park, AA DePaoli-Roach: Domains of
phosphatase inhibitor-2 involved in the control of the
ATP-Mg-dependent protein phosphatase. J Biol Chem
269, 28919-28 (1994)

68. J Yang, TD Hurley, AA DePaoli-Roach:
Interaction of inhibitor-2 with the catalytic subunit of
type 1 protein phosphatase. Identification of a
sequence analogous to the consensus type 1 protein
phosphatase-binding motif. J Biol Chem 275, 22635-
44 (2000)

69. DR Alessi , AJ Street , P Cohen , PT Cohen :
Inhibitor-2 functions like a chaperone to fold three
expressed isoforms of mammalian  protein
phosphatase-1 into a conformation with the
specificity and regulatory properties of the native
enzyme. Eur J Biochem 213, 1055-66 (1993)



PP1 in cardiac function and dysfunction

70. C MacKintosh , AJ Garton , A McDonnell , D
Barford, PT Cohen, NK Tonks , P Cohen: Further
evidence that inhibitor-2 acts like a chaperone to fold
PP1 into its native conformation. FEBS Lett 397,
235-8 (1996)

71. WG Aschenbach, Y Suzuki, K Breeden, C Prats,
MF Hirshman, SD Dufresne, K Sakamoto, PG
Vilardo, M Steele, JH Kim, SL Jing, LJ Goodyear,
AA DePaoli-Roach: The muscle-specific protein
phosphatase PP1G/R(GL)(G(M))is essential for
activation of glycogen synthase by exercise. J Biol
Chem 276, 39959-67 (2001)

72. GT Cori, AA Green: Crystalline Muscle
Phosphorylase Prosthetic Group. J Biol Chem 151,
31-38 (1943)

73. PM Tang , JA Bondor , KM Swiderek , AA
DePaoli-Roach: Molecular cloning and expression of
the regulatory (RG1) subunit of the glycogen-
associated protein phosphatase. J Biol Chem 266,
15782-9 (1991)

74. C Lannér, Y Suzuki, C Bi, H Zhang, LD Cooper,
MM Bowker-Kinley, AA DePaoli-Roach: Gene
structure and expression of the targeting subunit,
RGL, of the muscle-specific glycogen-associated type
1 protein phosphatase, PP1G. Arch Biochem Biophys
388, 135-45 (2001)

75. MJ Hubbard, P Dent, C Smythe, P Cohen:
Targetting of protein phosphatase 1 to the
sarcoplasmic reticulum of rabbit skeletal muscle by a
protein that is very similar or identical to the G
subunit that directs the enzyme to glycogen. Eur J
Biochem 189, 243-9 (1990)

76. 1 Berrebi-Bertrand, M Souchet, JC Camelin, MP
Laville, T Calmels, A Bril: Biophysical interaction
between phospholamban and protein phosphatase 1
regulatory subunit GM. FEBS Lett 439, 224-30
(1998)

77. DB Savage, M Agostini, [ Barroso, M Gurnell, J
Luan, A Meirhaeghe, AH Harding, G Ihrke, O
Rajanayagam, MA Soos, S George, D Berger, EL
Thomas, JD Bell, K Meeran, RJ Ross, A Vidal-Puig,
NJ Wareham, S O'Rahilly, VK Chatterjee, AJ
Schafer: Digenic inheritance of severe insulin
resistance in a human pedigree. Nat Genet 31, 379-84
(2002)

78. DB Savage, L Zhai, B Ravikumar, CS Choi, JE
Snaar, AC McGuire, SE Wou, G Medina-Gomez, S
Kim, CB Bock, DM Segvich, A Vidal-Puig, NJ
Wareham, GI Shulman, F Karpe, R Taylor, BA
Pederson, PJ Roach, S O'Rahilly, AA DePaoli-Roach:
A prevalent variant in PPP1R3A impairs glycogen
synthesis and reduces muscle glycogen content in
humans and mice. PLoS Med 5, €27 (2008)

3583

79. C Lerin, E Montell, T Nolasco, C Clark, MJ
Brady, CB Newgard, AM Goémez-Foix: Regulation
and function of the muscle glycogen-targeting
subunit of protein phosphatase 1 (GM) in human
muscle cells depends on the COOH-terminal region
and glycogen content. Diabetes 52, 2221-6 (2003)

80. KS Walker, PW Watt, P Cohen: Phosphorylation
of the skeletal muscle glycogen-targeting subunit of
protein phosphatase 1 in response to adrenaline in
vivo. FEBS Lett 466, 121-4 (2000)

81. MJ Hubbard, P Cohen: Regulation of protein
phosphatase-1G from rabbit skeletal muscle. 1.
Phosphorylation by cAMP-dependent protein kinase
at site 2 releases catalytic subunit from the glycogen-
bound holoenzyme. Eur J Biochem 186, 701-9 (1989)

82. Suzuki Y, Lanner C, Kim JH, Vilardo PG, Zhang
H, Yang J, Cooper LD, Steele M, Kennedy A, Bock
CB, Scrimgeour A, Lawrence JC Jr, DePaoli-Roach:
Insulin control of glycogen metabolism in knockout
mice lacking the muscle-specific protein phosphatase
PP1G/RGL. Mol Cell Biol 21, 2683-94 (2001)

83. M Delibegovic, CG Armstrong, L Dobbie, PW
Watt, AJ Smith, PT Cohen: Disruption of the striated
muscle glycogen targeting subunit PPP1R3A of
protein phosphatase 1 leads to increased weight gain,
fat deposition, and development of insulin resistance.
Diabetes 52, 596-604 (2003)

84. IA Hobai, B O'Rourke: Decreased sarcoplasmic
reticulum calcium content is responsible for defective
excitation-contraction coupling in canine heart
failure. Circulation 103, 1577-84 (2001)

85. R Dash, KF Frank, AN Carr, CS Moravec, EG
Kranias: Gender influences on sarcoplasmic
reticulum  Ca2+-handling in  failing human
myocardium. J Mol Cell Cardiol 33, 1345-53 (2001)

86. M Meyer , W Schillinger , B Pieske , C
Holubarsch , C Heilmann , H Posival , G Kuwajima,
K Mikoshiba , H Just, G Hasenfuss : Alterations of
sarcoplasmic reticulum proteins in failing human
dilated cardiomyopathy. Circulation 92, 778-84
(1995)

87. L Barki-Harrington, C Perrino, HA Rockman:
Network integration of the adrenergic system in
cardiac hypertrophy. Cardiovasc Res 63, 391-402
(2004)

88. SS Ferguson: Evolving concepts in G protein-
coupled receptor endocytosis: the role in receptor
desensitization and signaling. Pharmacol Rev 53, 1-
24 (2001)

89. J Neumann, T Eschenhagen, LR Jones, B Linck,
W Schmitz, H Scholz, N Zimmermann: Increased
expression of cardiac phosphatases in patients with



PP1 in cardiac function and dysfunction

end-stage heart failure. J Mol Cell Cardiol 29, 265-
72 (1997)

90. S Mishra , RC Gupta , N Tiwari , VG Sharov ,
HN Sabbah: Molecular mechanisms of reduced
sarcoplasmic reticulum Ca(2+) uptake in human
failing left ventricular myocardium. J Heart Lung
Transplant 21, 366-73 (2002)

91. B Huang, S Wang, D Qin, M Boutjdir, N El-
Sherif: Diminished basal phosphorylation level of
phospholamban in the postinfarction remodeled rat
ventricle: role of beta-adrenergic pathway, G (i)
protein, phosphodiesterase, and phosphatases. Circ
Res 85, 848-55 (1999)

92. JB Sande, I Sjaastad, IB Hoen, J Bekenes, T
Teonnessen, E Holt, PK Lunde, G Christensen:
Reduced level of serine(16) phosphorylated
phospholamban in the failing rat myocardium: a
major contributor to reduced SERCA2 activity.
Cardiovasc Res 53, 382-91 (2002)

93. P Boknik, M Fockenbrock, S Herzig, J] Knapp, B
Linck, H Liss, FU Miiller, T Miiller, W Schmitz, F
Schroder, J Neumann: Protein phosphatase activity
is increased in a rat model of long-term beta-
adrenergic stimulation. Naunyn Schmiedebergs Arch
Pharmacol 362, 222-31 (2000)

94. RC Gupta, S Mishra, XP Yang, HN Sabbah:
Reduced inhibitor 1 and 2 activity is associated with
increased protein phosphatase type 1 activity in left
ventricular myocardium of one-kidney, one-clip
hypertensive rats. Mol Cell Biochem 269, 49-57
(2005)

95. RC Gupta, S Mishra, S Rastogi, M Imai, O Habib,
HN Sabbah: Cardiac SR-coupled PP1 activity and
expression are increased and inhibitor 1 protein
expression is decreased in failing hearts. Am J
Physiol Heart Circ Physiol 285, H2373-81 (2003)

96. A El-Armouche, T Pamminger, D Ditz, O Zolk, T
Eschenhagen: Decreased protein and phosphorylation
level of the protein phosphatase inhibitor-1 in failing
human hearts. Cardiovasc Res 61, 87-93 (2004)

97. BJ Wilkins, JD Molkentin: Calcineurin and
cardiac hypertrophy: where have we been? Where are
we going? J Physiol 541, 1-8 (2002)

98. A El-Armouche, F Gocht, E Jaeckel, K
Wittkopper, M Peeck, T Eschenhagen: Long-term
beta-adrenergic stimulation leads to downregulation
of protein phosphatase inhibitor-1 in the heart. Eur J
Heart Fail 9, 1077-80 (2007)

99. G Chen, X Zhou, P Nicolaou, P Rodriguez, G
Song, B Mitton, A Pathak, A Zachariah, GC Fan, GW
Dorn 2nd, EG Kranias: A human polymorphism of
protein phosphatase-1 inhibitor-1 is associated with
attenuated contractile response of cardiomyocytes to

3584

{beta}-adrenergic stimulation. FASEB J (2008) [Epub
ahead of print]

100. A El-Armouche, P Boknik, T Eschenhagen, L
Carrier, M Knaut, U Ravens, D Dobrev: Molecular
determinants of altered Ca2+ handling in human
chronic atrial fibrillation. Circulation 114, 670-80
(2006)

101. GW Dorn 2nd, JD Molkentin: Manipulating
cardiac contractility in heart failure: data from mice
and men. Circulation 109, 150-8 (2004)

102. B Linck, P Boknik, J Knapp, FU Miiller, J
Neumann, W Schmitz, U Vahlensieck: Effects of
cantharidin on force of contraction and phosphatase
activity in nonfailing and failing human hearts. Br J
Pharmacol 119, 545-50 (1996)

103. XH Wehrens, SE Lehnart, SR Reiken, SX Deng,
JA Vest, D Cervantes, J] Coromilas, DW Landry, AR
Marks: Protection from cardiac arrhythmia through
ryanodine receptor-stabilizing protein calstabin2.
Science 304, 292-6 (2004)

104. M Yano, K Ono, T Ohkusa, M Suetsugu, M
Kohno, T Hisaoka, S Kobayashi, Y Hisamatsu, T
Yamamoto, M Kohno, N Noguchi, S Takasawa, H
Okamoto, M Matsuzaki: Altered stoichiometry of
FKBP12.6 versus ryanodine receptor as a cause of
abnormal Ca (2+) leak through ryanodine receptor in
heart failure. Circulation 102, 2131-6 (2000)

105. M Yamada, Y Ikeda, M Yano, K Yoshimura, S
Nishino, H Aoyama, L Wang, H Aoki, M Matsuzaki:
Inhibition of protein phosphatase 1 by inhibitor-2
gene delivery ameliorates heart failure progression in
genetic cardiomyopathy. FASEB J 20, 1197-9 (2006)

Abbreviations: PP1: type 1 protein phosphatase; Ca:
Calcium; PPlc: type 1 protein phosphatase catalytic
subunit; I-1: inhibitor-1; I-2: inhibitor-2; SR: sarcoplasmic
reticulum; LTCC: L-type Ca channel; RyR: ryanodine
receptor; SERCA2a: SR/ER-Ca ATPase 2a; PLN:
phospholamban; NCX: sodium-calcium exchanger; cAMP:
3’-5’-cyclic-AMP; PKA: protein kinase A; Tnl: troponin I;
MyBP-C: myosin binding protein C; PPP: phospho-protein
phosphatases; PPM: magnesium-activated phosphatases;
PP2A: type 2 protein phosphatase A; PP2B: type 2 protein
phosphatase B; CaMKII: calmodulin kinase 2; MLC2a:
myosin light chain 2a; PKC: protein kinase C; G-subunit:
glycogen-targeting subunit; Gy: striated muscle glycogen-
targeting subunit; Gp: liver glycogen-targeting subunit;
Rgr: regulatory glycogen-targeting subunit; Cdkl: cyclin
dependent kinase 1; Cdk5: cyclin dependent kinase 5;
GSK3: glycogen-synthase kinase 3; ERK1/2: mitogen-
activated protein kinase extracellular signal-related kinase
12

Key Words: Protein Phosphatase 1; Heart Failure;
Sarcoplasmic Reticulum; Phospholamban; Review



PP1 in cardiac function and dysfunction

Send correspondence to: Evangelia G. Kranias,
Department of Pharmacology and Cell Biophysics,
University of Cincinnati College of Medicine, Cincinnati,
OH 45267-0575, USA, Tel: 513-558-2377, Fax: 513-558-
2269, E-mail: litsa.kranias@uc.edu

http://www.bioscience.org/current/vol14.htm

3585



