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Cardiacmyofilaments act as the central contractile apparatus of heart muscle cells. Covalentmodification of con-
stituent proteins through phosphorylation is a rapid and powerful mechanism to control myofilament function,
and is increasingly seen as a mechanism of disease. While the relationship between protein kinases and cardiac
myofilaments has been widely examined, the impact of protein dephosphorylation by protein phosphatases is
poorly understood. This review outlines the mechanisms by which the mostly widely expressed protein phos-
phatases in cardiac myocytes regulate myofilament function, and the emerging role of myofilament-associated
protein phosphatases in heart failure. The importance of regulatory subunits and subcellular compartmentaliza-
tion in determining the functional impact of protein phosphatases on myofilament and myocardial function is
also discussed, as are discrepancies about the roles of protein phosphatases in regulating myofilament function.
The potential for targeting these molecular messengers in the treatment of heart failure is discussed as a key fu-
ture direction.
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‘A little neglect may breed great mischief.’ – Benjamin Franklin
1. Introduction

Cardiac myofilaments are both functionally and physically the core
components of heart muscle cells. While many elements both within
and outside the cell can alter the functional state of cardiac myofila-
ments, among the most rapid and powerful mechanisms that regulate
the molecular motors is phosphorylation. Complex phosphorylation
patterns interact to finely tune myocardial function, and the covalent
modification of myofilament proteins mediates rapid effects that can
change cardiac contractility from one beat to the next. Altered phos-
phorylation patterns of several myofilament proteins have been linked
to myocardial disease, but the nature of these modifications is the sub-
ject of debate [1–3].

Much of the research into the phosphorylation changes that influ-
ence myofilament function has focused on the role of protein kinases
[4–6]. While numerous studies and reviews provide invaluable insight
into how the heart functions and how disease manifests at a molecular
level, the almost singular focus on kinases arguably ignores half of the
regulatory equation. In reality the dynamic equilibrium between pro-
tein kinase and phosphatase activity serves as a critical determinant of
myofilament and myocardial function [7]. When maintenance of this
balance is disregarded by the cell, the potential for dysfunction arises.
Our failure in appreciating the role of protein phosphatases ultimately
impairs our ability to fully comprehend and treat diseases of the heart.
In short, the neglect of protein phosphatases allows for great mischief.

Understanding protein phosphatases and their influence over myo-
filament function is not a simplematter. On one hand N98% of phospha-
tase activity can be attributed to serine/threonine phosphatases. Within
this family of protein phosphatases types 1, 2A, and 2B account for over
90% of activity in the heart, limiting the number of potential players [8].
On the other hand a single protein phosphatase isozyme may simulta-
neously target multiple proteinswithin the contractile apparatus. Final-
ly, the emerging concept of intracellular compartmentalization of
molecular messengers means that the effects of protein phosphatases
largely depend on the subcellular milieu and the ability to reach viable
substrates.

In this reviewwe seek to provide an overview about the relationship
between protein phosphatases and cardiac myofilaments. This includes
understanding how protein phosphatases regulate cardiac contractility
in a normally functioning heart, as well as the potential role of these sig-
naling enzymes in cardiac diseases where myofilament function is al-
tered. Protein phosphatases are exciting and potentially powerful
therapeutic targets, but exploitation of these intracellular messengers
requires a better understanding about their mechanisms of action in
the heart.
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2. Phospho-regulation of cardiac myofilaments

The ability to regulate proteins through phosphorylation or dephos-
phorylation was a fundamental scientific discovery of the 20th century.
Krebs and Fischer's ground-breakingwork initially focused on enzymat-
ic proteinswhose activity was rapidlymodified by a kinase [9]. Ironical-
ly, the lesser investigated protein phosphatase responsible for the
dephosphorylation of phosphorylase had been discovered over a decade
Fig. 1.A. Schematic of serine-threonine protein phosphatasemechanisms of action. Full activati
(PP1 and PP2B) or two regulatory (PP2A) regulatory subunits. Regulatory subunits affix the cat
substrate. Metal ions that bind to protein phosphatases activate a water molecule and catalyze
Composition of serine-threonine protein phosphatases. The three most commonly expressed
subunits. Type 1 and 2B protein phosphatases require only one subunit for full effect, wher
classes (B, B′, B″, B‴), each of which has its own subtypes. C. Localization and targets of serine-
serine-threonine protein phosphatases in cardiac myofilaments are not widely known, but
between PP1β and cardiac Z-discs is not definitive. Additionally, PP2A has been shown to bin
serine-threonine protein phosphatases. PP2B provides a potential link between cardiac myofi
this occurs through NFAT alone or a PP2B-NFAT complex is not known.
earlier by Cori and Green [10]. Subsequent studies extended this novel
regulatory mechanism to non-enzymatic proteins: in 1976 Solaro,
Moir, and Perry published their pioneering study showing that cardiac
troponin I phosphorylation was a mechanism by which adrenaline/epi-
nephrine mediates its positive inotropic effects in the heart [11]. Al-
though the addition or removal of phosphate groups from proteins
permits the rapid adjustment of protein function, it has become widely
recognized that chronic changes in phosphorylation levels is a
on of serine-threonine protein phosphatases require binding of the catalytic subunit to one
alytic subunit to a binding or anchoring protein, placing it in close approximation with its
the remove of a phosphate group from serine or threonine residues in a target substrate. B.
serine-threonine protein phosphatase types expressed in the heart have distinct catalytic
eas type 2A has an additional B-type regulatory subunit. B-subunits are divided into 4
threonine protein phosphatases in cardiac myofilaments. The specific binding partners of
several studies show a pattern of expression consistent with Z-disc binding. The link
d parts of the troponin complex. Numerous myofilament proteins are known targets of
laments and nuclear gene expression through its dephosphorylation of NFAT. Whether



Table 1
Myofilament protein targets and functional effects of dephosphorylation by serine-threo-
nine protein phosphatases.

Protein phosphatase Protein Functional impact

PP1 MLC2 & TnI [97] ↑Calcium sensitivity [97]
Titin [103] ↑Passive tension [103]
MyBP-C & MLC [98] ↓Contractility [98]
MLC2 [96] ↓Relaxation [96]

PP1α MyBP-C, TnT, TnI & MLC2 [34] ↑Calcium sensitivity [34]
PP1β/δ MLC2 & MyBP-C [35] N/A
PP2A MLC2 [37] ↓Active tension [37]

TnI & MyBP-C [40,101] ↑Calcium sensitivity [40]
TnI, MyBP-C, MLC2 & TnT [47] ↑Calcium sensitivity [47]
TnI [56] N/A
TnI [45] N/A
TnI & TnT [42] N/A

PP2C α-Tropomyosin & TnI [41] ↓Active tension [41]

83I. Lorenzen-Schmidt et al. / Journal of Molecular and Cellular Cardiology 101 (2016) 81–89
characteristic of some diseases including heart failure [2,3,5]. These co-
valent modifications undoubtedly impact cardiac function, but their
specific effects andwhether they are adaptive ormaladaptive is the sub-
ject of significant debate. Regardless of the specific effects, it is widely
accepted that altering the phosphorylation profile of myofilament pro-
teins has profound effects on function in both healthy and diseased
hearts.

3. Protein phosphatases: the neglected family

The fundamental action of protein phosphatases is to remove phos-
phorous atoms from substrate proteins (Fig. 1). Serine-threonine phos-
phatases are multimeric enzymes that dephosphorylate serine and
threonine residues through a reaction catalyzed by a metal-activated
water molecule [12]. Although the enzymatic effect is the same across
all protein phosphatases, serine-threonine protein phosphatases have
unique metal requirements: the catalytic subunit of type 1 protein
phosphatases require one Mn2+ and one Fe2+ ion, whereas PP2A
binds two Mn2+ ions [13]. Calcium binding to the B-subunit can mini-
mally activate bound PP2B, but full activation requires binding of a cal-
cium-calmodulin complex [14].

Serine-threonine protein phosphatases are often described aswork-
ing in ‘balance’with protein kinases to regulate myofilament and myo-
cardial function. Terms like ‘balance’ and ‘collaboration’ suggests
equality between kinases and phosphatases that may be misleading.
First, the number of known serine-threonine phosphatases is signifi-
cantly less than the number of identified protein kinases. This quantita-
tive inequality is offset by combining relatively fewprotein phosphatase
catalytic subunits with a large variety of regulatory subunits. These
combinations create a large number of permutations that allow for an
efficient counteraction against the more extensive collection of protein
kinases (Fig. 1). For example, the two isoforms of the PP2A catalytic sub-
unit can combine with one of two A-subunit isoforms and over 20 dif-
ferent B-subunits to yield N75 potential trimeric holoenzymes [15,16].
Second, describing protein phosphatases as being in balance with ki-
nases suggests a singularly opposing role. In reality, the disparate and
often opposing effects mediated through the phosphorylation of a pro-
tein by different kinases are enhanced through the selective removal of
specific phosphorylation residues by protein phosphatases. This pairing
between kinases and phosphatases can exaggerate the functional con-
sequences and more effectively regulate function.

4. Protein phosphatase 1 (PP1)

Mammals have 3 genes that encode the catalytic subunit of protein
phosphatase 1 (PP1), producing α, β/δ, and γ isoforms with variations
in the N- and C-termini likely determining subcellular localization and
substrate specificity [17]. PP1 appears to be the predominant phospha-
tase associated with the myofilament fraction of bovine cardiac muscle.
Chisholm and Cohen showed that myosin-associated PP1 accounts for
90% of phosphatases in bovine myofilaments, and that it dephosphory-
lates myosin light chain (MLC-2) [18] (Fig. 1, Table 1). Chu et al. report-
ed that the predominant phosphatase purified from bovinemyofibrils is
more specifically PP1α [19]. Yang and colleagues also detected PP1α in
murine cardiac myofilaments, but the level of expression relative to
other protein phosphatases was not investigated [20]. By contrast, an
earlier study did not detect significant phosphatase activity in the myo-
filaments and identified protein phosphatase 2A (PP2A) as the most
abundant phosphatase in the cytosol of bovine myocardium [21].

Myosin light chain phosphatase (MLCP) is a distinct and extensively
studied type of PP1 (reviewed in [22]). MLCP consists of the catalytic
subunit PP1β (also called δ), a myosin phosphatase targeting protein
(MYPT), and a third small subunit called M21. When the catalytic sub-
unit PP1β is free it is able to dephosphorylate a large number of sub-
strates, but specificity to MLC-2 is achieved by binding to the targeting
subunit MYPT [22,23]. Numerous studies have focused on the role of
MYPT-1 in smoothmuscle (for review see [24]). However, relatively lit-
tle is known about the function and regulation of the cardiac isoform
MYPT-2. Similar to its counterpart in smooth muscle, MYPT-2 is
inhibited by Rho-associated kinase (ROCK)-mediated phosphorylation
which causes MYPT-2 to dissociate from the PP1β catalytic subunit.
The fractured link between MYPT-2 and PP1β prevents targeting to
MLC-2 and produces an increased level of MLC-2 phosphorylation and
increased inotropy [25]. Following α-adrenergic as well as prostaglan-
din receptor stimulation, a ROCK-dependent inhibition of MYPT activity
was observed [25,26]. In an in-vivo study of MYPT-2 overexpression in
mice, greater abundance of the holoenzyme of myosin phosphatase
was observed, leading to dephosphorylation of MLC-2 and a decrease
inmyofilament calcium sensitivity alongwith long-term left ventricular
dysfunction and enlargement [27]. Electron microscopy of mouse heart
tissue showed that MYPT-2 is mostly localized to the Z-disc with irreg-
ular appearance at the A-band [28]. Yin et al. agreed that MYPT-2 is
mainly localized at Z-disc and M-line under baseline conditions, and
they also reported that it translocates to the myosin head-rich A-band
region of the sarcomere following β-adrenergic stimulation [29].
These studies suggest that translocation is oneof thewaysmyosin phos-
phatase activity is controlled in cardiac myofilaments.

Few studies to date have investigated the functional role of the small
subunit of MLCP termed M21. Treatment of skinned cardiac myocytes
with recombinant protein of human heart specific M21 results in en-
hanced myofilament calcium sensitivity [30]. This same research
group later showed that M21 is able to bind and activate ROCK, leading
to increased MYPT phosphorylation and MLCP inhibition which is in
agreement with the observed increase inmyofilament calcium sensitiv-
ity [31]. Consistent with these findings, a recent article indicates that in
the beating heartMYPT-2 is tightly bound to themyofilaments and con-
stitutively phosphorylated, resulting in inhibition of PP1β and constitu-
tive MLC-2 phosphorylation [32]. However, the regulation of MYPT-2
localization and phosphorylation require further investigation. Taking
together the above results, it seems plausible that endogenous M21
could perform an inhibiting function in vivo leading to constitutive
MLC-2 phosphorylation.

PP1 was first implicated in the regulation of myofilament function
by Jideama et al. [33]. Their group showed that PP1 is able to dephos-
phorylate troponin I (TnI), troponin T (TnT), myosin binding protein-C
(MyBP-C), and MLC-2 in rat cardiac myofibrils. Additionally, PP1 de-
phosphorylation of these myofilament proteins restored calcium sensi-
tivity and myofibrillar ATPase activity to baseline levels after protein
kinase A (PKA) and C (PKC)-dependent phosphorylation [33]. Our
group later showed that the PP1α isoform associateswithmurine cardi-
ac myofilaments and decreases the phosphorylation of TnI, TnT, MyBP-
C, and MLC-2, resulting in increased myofilament calcium sensitivity
and maximum actomyosin Mg2+-ATPase activity. [34]. We further ex-
plored whether the Z-disc protein CapZ could play a role in the regula-
tion of phosphatase activity at themyofilaments. After partial extraction



84 I. Lorenzen-Schmidt et al. / Journal of Molecular and Cellular Cardiology 101 (2016) 81–89
of CapZ, the effects of PP1α on cardiacmyofilamentswere reduced, sug-
gesting that a reduction in CapZ desensitizes the myofilaments to PP1α
[34].

A detailed investigation into the functional role of the different iso-
forms of PP1 in cardiac performance and in the myofilaments was con-
ducted recently by Liu et al. [35]. They reported that while the loss of
PP1α or PP1γ in mice did not have a significant effect on global cardiac
function, deletion of PP1β resulted in concentric hypertrophy, fibrosis
and contractile dysfunction. Interestingly, only the β-form of PP1 was
found to be localized to the myofilament compartment. Isolated
myocytes from PP1β-deleted hearts displayed increased contractility
associated with increased phosphorylation of MLC-2. In addition, Liu
et al. detected increased MyBP-C phosphorylation but no change in
TnI, TnT or tropomyosin phosphorylation. The effects of PP1β deletion
on intracellular calcium handling were judged to be minimal and the
authors concluded that the resultant heart failure was driven by chang-
es in myofilament function and not calcium handling [35]. Taken to-
gether, these results show that PP1β may be the main phosphatase in
the myofilament compartment of cardiac myocytes, disagreeing with
earlier findings that PP1α is the predominant isoform [18,19].

5. Protein phosphatase 2A (PP2A)

PP2A is detectable in the soluble or solubilised fraction of cardiac
muscle (cytosol) at baseline [21,36], but is known to translocate to the
myofilaments upon p38 MAPK-mediated activation [36,37]. PP2A was
suggested in the 1980′s to be the predominant phosphatase to dephos-
phorylate TnI and MyBP-C [21,38]. This has been confirmed over the
years using different activators of PP2A [36,39–42]. However, Chen et
al. treated isolated myocytes with the p38 MAPK activator arsenite
and showed that as a result of the downstream translocation and activa-
tion of PP2A only the phosphorylation level of MLC-2 was decreased
[37]. The changes in MLC-2 phosphorylation resulted in a decrease in
isometric tension andMg2+-ATPase activity. Vahebi et al. [41] activated
PP2A via constitutively active p38 MAPK and demonstrated that TnI as
well as tropomyosin were dephosphorylated, whereas TnT and MLC-2
phosphorylationwere not affected. They agree, however, with the func-
tional effects reported by Chen et al. in that they found a reduction in
maximum tension and myofilament ATPase activity as well [41]. Aden-
osine A1 receptor stimulation in rat ventricular myocytes also caused
p38 MAPK-mediated PP2A activation and subsequent dephosphoryla-
tion of TnI [36]. The inconsistent findings about the functional effects
and targets of PP2A as a result of p38 MAPK activation may be attribut-
able to the complex signaling cascade triggered by p38 MAPK in which
numerous other messengers may change their activity.

In cultured myocytes infected with an active form of p21-activated
kinase 1 (Pak1), TnI and MyBP-C phosphorylation levels were dimin-
ished – likely through PP2A – without changing phosphorylation of
TnT or MLC-2 [40]. The Pak1-dependent activation of PP2A resulted in
an increase in myofilament calcium sensitivity [40]. Wu and Solaro
later infected cardiac myocytes with constitutively active PKCζ, a well-
known protein kinase acting on the cardiac contractile apparatus [42,
43]. Interestingly, they reported a direct binding and dephosphorylation
of TnI and TnT by PP2A [42]. In this study, they confirmed their hypoth-
esis that PKCζ is able to form a complex with Pak1 and PP2A, which
builds on the earlier work by Ke et al. who similarly reported a Pak1-
PP2A relationship [40].

PP2A has emerged as an influential player in β-adrenergic receptor
signaling in the heart. Boknik and colleagues were the first to show a
link between chronic β-adrenergic receptor activation and changes in
protein phosphatase activity [44]. Liu and Hofmann subsequently iden-
tified localized changes in myofilament-associated PP2A as a mecha-
nism to attenuate the effects of β-adrenergic stimulation [36,45]. De
Arcangelis et al. narrowed the mechanism even further by suggesting
that the anti-adrenergic effects of PP2A are mediated through the de-
phosphorylation of the PKA-preferred N-terminal serines 23/24 in
cardiac TnI [46]. More recent work has confirmed this cascade and fur-
ther cemented the role of PP2A as a crucial regulator of β-adrenergic
control of cardiac myofilament function [47]. β-Adrenergic stimulation
with isoproterenol leads to a redistribution of PP2A's regulatory subunit
B56α in cardiac myocytes [29,48]. Specifically, B56α is lost from the Z-
disc and A-band regions of the sarcomere. While B56α levels decrease
in the myofilament fraction of the myocytes they rise in the cytosol
[29]. These findings agree with an earlier report that B56α translocates
to the cytosol after β2-adrenergic receptor stimulation with salbutamol
[48]. Interestingly, this translocation was associated with activation of
PP2A [48]. The clinical potential of targeting PP2A was proposed by
Hofmann's group in 2007 when they speculated that a novel anti-
PP2A peptide could enhance β-adrenergic support in acutely failing
hearts [48]. Although phosphatase inhibitors such as okadaic acid simi-
larly antagonize PP2A activity, the toxicity ofmany protein phosphatase
inhibitors coupled with their inability to specifically and precisely affect
desired targets limits their clinical viability. However, the development
of peptides or other small molecules that may be coupled with tissue-
targeting components to facilitate uptake by intended cells offers a sig-
nificant advance. Nonetheless, given the broad substrate pool in cardiac
myocytes for PP2A including calcium handling proteins, a further re-
finement to direct inhibitors to the myofilament compartment remains
an unaddressed obstacle.

6. Protein phosphatase 2B (PP2B) and 2C (PP2C)

PP2B or calcineurin localizes at the Z-disc [49,50] but it is still uncer-
tainwhether PP2B is implicated inmyofilament function. PP2B ismostly
known for regulating cardiac hypertrophy signaling through the de-
phosphorylation of the transcription factor NFAT (reviewed in [51]).
The conventional view of the PP2B-NFAT signaling cascade holds that
PP2B anchoring at cardiac Z-discs positions the phosphatase close to
NFAT, thereby facilitating interaction. Jeong and colleagues, while not
challenging this view, have suggested that nuclear translocation of
PP2B with mechanical stress may also occur [52]. The link between
PP2B and cardiac myofilaments, along with a recognized ability to reg-
ulate the expression of key hypertrophic factors, offers the intriguing
possibility that PP2Bmay serve as a valuablemechanosensor by provid-
ing a link between myofilament function and myocardial gene expres-
sion. Since p38 MAPK is important in PP2A activation, it is also worth
noting that p38 MAPK colocalizes with α-actinin at the Z-disc. Further-
more, p38MAPK forms a complexwithM-protein at the center of the A-
band along with the serine/threonine protein phosphatases 2Cα and
2Cβ [41]. In this complex PP2Cα can directly inhibit p38 MAPK by de-
phosphorylation in stressed human cells [53]. Interestingly, two PP2C-
like phosphatases named POPX1 and POPX2 were reported to dephos-
phorylate and thus inhibit the PP2A regulator Pak [54]. These studies
suggest that PP2C may mediate changes in myofilament function – at
least indirectly – through interaction with known regulators of the con-
tractile apparatus. However, a direct link between PP2B or C and cardiac
myofilament function has not yet been demonstrated.

7. Protein phosphatases, myofilaments, and heart failure

PP1 expression or activity is increased in human and experimental
heart failure models [55–59], and inhibition can prevent the develop-
ment of heart failure in laboratory animals [60–63]. Transgenic animals
in which PP1 is overexpressed exhibit contractile dysfunction and de-
velop heart failure [61,64]. Similarly, PP2A increases have been detected
in failing hearts [44,55,56,65] with cardiac overexpression of the phos-
phatase being sufficient to drive hearts into failure [66]. Together
these studies implicate the major myofilament protein phosphatases
of the heart in the pathogenesis of heart failure.

Although the majority of research investigating the role of protein
phosphatases in heart failure has focused on the causative effects of
the dephosphorylation of calcium handling proteins [57,63,67], a
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parallel pattern of dephosphorylation in the myofilaments of failing
hearts suggests the potential for a similarly contributory role [3,68–
70]. Despite a significant and growingbody of evidence showingmyofil-
ament phosphorylation changes in failing hearts and concomitant alter-
ations in protein phosphatase expression, the proverbial smoking gun
linking cardiomyopathic changes in phosphatases to myofilament dys-
function has proven to be elusive.

One reason for the lack of evidence linking protein phosphatase reg-
ulation ofmyofilamentswith heart failuremay be the scarcity of studies
that actually examine cardiac myofilaments in isolation. Most studies
that investigate changes in protein phosphatase expression or activity
separate cells or tissue into two compartments: particulate and cytosol.
Often the particulate fraction is referred to as the ‘membrane’ isolate,
when in reality it contains nuclei, sarcoplasmic reticulum,myofilaments
and a variety of subcellular components that sediment with high speed
centrifugation. As such, subcellular shifts in protein phosphatases may
remain largely undetected without a more detailed investigation of
compartmentalized expression patterns. One study that has provided
intriguing evidence linking protein phosphatase regulation of cardiac
myofilaments and heart failure was that of Liu et al. [35]. This group
found that the deletion of PP1α or γ catalytic subunits had no apparent
effects on the heart, but that the loss of PP1β reduced myocardial con-
tractility.Myocardial dysfunctional and thedevelopment of heart failure
were associated with significant changes in cardiac myofilaments,
whereas intracellular calcium handling was unaffected, leading the au-
thors to conclude that PP1β-mediated heart failurewasmediated large-
ly through the targeting of cardiac myofilaments. Future studies
examining potential roles for myofilament-associated protein isoforms
in the development of heart failure should use published subcellular
fractionation protocols like that from Yang et al. [20] to produce
enriched isolates that permit compartmentalized investigations. With-
out such efforts significant changes in the subcellular localization of pro-
tein phosphatases and other intracellular messengers may be
overlooked and only those pathways that show altered total expression
levels of proteins will be identified.

Understanding the relationship between protein phosphatases and
cardiac myofilaments in heart failure is further complicated by the dif-
ferent intracellular environments of healthy and failing cardiac
myocytes. The majority of studies examining the impact of protein
phosphatases on cardiac myofilament function have been done using
tissue or cells from normal, healthy animals. Translating these findings
to mechanistic hypotheses in cardiomyopathic hearts is not necessarily
sound. Belin and colleagues reported a disease-dependent effect of pro-
tein phosphatases on myofilament function: in myofilaments from fail-
ing hearts PP1-mediated dephosphorylation significantly increased
maximum tension and myofilament calcium sensitivity, while a similar
incubation of cardiac myofilaments from non-failing hearts had no no-
table effects [71]. The capricious impact of PP1 on cardiacmyofilaments
is not an unprecedented phenomenon as the concept of ‘myofilament
uncoupling’ has been proposed to explain the apparent disconnect be-
tween myofilament alterations observed in diseased hearts and unex-
pected functional impact. Several studies including seminal work by
Deng et al. have shown that mutations associated with both hypertro-
phic and dilated cardiomyopathy alter the impact of myofilament pro-
tein phosphorylation on myofilament activation [72–75]. Subsequent
studies by Kooij et al. [76] and Nixon et al. [77] found that uncoupling
may be mediated through the phosphorylation of myofilament pro-
teins, and that this phenomenon did not require a genetic alteration to
occur. Messer and Marston have written an elegant review on the sub-
ject wherein they note that in a diseased environment changes in the
phosphorylation of myofilament proteins do not necessarily have the
predicted functional outcome based on studies done in healthy tissue
[78]. In short, cardiac myofilaments from diseased hearts are not the
same as those from healthy hearts, and therefore do not respond to
stressors or signaling cascades in a similar fashion. In light of this emerg-
ing concept the investigation of protein phosphatases and their impact
on myofilament function should be explored using samples from dis-
eased tissue in order to truly understand how these molecular messen-
gers participate in the development of myocardial dysfunction.
Furthermore, given that the impact of uncoupling seems to be depen-
dent upon the specific mutation or myofilament phosphorylation pat-
tern, the role of protein phosphatases and other signaling molecules
should be examined using multiple disease models to prevent the ad-
vancement of inaccurate conjectures based on limited experimental
paradigms.

Protein phosphatases are significantly influenced by regulatory sub-
units which determine both their level of activity and subcellular loca-
tion. While these elements and their significance in controlling
phosphatase activity are widely acknowledged, their role in protein
phosphatase-dependent regulation of cardiac myofilaments is largely
overlooked in studies investigating the functional impact of phospha-
tases. The vastmajority of studies that have examined protein phospha-
tases in the heart utilized free forms of the enzyme either through
transgenic or viral overexpression, or the addition of purified protein.
This approach does not reflect the reality of protein phosphatase signal-
ing in cardiac myocytes which is tightly directed. For example, there is
no freely available PP1 in cardiac myocytes as the enzyme is coupled
to one of over 150 regulatory subunit at all times [8,79]. As such, by in-
troducing free forms of protein phosphatases the regulatory and direc-
tional elements that determine and potentially limit the impact of
protein phosphatases under physiological or pathophysiological condi-
tions are subtracted from the functional equation. As a result the out-
comes may not recapitulate the true consequences of protein
phosphatase activation.

8. Compartmentalization

Regulatory subunits of protein phosphatases control activity and di-
rect these signalingmolecules to their respective substrates. The combi-
nation of relatively few protein phosphatase catalytic subunits
potentially binding with hundreds of regulatory subunits creates a
large number of permutations that allow for effective counteraction
against the more extensive collection of protein kinases [8,80]. Howev-
er, a frequently overlooked feature of regulatory subunits is their ability
to compartmentalize intracellular messages. Protein phosphatase regu-
latory subunits show discrete subcellular distribution which helps to
confine effects within a compartment [80]. One of the few phosphatase
regulatory subunits that have been investigated in terms of an ability to
direct intracellular signaling is the B56 type. The most commonly
expressed B subunit in the heart is B56α [81,82] which anchors PP2A
to cardiac Z-discs through ankyrin B [83]. Brewis and colleagues showed
that disruption of the B56α-PP2A interaction disrupts PP2A binding to
cardiac myofilaments and produces a DCM phenotype [84]. More re-
cently, Kirchhefer et al. showed that increasing the expression of B56α
in cardiac myocytes enhances myocyte contractility through changes
in myofilament calcium sensitivity without impacting intracellular cal-
cium handling [47]. These studies show the ability of a myofilament-as-
sociated protein phosphatase regulatory subunit to mediate effects
within a limited compartment (e.g. targetingmyofilaments but not cal-
cium handling proteins), yet produce significant functional effect at the
level of the whole heart. Despite their known significance, there is a
scarcity of detailed information about the role of phosphatase regulato-
ry subunits in compartmentalizing signals and the impact on myofila-
ment function in both the healthy and diseased heart. Targeting these
discrete regulators of protein phosphatase activity offers a promising
area for both research and drug development, but further research
into their locations and functional impact is required to fully appreciate
their roles.

Coordination of the vast signaling pathways that cascade onto cardi-
ac myofilaments is facilitated in large part by anchoring proteins. An-
choring proteins act as multi-signaling network bases that not only
position intracellular messengers in close proximity to their intended
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substrates, but also synchronize and integrate information mediated si-
multaneously by numerous pathways. One common example in the
heart is the family of A-kinase anchoring proteins (AKAP). In the heart
there are 14 distinct AKAP types plus isoforms [85]. While AKAPs are
by definition binding partners for PKA, a key characteristic of these sub-
cellular scaffolds is their ability to bind other signaling molecules in-
cluding protein phosphatases [85]. One well characterized form of
AKAP in the heart is the muscle-specific isoform (mAKAP) which
shows a pattern of subcellular distribution consistent with binding to
myofilament Z-discs [86,87]. mAKAP is capable of binding a mixture of
signaling elements including PKA, PDE4D3, PP2A, and PP2B [88,89]. As
a result of its ability to bind a number of signalingmolecules in a variety
of combinations, the net outcome depends on which signaling cascades
are represented. The binding of PP2A alone – which has well-known
myofilament effects –would have functional effects specific to the phos-
phatase. However, the ability of PP2A to dephosphorylate proximal
PDE4D3, controlling local cAMP breakdown produces a highly localized
regulation of PKA activation [88,90], which itself has significant effects
on myofilament function. In this case the apparent PP2A-specific
effects onmyofilament functionmay be altered, giving themistaken im-
pression that the end result is the product of PP2A activation, when in
reality it is the outcome of a complex interaction at a nodal point of
signaling.

9. Discrepancies on the effects of protein phosphatases

Protein phosphatase regulation of myocardial function and disease
development is complex, and studies have yielded contradictory
findings. For example, protein phosphatases are associated with the de-
velopment of both hypertrophic [44,55,56,61,63,65,66,91] and dilated
[55–57,59,64,92] cardiomyopathy, and their inhibition can be detri-
mental [63,93] or protective [60,61,64,67,94,95]. Belin and colleagues
[71] noted the various species used to study the role of protein phospha-
tases in the development of heart failure and invoked these differences
to explain some of the discrepancies between their work andwork pub-
lished by others. Another often overlooked factor that may explain dis-
crepancies across studies are variations in treatment protocols. In our
study [20]we found that PP1 increasedmyofilament calcium sensitivity
inmurinehearts, whereas earlierwork by vander Velden [96] found the
opposite effect in human samples. The results of Duncker et al. [97]
using porcine samples were in general agreement with our finding of
increase calcium sensitivity but their paper fails to indicate PP1 treat-
ment conditions. Among the potentially important differences in the
treatment protocols used by our work and that of van der Velden et al.
were the forms of phosphatase used: whereas we used PP1α, van der
Velden and colleagues treated samples with catalytic PP1. Both studies
used constitutively active catalytic subunits but it is possible that differ-
ences between PP1 and PP1α catalytic subunits allowed for differential
protein targeting and discrepant effects. Furthermore, van der Velden
used a longer treatment time (60min vs. 30min) at room temperature,
as compared to our 4 °C conditions. Finally, one point of concern is the
variable storage time for samples collected by van der Velden's group.
They noted that after collection, ventricular biopsies were stored in
cardioplegic solution for between 30 min and 14 h before being frozen,
whereas our murine samples were snap frozen upon collection. These
and other methodological differences across the limited studies exam-
ining protein phosphatase regulation of cardiac myofilaments may sig-
nificantly impact results and explain some of the apparently
contradictory findings reported in the literature.

Protein phosphatases can both increase [20,40,47,97], decrease
[37,96,98], or have no impact [71,99,100] on myofilament function.
These conflicting findings about the effects of protein phosphatases on
cardiac myofilaments may reflect the complexity of signaling cascades
that converge on the contractile apparatus. For example,Wu and Solaro
reported an apparently discrepant effect of PKC-ζ activation on cardiac
myofilaments wherein pseudo-activation of PKC-ζ decreased TnI and
TnT phosphorylation instead of an expected increase in phosphoryla-
tion [42]. Expanding on earlier work by Ke and colleagues [40,101]
who discovered a Pak1-PP2A complex in cardiac myocytes, Wu and
Solaro found that PKC-ζ was an active third member of this assembly.
Interestingly, whereas earlier work showed that PP2A activation
by Pak1 dephosphorylated TnI and MyBP-C [40,101], this study found
a reduction in the phosphorylation of TnI and TnT [42]. The simple
addition of PKC-ζ to the Pak1-PP2A relationship, therefore, resulted in
a subtle but significant shift in the phosphorylation pattern of cardiac
myofilaments and apparently affected the substrate preference of
PP2A. Similarly, Kirchhefer et al. (2014) increased PP2A activity by
overexpressing B56α, which largely confined the PP2A to cardiac
myofilaments. However, overexpressed B56α and increased PP2A
activity was associated with blunted β-adrenergic responsiveness.
Given the well-established role for the β-adrenergic system in regulat-
ing cardiac myofilament function, the effects ascribed to PP2A may be
affected by β-adrenergic alterations. These studies show that the effects
of protein phosphatases depend not simply on the phosphatase in-
volved, but rather are the net output of an often multifactorial signaling
cascade in which phosphatases are but one player. Attempts to deduce
the role of protein phosphatases in complex signaling systems may be
complicated by the concomitant activation of intricate signaling
cascades.

Subcellular compartmentalization has emerged as a key factor
in determining the functional impact of signaling cascades. Historically in-
tracellular second messengers like cyclic nucleotides and their down-
stream mediators have been viewed as having global effects throughout
the cell. The discovery of anchoring proteins, scaffolds, and regulatory
subunits that exhibit preferential binding for select signaling molecules
has led to the consideration of discrete subcellular targeting as a key ele-
ment in signal transduction. In the case of protein phosphatases, anchor-
ing proteins and phosphatase-specific regulatory units direct these
messengers to their designated targets while preventing chance interac-
tion with unintended substrates. Unfortunately, many studies that have
attempted to determine the targets and effects of the various protein
phosphatases in the heart are unable to recapitulate this complex system
in their experimental design. Advances in transgenicmouse development
allow for cell-specific modified expression patterns, and inducible animal
models permit the further incorporation of a temporal element in these
valued experimentalmodels. But, unless the transgenic product has a nat-
ural restriction element like the attendant expression of regulatory sub-
units, these animals have altered global expression patterns and the
functional output may be the result of unusually unrestrained phospha-
tases. Similarly, the addition of exogenous phosphatases into a cellular ho-
mogenate or the treatment of isolated proteins may allow phosphatases
to affect substrates they normally would not encounter and produce un-
natural results.

The heart is not a homogenous organ as it is comprised of a number
of different cell types that are all necessary for normal function. Still,
within cell types like cardiac myocytes cellular gene expression pat-
terns, morphology, and function vary throughout the heart. The most
obvious example of cellular heterogeneity occurs between atrial and
ventricular myocytes, but even the ventricular myocyte population
has important molecular differences depending on anatomical location.
These cardiomyocyte variations across the heart may account for some
of the discrepant results concerning protein phosphatases in the litera-
ture. Rajashree et al. [25] found that myofilament binding of PP1β is
lower in apical ventricular myocytes as compared to more basally situ-
ated myocytes, possibly due to higher levels of phosphorylated MYPT.
They speculated that these regional variations inmyofilament-associat-
ed PP1β provide the torsional forces that generate the ‘wringing con-
traction’ that effectively ejects blood. Such regional differences may
yield different experimental samples if tissues are collected from differ-
entmyocardial regions and account for the variations seen in studies ex-
amining protein phosphatase expression, activity, and/or effects on
myocyte function.
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10. Future directions

The effects of protein phosphatases in the heart are indisputably im-
portant, yet not completely understood. Their role in regulating calcium
has beenwidely and vigorously investigated (reviewed in [8,80,102]) as
compared to the impact on cardiac myofilaments. The body of evidence
implicatingprotein phosphatases in the development ofmyocardial dis-
ease offers an inviting opportunity to target them in an effort tomitigate
the functional decline of heart failure. However, given their wide rang-
ing and sometimes paradoxical effects in the heart, broad antagonism or
activation of even individual protein phosphatase isoforms is fraught
with the danger of toxic and unintended side effects. The exploitation
of these signaling molecules as potential therapeutic targets necessi-
tates a robust examination of their role in controlling specific subcellular
components of cardiac myocytes, including cardiac myofilaments. Such
investigations require a reductionist examination of how the various
protein phosphatases affect myofilament function, and the identifica-
tion of the specific amino acids targeted by the many enzymes. At the
same time, determining the ability of the intracellular environment to
diminish or magnify the impact of protein phosphatases on cardiac
myofilaments is paramount to understand the mechanisms of disease
development and myocardial adaptation to stress. Subsequently, a ho-
listic viewmust then be assembled of the impact that protein phospha-
tases have across compartments and on whole cell function. Results
from previous and future studies focused on calcium handling, cellular
energetics and remodelling could be connected with myofilament-cen-
tric studies to create a full appreciation of the role protein phosphatases
occupy in the pathogenesis of heart disease in order to fully realize the
potential of harnessing these neglected molecular messengers in the
management of heart failure.
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