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Getting the Skinny on Thick Filament Regulation in Cardiac
Muscle Biology and Disease

Farah Sheikh, Robert C. Lyon, and Ju Chen
Department of Medicine (Cardiology Division), University of California-San Diego, 9500 Gilman
Drive, La Jolla, CA, 92093, USA

Abstract

Thin (actin) filament accessory proteins are thought to be the regulatory force for muscle
contraction in cardiac muscle; however, compelling new evidence suggests that thick (myosin)
filament regulatory proteins are emerging as having independent and important roles in regulating
cardiac muscle contraction. Key to these new findings is a growing body of evidence that point to
an influential and more recently, direct role for ventricular myosin light chain-2 (MLC2v)
phosphorylation in regulating cardiac muscle contraction, function and disease. This includes the
discovery and characterization of a cardiac-specific myosin light chain kinase capable of
phosphorylating MLC2v as well as a myosin phosphatase that dephosphorylates MLC2v in the
heart, which provides added mechanistic insights on MLC2v regulation within cardiac muscle.
Here we review evidence for an emerging and critical role for MLC2v phosphorylation in
regulating cardiac myosin cycling kinetics, function and disease, based on recent studies
performed in genetic mouse models and humans. We further provide new perspectives on future
avenues for targeting these pathways as therapies in alleviating cardiac disease.

A. Cardiac Thick Filament: Major Players and Emerging Role for MLC2v
Phosphorylation

A.l. Structural Components of the Cardiac Motor

The major components within the cardiac thick filament that control muscle contraction,
include cardiac myosin and its regulatory proteins, (i) essential light chain (ELC), (ii)
myosin regulatory light chain-2 (ventricular myosin light chain-2 (MLC2v) in cardiac
muscle) and (iii) myosin-binding protein C (MyBP-C). Substructure analyses of myosin
revealed that it is a hexameric protein consisting of a pair of myosin heavy chains and two
pairs of light chains (two ELC and two MLC2) (Warrick and Spudich, 1987). The structural
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domains within myosin help to define its role in muscle contraction. These include the (i)
myosin head domain, which forms two globular heads at the N-terminus and reveals binding
sites for actin, ATP and divalent cations, (ii) myosin neck domain, which reveal binding
sites where the light chains, ELC and MLC2, fold and bind around myosin to regulate
myosin motility through formation of the convertor domain and (iii) myosin rod (tail)
domain, which forms a dimerized coiled-coil a-helix at the C-terminus, while revealing
binding sites for MyBP-C and titin within the sarcomere as well as serving as the backbone
to position myosin to interact with actin (England and Loughana, 2013; Rayment et al.,
1993; Warrick and Spudich, 1987). A recent study has highlighted a novel interaction
between the cardiac-specific domain (CO domain) of MyBP-C and MLC2 (Ratti et al.,
2011). These results add to the complexity of myosin regulation but also shed new light on
how several cardiomyopathy linked mutations in MyBP-C could also impact muscle
contraction via its effects on MLC2v and its phosphorylation (Ratti et al., 2011). These
studies add to a growing body of evidence that point to an increasingly critical role for
MLC2v (Ser14/Ser15) phosphorylation in regulating cardiac muscle contraction, function
and disease (Tables 1 and 2), which is the main focus of this review. A schemata
highlighting the locations of major actin accessory and myosin regulatory proteins,
including MLC2v and its major phosphorylation sites, within the context of thin and thick
filaments is shown in Figure 1. Our review provides an up-to-date summary of the
molecular, biochemical and functional studies performed in mouse models and humans that
have solidified an essential role for MLC2v phosphorylation in cardiac muscle function and
disease. We further abbreviate myosin regulatory light chain-2 to MLC2v as a means to
denote the major isoform found in ventricular muscle, which is the focus of this review.

A.ll. Myosin Light Chain-2v Regulation via Ser14/Ser15 Phosphorylation

Myosin regulatory light chain-2 (MLC2v) is an ~19 kDa protein (160 amino acids in
length), initially discovered in 1969 (Weeds, 1969) as a member of the EF-hand Ca?*
binding protein superfamily since it contains a divalent cation binding site (Grabarek, 2006).
Phosphorylation of MLC2 at Ser19 is the primary mechanism activating the actin-activated
myosin ATPase to regulate smooth muscle contraction (Ikebe et al., 1986). Although it was
reported that phosphorylation may be a major mechanism underlying its regulation in
cardiac muscle (Frearson and Perry, 1975), it was only recently that the role and in
particular, the phospho-specific sites critical for MLC2v regulation in cardiac muscle were
revealed in vivo. Elegant studies by Scruggs et al. utilized an in-solution proteomics
approach to show that MLC2v is doubly (Ser14/Ser15) phosphorylated in mouse hearts,
whereas it is singly (Serl5) phosphorylated in human hearts (Scruggs et al., 2010).
Expanding upon these studies, we showed through the use of novel genetic knock-in mutant
mice that endogenous regulation of MLC2v phosphorylation in the mouse heart is dependent
upon both Ser14/Ser15 sites since a single mutation of MLC2v Ser15 to Alal5 in mice lead
to a compensatory increase in MLC2v Ser14 phosphorylation (Sheikh et al., 2012).

A.lll. MLC2v Phosphorylation “On” and “Off” Switches in the Heart

The major kinase phosphorylating MLC2v was recently identified in mice and humans as
the cardiac myosin light chain kinase (MLCK), which is encoded by Mylk3 (Chan et al.,
2008; Seguchi et al., 2007). Initial purification of MLCK from the heart revealed its
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dependence on Ca2* and calmodulin (Walsh et al., 1979). Intriguingly, although cardiac
MLCK contains a Ca2* and calmodulin-binding domain, it can phosphorylate MLC2v in the
absence of both (Chan et al., 2008). This is in contrast to smooth and skeletal MLCKSs,
which are also found in the heart but show dependence on Ca?* and calmodulin activity
(Davis et al., 2001; Kamm and Stull, 2011). Interestingly, conventional loss of skeletal
MLCK in mice was shown to have no effect on MLC2v phosphorylation and heart weight to
body weight ratios (Zhi et al., 2005). In addition, conventional ablation of the long isoform
of smooth muscle MLCK in mice resulted in no major effects on cardiac function (Ohlmann
et al., 2005). These data suggest that skeletal and smooth muscle MLCKSs do not play a role
in regulating MLC2v phosphorylation and cardiac function. Furthermore, these studies
reinforce the importance of cardiac MLCK as the unequivocal kinase for MLC2v in the
heart, since two independent studies using cardiac MLCK hypomorphic and null mice
demonstrated loss of MLC2v phosphorylation in the mouse heart (Ding et al., 2010; Warren
et al., 2012). Additionally, cardiac MLCK knockout mice also display striking cardiac
abnormalities, which phenocopy our non-phosphorylatable MLC2v (Ser14Ala/Ser15Ala)
knock-in mutant mouse model (Sheikh et al., 2012; Warren et al., 2012). Alternate kinases
have been found that add to the complexity of MLC2v regulation. Zipper-interacting protein
kinase (ZIPK), which is a Ca?* independent serine/threonine protein kinase was shown to
phosphorylate the MLC2v Ser15 site in cardiomyocytes in vitro and heart in vivo (Chang et
al., 2010). However, the biological relevance and specificity of ZIPK to target MLC2v in the
heart, in light of the role of the cardiac MLCK, remain to be explored. Regardless, these new
findings point to cardiac MLCK as the important regulator of the phosphorylation “on
switch” for MLC2v activity. Phosphatase control of MLC2v phosphorylation in the heart
has also been described. The most compelling evidence comes from studies in cardiac
muscle cells which show that MLC2v can be dephosphorylated by the phosphatase, type 1
phosphatase subunit-catalytic 6 isoform (PP1¢c-6), which serves as the holoenzyme for
myosin phosphatase (Okamoto et al., 2006). Consistent with these findings, independent
studies showed that cardiac-specific overexpression of a target subunit for myaosin
phosphatase 2 (MYPT2: major isoform in the heart) that complexes with PP1¢-8, in mice
resulted in increased cardiac PP1c-6 activity as well as decreased MLC2v phosphorylation
associated with cardiac abnormalities (Mizutani et al., 2010), providing strong evidence for
a mechanistic “off switch” for MLC2v phosphorylation in the heart.

B. MLC2v Phosphorylation: At the Heart of Crossbridge Cycling Kinetics

and Cardiac Myofilament Function

Compelling new evidence using integrated computational and genetic mouse models
provided important mechanistic insights into a direct, independent and indispensable role for
MLC2v phosphorylation in regulating calcium-dependent cardiac muscle contraction and
function (Sheikh et al., 2012). Most importantly we were able to show the fluidity of these
mechanisms to drive biological findings in cardiac muscle at increasing levels of complexity
starting from the cross-bridge, to the myofilament, and then whole heart using these
integrated approaches (Sheikh et al., 2012). At the cross-bridge level, we showed that
MLC2v phosphorylation regulates cross-bridge cycling kinetics by increasing lever arm
stiffness at the myosin neck to prolong cross bridge duty cycle (Sheikh et al., 2012). These
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effects occur in concert with phosphorylation promoting the electrostatic diffusion effects at
the myosin head, which drive the accumulated myosins to be cooperatively recruited to
neighboring actin binding sites to sustain thin filament activation as a means to fine-tune
myofilament Ca2* sensitivity to force (Sheikh et al., 2012). These studies provided further
biological proof to mechanisms involving a role for MLC2 phosphorylation in increasing
myosin head diffusion and myosin lever arm stiffness (Colson et al., 2010; Greenberg et al.,
2009; Khromov et al., 1998; Levine et al., 1996; Metzger et al. 1989, Sweeney et al., 1994).
Recent atomic and crystal structure studies performed on human cardiac muscle myosin
filament and MLC, respectively, lent further ultrastructural support to these mechanisms
(AL Khayat et al., 2013; Brown et al., 2011).

Proposals for a role for MLC2 phosphorylation in striated muscle (myofilament) function
stemmed from studies performed by Stull and colleagues using MLCK showing that the
potentiation of isometric twitch force correlated with the extent of MLC phosphorylation in
skeletal muscle (Sweeney et al., 1993). Elegant studies by Moss and colleagues
deconstructed the effects of MLCK (and thus MLC2v phosphorylation) on skinned adult
cardiac myofilament function to include effects on (i) increasing maximum contraction
force, (ii) increasing Ca2*sensitivity of contraction force, and (iii) no changes in the kinetics
of force redevelopment following stretch (Olsson et al., 2004; Stelzer et al., 2006). We show
that best fits for all the effects of MLC2v phosphorylation on cardiac myofilaments as
described above could only be obtained through computational models, when both an
increase in myosin head diffusion and lever arm stiffness were included as direct
mechanisms for MLC2v phosphorylation (Sheikh et al., 2012). Interestingly, Solaro and
colleagues also reported a role for MLC2v phosphorylation in regulating myosin cycling
kinetics, by showing decreased crossbridge detachment rates (tension-cost) in cardiac fibers
of a cardiac-specific transgenic mouse model overexpressing a non-phosphorylatable
MLC2v, with 34% reduction in MLC2v phosphorylation (Scruggs et al., 2009). This study
suggests that MLC2v phosphorylation speeds up myosin cycling kinetics, which is in
contrast to our study via our non-phosphorylatable MLC2v knock-in mutant mice (Sheikh et
al., 2012), which suggests that MLC2v phosphorylation slows down myosin cycling kinetics
and prolongs duty cycle.. Also, no effects on Ca2* sensitivity to force could be observed in
the transgenic model, which was thought to be due to a compensatory increase in cardiac
troponin | and MyBP-C phosphorylation observed in mouse hearts (Scruggs et al., 2009).
This compensatory response may possibly also account for differing effects on myosin
cycling kinetics between models (Scruggs et al., 2012; Sheikh et al., 2012). Independent
studies using this same non-phosphorylatable MLC2v transgenic model reported no effects
on frequency force- and pressure-frequency relations in cardiac muscle, while reporting a
decrease in cardiac Tnl phosphorylation and an increase in cardiac SERCA2 expression in
adult mice (Dias et al., 2006). New studies have also revealed new roles for MLC2v
phosphorylation in cardiac muscle shortening speed and velocity (Toepfer et al., 2013).
Interestingly, we show that loss of MLC2v phosphorylation mediated mechanisms, which
were inherent to both the computational model and our non-phosphorylatable MLC2v
(Ser14Ala/Ser15Ala) knock-in mutant mouse model at the level of cardiac twitch dynamics,
resulted in twitch relaxation defects (magnitude and timing), which were observed in the
absence of ultrastructural and functional defects in the mouse heart (Sheikh et al., 2012).
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Most importantly, we show these relaxation kinetic defects were observed in the absence of
changes in Ca?* transients, providing striking evidence of an adaptable as opposed to
previously believed static relationship between Ca2* transients and muscle twitch tension
(Sheikh et al., 2012). Specifically, decreased phosphorylation causes myosin to spend less
time in strongly bound state, thereby decreasing ability of myosin to sustain thin filament
activation during declining calcium concentrations, leading to accelerated twitch relaxation
(Sheikh et al., 2012). Lack of effects on Ca2* transients were similarly observed in a non-
phosphorylatable MLC2v transgenic mouse model and cardiac MLCK null mice (Dias et al.,
2006; Warren et al., 2012). Altogether these studies provided the first indication that myosin
(MLC2v) phosphorylation can regulate myosin motility and ensuing effects which impact
cooperativity to recruit myaosins to neighboring actins to sustain thin filament activation and
tune Ca2* sensitive of force independent of effects of calcium (Sheikh et al., 2012). These
results provide a new view of how myosin regulatory proteins (MLC2v) can independently
regulate Ca?* sensitivity of the filament to regulate cardiac muscle contraction (Sheikh et
al., 2012).

C. Reconstructing a Role For MLC2v Phosphorylation in Adult Cardiac

Function and Disease

MLC2v plays an essential role in early embryonic cardiac development and function (Chen
et al., 1998); however, it was not until recent studies that its regulatory effects following
phosphorylation were shown to play an essential role in adult heart physiology and function.
Specifically, a growing number of genetic mouse models alongside human studies have
paved the way towards identifying an essential role for MLC2v phosphorylation in adult
cardiac torsion, function and disease in vivo (Tables 1 and 2). Integral to these findings is the
discovery that MLC2v phosphorylation along with its kinase, cardiac MLCK, are expressed
as gradients across the heart from endocardium (low phosphorylation) to epicardium (high
phosphorylation) (Davis et al., 2001; Hidalgo et al., 2006; Sheikh et al., 2012; Warren et al.,
2012). Interestingly, expression of the MLC2v phosphorylation gradient is more clearly
apparent in the heart when physiological diastolic pressures are maintained (Hidalgo et al.,
2006; Sheikh et al., 2012), which may also explain why these patterns may be masked or not
as sharply observed in some cases (Huang et al., 2008; Warren et al., 2012). Although the
relevance of these gradients was unclear, Epstein and colleagues hypothesized that they may
impact cardiac torsion due to the relative spatial orientation of endocardial versus epicardial
myofibers (Davis et al., 2001). We and others showed by performing tagged MRI on non-
phosphorylatable MLC2v knock-in mutant mice and a cardiac MLCK null mouse model,
that MLC2v phosphorylation is critical in regulating left ventricular torsion (Sheikh et al.,
2012; Warren et al., 2012). Loss of MLC2v phosphorylation gradients and associated
mechanisms in a computational model was sufficient to not only phenocopy the torsional
defects observed in non-phosphorylatable MLC2v knock-in mutant mice prior to disease
onset, but also provided novel insights on the impact of this loss on the mechanical
vulnerability of the subendocardium to increased workload, which helped explain the
subsequent subendocardial fibrosis and calcification observed in a subset of mutant mice
(Sheikh et al., 2012). These results demonstrated how underlying variations in myosin
cycling kinetics and contractile properties imposed by MLC2v phosphorylation-mediated
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mechanisms contribute to the differential regulation of epicardial versus endocardial
myofiber tension development and recovery to control cardiac torsion and myofiber strain
mechanics (Sheikh et al., 2012). We further show that defects in torsion and myofiber strain
mechanics in non-phosphorylatable MLC2v knock-in mutant mice, are early disease
predictors of ensuing dilated cardiomyopathy, heart failure and premature death observed in
mutant mice (Sheikh et al., 2012). Interestingly, independent studies in a non-
phosphorylatable MLC2v transgenic mouse model that resulted in a reduction in MLC2v
phosphorylation, revealed atrial defects coupled with mild ventricular defects that could be
exacerbated with age and p-adrenergic stress (Sanbe et al., 1999; Scruggs et al., 2009).
Differences in cardiac phenotypes from non-phosphorylatable MLC2v models likely
reflected differences in strategies to generate genetic mouse models as well as level of
MLC2v phosphorylation knockdown reported (Sanbe et al., 1999; Scruggs et al., 2009;
Sheikh et al., 2012). However, in agreement with findings from non-phosphorylatable
MLC2v knock-in mutant mice (Sheikh et al., 2012), studies utilizing cardiac MLCK
hypomorphic and null mice, resulting in reduction and loss of MLC2v phosphorylation,
respectively, also revealed cardiac abnormalities reminiscent of dilated cardiomyopathy in
mice (Ding et al., 2010; Warren et al., 2012). Fibrosis and upregulation of fetal gene
markers were also observed in hearts from cardiac MLCK hypomorphic mice but could not
be detected in cardiac MLCK null hearts (Ding et al., 2012; Warren et al., 2012), suggesting
that the presence of the neomycin cassette may play a role in the severity of the cardiac
phenotype observed (Ding et al., 2012; Warren et al., 2012). However, we also show that a
majority of non-phosphorylatable MLC2v knock-in mutant mice did not display fibrosis or
changes in fetal gene markers despite severe cardiac dysfunction, consistent with
observations in cardiac MLCK null mice (Sheikh et al., 2012; Warren et al., 2012). These
results further suggest that MLC2v phosphorylation can target pathways underlying cardiac
muscle function distinct from compensatory mechanisms underlying disease (fibrosis and
fetal gene markers). Further support came from examination of hearts from cardiac-specific
myosin phosphatase 2 overexpressing transgenic mice, which led to a reduction in MLC2v
phosphorylation and demonstrated cardiac features reminiscent of dilated cardiomyopathy
(Mizutani et al., 2010). These results altogether support a critical role for MLC2v
phosphorylation in cardiac torsion and function, but more importantly, in the setting of
dilated cardiomyopathy and heart failure. These studies provide direct validation to human
studies, which implicated direct effects of loss of MLC2v phosphorylation in the
pathogenesis of human dilated cardiomyopathy and heart failure (Table 1).

Studies have also implicated a role for MLC2v phosphorylation in familial hypertrophic
cardiomyopathy (FHC) as mutations near the Ser15 phosphorylation site of MLC2v as well
as in MLCK have been identified to be associated with a rare variant of human hypertrophic
cardiomyopathy and MLC2v phosphorylation was shown to be dysregulated in
compensatory phases of hypertrophic cardiomyopathy (Table 1). To date, results have been
limited to transgenic mouse models and have not been able to conclusively attribute a direct
role for these disease-associated mutations on regulatory effects involving MLC2v
phosphorylation. For instance, cardiac-specific overexpression of the human MLC2v
mutation A13T, which is close to the Ser15 phosphorylation site, in mice leads to cardiac
hypertrophy, myocyte disarray and fibrosis, but was believed to be due to a “poison-peptide
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dominant-negative response since low (10%) incorporation of the mutant protein was
reported in transgenic mouse hearts (Kazmierczak et al., 2012). In this case, no significant
change in MLC2v phosphorylation was reported in transgenic hearts from controls
(Kazmierczak et al., 2012). Although indirect, transgenic mice overexpressing the human
MLC2v R58Q mutation, which impacts Ca2* binding affinity and is associated with FHC,
was also shown to lead to a reduction in MLC2v phosphorylation in hearts (Abraham et al.,
2009). Mice exhibited early signs of FHC, which included diastolic dysfunction that
progressed with age (Abraham et al., 2009). Subsequent studies suggested that the R58Q
mutation could affect properties of the myosin neck domain leading to altered load-
dependent kinetics of myosin (Greenberg et al., 2010). Since MLC2v phosphorylation-
mediated mechanisms impact myosin neck domain by increasing lever arm stiffness
(Greenberg et al., 2009; Sheikh et al., 2012), it remains to be determined whether the R58Q
mutation may impact properties of the myosin neck domain via loss of MLC2v
phosphorylation. Interestingly, cardiac-specific expression of the human MLC2v D166V
mutation in mice, which also impacts Ca2* binding affinity and is associated with FHC, was
shown to also result in loss of MLC2v phosphorylation in mouse hearts (Muthu et al., 2012).
Cardiac papillary muscles from mice displayed contractile defects, which included an
increase in Ca?* sensitivity of contraction along with reduced myofibrillar ATPase and force
(Muthu et al., 2012). Interestingly, in this case, expression of MLCK in an ex-vivo setting
could reverse the detrimental contractile defects in cardiac muscle from mice, with the
exception of force, suggesting that restoration of MLC2v phosphorylation is still an
important target to consider in alleviating cardiac disease phenotypes associated with FHC
(Muthu et al., 2012). Future studies aimed at generating new mouse models that can
completely replace endogenous MLC2v or MLCK protein with disease mutants using
knock-in strategies will be helpful to more clearly delineate the role and therapeutic
outcomes of targeting MLC2v phosphorylation in these settings.

D. MLC2v Phosphorylation as a Potential Therapeutic Target for Alleviating

Cardiac Disease

A role for MLC2v phosphorylation in the adaptive response to stress-induced cardiac
hypertrophy and disease was also identified when both young non-phosphorylatable MLC2v
knock-in mutant mice, utilized at a stage when no structural defects or disease was observed,
as well as cardiac MLCK null mice displayed an exacerbated response to cardiac
dysfunction following pressure overload (Sheikh et al., 2012; Warren et al., 2012).
Intriguingly, we showed that young mutant hearts displayed a differential growth response
following short term (seven days) pressure overload, which involved eccentric (increased
cell length) as opposed to typical concentric (increased cell width) hypertrophy observed in
wild type mice, suggesting that MLC2v phosphorylation is involved in the intrinsic
compensatory hypertrophic growth (thickening) response to stress (Sheikh et al., 2012).
Future studies aimed at understanding how MLC2v phosphorylation regulates
cardiomyocyte geometry in response to hypertrophic stress may also help unlock the
preferential intracellular pathways regulating eccentric versus concentric hypertrophic
responses following mechanical stress, which have remained elusive til now. Studies
performed in cardiac MLCK null mice demonstrated long term effects of loss of MLC2v
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phosphorylation in the setting of pathological (pressure overload) and physiological
(swimming) hypertrophy, which included an exacerbated response to heart failure leading to
premature death in mice (Warren et al., 2012). Although the underlying mechanisms likely
impinge on the effects of MLC2v phosphorylation on myosin cycling kinetics (Sheikh et al.,
2012), Kasahara and colleagues further revealed new insights for a potential role for
ubiquitin-mediated protein degradation pathways in the endogenous regulation of levels of
cardiac MLCK in the setting of cardiac stress (Warren et al., 2012). These results ultimately
highlight a cardioprotective role for MLC2v phosphorylation in both the adaptive and
decompensated phases of heart failure following hypertrophic stress. Consistent with these
findings, a transgenic mouse model overexpressing cardiac MLCK in the heart displayed an
increase in MLC2v phosphorylation, while revealing an attenuated response to stress-
induced hypertrophy mediated by pressure overload (Warren et al., 2012). Interestingly,
overexpression of skeletal MLCK in the heart also attenuated catecholamine and exercise
(treadmill)-induced hypertrophy in mice (Huang et al., 2008). These results provide striking
evidence that increased MLC2v phosphorylation can be used as a therapeutic strategy to
alleviate stress-induced cardiac disease. Future studies aimed at generating targeted knock-in
mice, which constitutively express MLC2v phosphorylation in the heart, will be helpful to
more specifically attribute the rescued effects to MLC2v phosphorylation, while providing a
novel model to understand the direct underlying mechanisms important for this rescue.

D. Conclusions and Future Directions

New findings from genetic mouse models strongly suggest critical roles for MLC2v
phosphorylation in cardiac myosin cycling kinetics, contraction, torsion, function and
disease (Table 2). These studies have provided important relevance to human studies that
highlighted a role for MLC2v phosphorylation in the pathogenesis of human cardiac disease
(Table 1). Key to these findings is the identification of cardiac MLCK and myosin
phosphatase, which provided additional proof towards an essential role for MLC2v
phosphorylation in cardiac function and disease. Identification of spatial gradients of
MLC2v phosphorylation in the heart also helped uncover defects in cardiac torsion and
subendocardial mechanics as important early predictors of dilated cardiomyopathy as a
consequence of loss of MLC2v phosphorylation mechanisms, which were recently identified
through integrated computational and genetic mouse models. Characterization of transgenic
models overexpressing MLCK also revealed a potential role for MLC2v phosphorylation as
a therapeutic target to alleviate stress-induced cardiac disease. However, several key
questions remain to be addressed to further our understanding of a role for MLC2v
phosphorylation in cardiac muscle biology and disease. For example, at the mechanistic
level, how do MLC2v phosphorylation-mediated mechanisms impinge on actin accessory
proteins at the cross-bridge? At the biological level, what is the molecular basis for the
spatial gradients of MLC2v phosphorylation in the heart? In the setting of cardiac disease,
how does MLC2v phosphorylation and mechanics control effects of hypertrophic stimuli
and disease mutations on cardiomyocyte geometry? As part of clinical implications, can
MLC2v phosphorylation be directly exploited as a therapeutic target to alleviate cardiac
disease and be used as an early diagnostic marker of cardiac disease? Future studies aimed at
using multi-scale approaches involving newly generated knock-in mouse models alongside
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more sophisticated computational models, will help to propel the field forward by testing
hypotheses and providing important mechanistic insights to understanding how complex
cardiac disease etiologies can be directly regulated or intervened by MLC2v
phosphorylation.
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Figure 1.

Schemata of actin-myosin interactions in cardiac muscle, which emphasize the locations of major myosin regulatory proteins.
The dashed circle is a magnified representation of the myosin head and neck domains, which highlight (i) the interactions of
myosin binding protein C (MyBP-C) with ventricular myosin light chain-2 (MLC2v) as well as locations of MLC2v and
essential light chain (ELC) within the myosin neck domain to form the myosin convertor region, important for myosin motility,
(ii) the actin and MgATP binding sites within the myosin head domain are the sites that interact with actin and (iii) MLC2v
phosphorylation (Ser14/15) site which regulates myosin head diffusion from the backbone and myosin lever arm stiffness to
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promote actin-myosin interactions. MyBP-C interactions within both actin and the myosin rod domain are also depicted,
including its interaction with titin. Tm; Tropomyosin, TnT; Troponin T, Tnl; Troponin I, TnC; Troponin C.
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Summary of Human Studies Implicating a Role for MLC2v Phosphorylation in Cardiac
Physiology and Disease

Cardiac Physiology and
Disease

Influence on MLC2v Phosphorylation

Reference

Heart Failure

Dephosphorylation of MLC2v in failing hearts
versus controls

(Morano, 1992)

Hypertrophic
Cardiomyopathy
(midventricular variant)

Identification of MLC2v mutations (Alal3Thr,
Glu22Lys) in close proximity to Serl5
phosphorylation site in human patients

(Poetter et al., 1996)

Hypertrophic
Cardiomyopathy
(midventricular variant)

Biochemical characterization of purified MLC2v
mutations (Alal3Thr, Glu22Lys) were shown to
cause a loss in MLC2v phosphorylation versus
controls (non-mutated MLC2v)

(Szczesna et al., 2001)

Heart Failure

Decreased MLC2v phosphorylation in failing
versus non-failing hearts

(van der Velden et al., 2001;
van der Velden et al. , 2003a;
van der Velden et al., 2003b)

Left Ventricular Torsion

Identification of spatial gradients of MLC2v
phosphorylation and MLCK across human heart

(Davis et al., 2001)

Hypertrophic
Cardiomyopathy
(midventricular variant)

Identification of MLCK (Ala87Val; Ala95GIu)
mutations in human patients that impact MLC2v
phosphorylation

(Davis et al., 2001)

Hypertrophic
Cardiomyopathy

Decrease in MLC2v phosphorylation in
hypertrophic versus donor hearts. Level of
decrease similar to failing hearts

(Jacques et al., 2008)

Dilated, non-ischemic
Cardiomyopathy

Decrease in MLC2v (Ser15) phosphorylation in
failing versus non-failing hearts

(Scruggs et al., 2010)

Heart Failure

Increased MLC2v phosphorylation in
compensatory adaptive phase of failing versus
non-failing hearts

(Toepfer et al., 2013)
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Table 2

Summary of Genetic Mouse Models Implicating a Direct Role for MLC2v
Phosphorylation in Cardiac Function and Disease

Genetic Mouse Model

Influence on
MLC2v
Phosphorylation

Phenotype

Reference

Myosin Light Chain-2v Phosphorylation

Cardiac-specific transgenic
mouse model
overexpressing MLC2v
Serl14Ala/Ser15Ala/Ser19Ala

50-100%
replacement of
endogenous with
mutant protein
depending on line,
causing reduction
in MLC2v
phosphorylation

Mice display atrial defects, mild ventricular
defects (blunted contractile parameters
following dobutamine stress) as well as
tricuspid valve insufficiency coincident with
RV dilation with age.

(Sanbe et al., 1999)

100% replacement
of endogenous with
mutant protein was
shown to lead to
34% reduction in
MLC2v
phosphorylation in
one line

Mice display systolic dysfunction, blunted
contractile parameters following dobutamine
stress, altered skinned fiber muscle
mechanics and decreased baseline Tnl,
MyBP-C and MLC2v phosphorylation (the
latter of which is increased by dobutamine)

(Scruggs et al., 2009)

MLC2v Serl4Ala/Ser15Ala
knock-in mouse model

Complete loss of
MLC2v
(Ser14/Ser15)
phosphorylation

Mice exhibit dilated cardiomyopathy and
sudden death preceded by LV torsional
defects and papillary muscle twitch
relaxation defects (independent of changes
in calcium transients) leading to
subendocardial mechanical strain defects.
Subset exhibit subendocardial fibrosis and
calcification associated with p-MHC
expression. Mice have worsened and
differential (eccentric as opposed to
concentric) response to pressure overload-
induced hypertrophy. Computational and
mouse models highlight myosin independent
mechanisms for driving cardiac muscle
function.

(Sheikh et al., 2012)

Myosin Light Chain Kinase

Cardiac myosin light chain
kinase hypomorphic (meo/eo)
mouse model

> 95% reduction in
MLC2v
phosphorylation

Mice display RV and LV enlargement,
hypertrophy, fibrosis and reduced cardiac
function. Isoproterenol increased MLC2v-
phosphorylation and had no further effects in
mice.

(Ding et al., 2010)

Cardiac myosin light chain
kinase conventional
knockout mouse model

Complete loss of
MLC2v
phosphorylation

Mice display features of dilated
cardiomyopathy as well as LV torsion
defects and cardiomyocyte contractile
defects, independent of changes in calcium
transients. No fibrosis observed. Mice
display heart failure and death in response
to pressure overload and swimming-induced
hypertrophy.

(Warren et al., 2012)

Cardiac-specific transgenic
mouse model
overexpressing skeletal
myosin light chain kinase

Increase in both
MLC2v and non-
muscle MLC2
phosphorylation

Mice do not exhibit basal cardiac defects.
Mice display attenuated response to stress-
induced cardiac hypertrophy (treadmill
exercise, isoproterenol). No effects on
calcium-calmodulin-mediated hypertrophic
signaling pathways.

(Huang et al., 2008)

Cardiac-specific transgenic
mouse model
overexpressing cardiac
myosin light chain kinase

8-16% increase in
MLC2v
phosphorylation

Mice have attenuated response to pressure-
overload induced hypertrophy.

(Warren et al., 2012)

Myosin Phosphatase
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Genetic Mouse Model

Influence on
MLC2v
Phosphorylation

Phenotype

Reference

Cardiac-specific transgenic
mouse model
overexpressing myosin
phosphatase 2

15% reduction in
MLC2v
phosphorylation

Mice display cardiomyopathy (LV chamber
dilation, impaired cardiac function, increased
BNP & B-MHC expression). Cardiac muscle
defects (calcium desensitization to
contraction and cardiomyocyte
ultrastructural defects linked to degeneration
and disarray) also observed in mice.

(Mizutani et al., 2010)
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