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Abstract Tropomyosin and troponin have well known

Ca2?-regulatory functions in the striated muscle sarcomere.

In this review, we summarize experimental evidence that

tropomyosin and troponin are localized, with as yet

unidentified functional roles, in the striated muscle cell

nucleus. We also apply bioinformatics approaches that

predict localization of some tropomyosin and troponin to

the nucleus, and that SUMOylation could be a covalent

modification that modulates their nuclear localization and

function. Further, we provide examples of cardiomyopathy

mutations that alter the predicted likelihood of nuclear

localization and SUMOylation of tropomyosin. These

observations suggest novel mechanisms by which cardio-

myopathy mutations in tropomyosin and troponin might

alter not only cardiac contractility but also nuclear

function.

Keywords Actin filament � Calcium ion � Nucleus �
SUMOylation � Cardiomyopathy

Abbreviations

cTn Cardiac troponin complex

cTnC Cardiac troponin C

cTnI Cardiac troponin I

cTnT Cardiac troponin T

dATP 20-Deoxyadenosine 50-triphosphate

PML bodies Nuclear promyelocytic leukemia protein

bodies (nuclear dots)

sTn Skeletal troponin complex

sTnC Skeletal troponin C

sTnI Skeletal troponin I

sTnT Skeletal troponin T

SUMO Small ubiquitin-like modifier protein

SUMO1 SUMO isoform 1

SUMO2 SUMO isoform 2

SUMO3 SUMO isoform 3

Tm Tropomyosin

Tn Troponin complex

Introduction

The eukaryotic nucleus, even during interphase, is a more

highly dynamic and complex entity than might be supposed

from its role as the organelle in which a cell’s DNA is

stored, replicated and transcribed (Misteli and Spector

2011). Actin and myosin are found in the nucleus and are

involved in key functions including transcription regulation

and chromatin remodeling (Grummt 2006; Miralles and

Visa 2006; de Lanerolle and Serebryannyy 2011). In addi-

tion, actin-binding proteins such as formins can also

localize to the nucleus and promote polymerization of

nuclear actin, an essential part of the pathway for serum

response factor (Srf) dependent gene regulation (Baarlink
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et al. 2013). The finding that Ca2?-regulatory proteins

tropomyosin and troponin are present not only in the

myofilaments (Gordon et al. 2000; Parmacek and Solaro

2004; Tobacman 1996) but also in nuclei of mammalian

striated muscle cells (Asumda and Chase 2012; Bergmann

et al. 2011; Kajstura et al. 2010; Zhang et al. 2013b) sug-

gests that the nucleoskeleton—the nucleus’ equivalent of

the cytoskeleton—is structurally more complex, and may

have more complex regulation, than previously recognized.

Evidence for nuclear localization of tropomyosin

and troponin

Bergmann et al. (2009) demonstrated that isolated nuclei

from adult human myocardium are recognized by anti-

bodies against cTnI and cTnT. This property distinguished

cardiomyocyte nuclei from nuclei of other cell types in the

heart, but did not distinguish whether nucleus-associated

cTnI and cTnT were located on the surface of, or within

nuclei. Subsequent experiments showed immunofluores-

cence labeling with antibodies against cTnI of some (Ka-

jstura et al. 2010) or nearly all (Bergmann et al. 2011)

cardiomyocyte nuclei in sections of human myocardium.

The observation that the extent of nuclear labeling in tissue

sections depends on sample processing (Bergmann et al.

2011) indicates that nuclei of most if not all human

cardiomyocytes contain cTnI (Laflamme and Murry 2011).

Nuclear localization of troponin and tropomyosin is not

unique to cardiomyocytes from adult humans. Proteomic

analysis of cardiac nuclei isolated from rodents identified

the presence of cTnC, cTnI and several isoforms of Tm

including cardiac aTm (Franklin et al. 2011). Fluorescent

constructs of cTnT that contain the C-terminal portion of

the molecule localize to nuclei of transfected skeletal

muscle cells from mouse and C2C12 cells in culture

(Zhang et al. 2013a, b). All three subunits of native cardiac

troponin (cTnC, cTnI and cTnT) and cardiac aTm were

identified by immunofluorescence in nuclei of rat neonatal

ventricular cardiomyocytes in culture (Asumda and Chase

2012); confocal z-sections demonstrated that these Ca2?-

regulatory proteins are located throughout the nucleus and

are not just associated with the surface membrane. In

addition, cTnC, cTnI, cTnT and aTm were also detected in

both the cytoplasm and nuclei of rat bone marrow-derived

mesenchymal stem cells between 3 and 5 days in culture

media that induces cardiac differentiation (Asumda and

Chase 2012). Taken together, these studies suggest that

nuclear localization of Ca2?-regulatory proteins occurs

rapidly (days), in parallel with appearance in myofilaments

in the cytoplasm, and likely occurs early in development.

Tropomyosin and troponin have been found in nuclei in

some non-muscle cells. Dingová et al. (2009) identified

nuclear Tm by multiple techniques—including immuno-

histochemistry—in both HeLa cells and resting human

lymphocytes. In this instance, the Tm may have been a non-

muscle isoform although the study did not distinguish

among Tm isoforms. Dingová et al. (2009) also examined

nuclear localization of other actin-binding proteins in

addition to Tm, but did not test for Tn because expression of

Tn was unlikely in these cell types. Interestingly, TnI was

detected by immunofluorescence in nuclei of *15 % of

cultured Drosophila S2 cells and also appeared to be in

close association with chromosomes approaching meta-

phase in pre-cellular Drosophila embryos (Sahota et al.

2009). There was also a genetic association between nuclear

division in pre-cellular Drosophila embryos and TnI or Tm.

Furthermore, a-helical coiled-coil proteins with homology

to Tm have been identified in nuclei of plant cells in Ara-

badopsis and carrot (Gardiner et al. 2011; Dittmer et al.

2007; Masuda et al. 1997). These limited data provide hints

that nuclear Tm with or without Tn can be found in a variety

of cell types, at some point in the cell cycle or during

development, and thus could be evolutionarily widespread.

To further explore the potential for human cardiac

tropomyosin and troponin subunits to localize in the car-

diomyocyte nucleus, we used WoLF PSORT to predict

subcellular localization based on primary sequence (Horton

et al. 2007). Consistent with predictions by others for sTnT

(Zhang et al. 2013a), cTnT and cTnI (Bergmann et al.

2009), features within the primary sequence for all four

polypeptides indicate a significant likelihood that some

protein would reside in the nucleus at least some of the

time (Table 1). For reference, Table 1 also includes WoLF

PSORT predictions for four transcription factors (Srf,

Gata4, Nkx2.5, and Mef2a) that are exclusively localized to

the nucleus, a fifth transcription factor (nuclear factor of

activated T-cells, NFATC2) that translocates between the

cytoplasm and nucleus in a phosphorylation-dependent

manner,1 and four metabolic enzymes (glyceraldehyde-3-

phosphate dehydrogenase, GAPDH; lactate dehydrogenase

heart subunit, LDH-H; hexokinase type I, HK1; and mus-

cle-type creatine kinase, M-CK) that are primarily cyto-

plasmic. The predicted likelihood of nuclear localization

for cTnI was particularly high, and was only slightly lower

than that for transcription factors that are always localized

in the nucleus (Table 1). We confirmed the qualitative

nature of predictions for Tm and Tn subunits obtained from

WoLF PSORT using a second bioinformatics algorithm,

CELLO 2.5 (Yu et al. 2006).

The experimentally observed distribution of Tm and Tn

subunits within muscle cell nuclei is non-uniform using

1 WoLF PSORT does not explicitly account for phosphorylation state

or other covalent modifications of proteins in predictions of subcel-

lular localization.
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immunohistochemistry or expression of fluorescent con-

structs (Sahota et al. 2009; Bergmann et al. 2011; Asumda

and Chase 2012; Zhang et al. 2013a, b). Biochemical frac-

tionation suggests that cardiac aTm, cTnC and cTnI are part

of a relatively small cohort of proteins that are ubiquitously

present in all nuclear fractions of mouse cardiomyocytes

examined by Franklin et al. (2011): the acid-soluble, chro-

matin-associated, and nucleoplasmic fractions. Based on

co-localization studies, Zhang et al. (2013b) suggested that

nuclear sTnT concentrates in nucleoli. It remains to be

determined, however, whether the major function(s) of

nuclear Tm and Tn occur in nucleoli, in another nuclear sub-

domain such as PML bodies or nuclear dots (Shen et al.

2006; Strickfaden et al. 2012), or whether they function

more broadly throughout nuclei.

Signals for nuclear localization of tropomyosin

and troponin: possible role of SUMOylation

Tm and Tn can be covalently modified in the sarcomere—

by phosphorylation, for example—and these modifications

typically modulate their function (Schulz and Wieczorek

2013; Solaro and Kobayashi 2011). The phosphorylation

state of some other proteins, such as the transcription factor

NFAT, regulates their movement between the cytoplasm

and nucleus. NFAT is predicted to reside in either the

nucleus or cytoplasm, and translocate between them

(Table 1). In cardiac myocytes, NFAT localization affects

gene expression, and may thereby play a role in disease-

related cardiac remodeling (Berry et al. 2011).

It is not known what signal(s) promote translocation of

some Ca2?-regulatory proteins from the cytoplasm where

they are synthesized into the nucleus, and what sig-

nal(s) their retention in the nucleus. Kajstura et al. (2010)

proposed that cTnI localization in human cardiomyocytes

was an artifact of aging, i.e., leakiness of nuclear pore

complexes in senescent cells. This may not be correct,

however, because the majority of cardiac nuclei are cTnI

and/or cTnT positive in both children and adults (Berg-

mann et al. 2011).

The N-termini of human cTnI and cTnT are predicted to

contain basic, evolutionarily conserved, nuclear localiza-

tion signal (NLS) sequences (Bergmann et al. 2009), and

additional portions of the sTnT sequence have been dem-

onstrated to be important for nuclear localization (Zhang

Table 1 Predicted likelihood of nuclear localization for human cardiac a-tropomyosin and troponin subunits predicted from primary sequence:

comparison with other human nuclear and cytoplasmic proteins

Protein Sequence ID Nucl Cyto Cyto_nucl Mito Cyto_mito

Cardiac a-tropomyosin and troponin subunits

aTm P09493 3.0 18.0 11.5 – –

cTnC P63316 5.0 22.0 14.5 4.0 –

cTnI P19429a 29.0 – – – –

cTnT P45379-6a 16.0 12.0 15.0 – –

Transcription factors

Srf P11831 32.0 – – – –

Gata4 P43694 32.0 – – – –

Nkx2.5 P52952 32.0 – – – –

Mef2a Q02078 32.0 – – – –

NFATC2 Q13469 25.0 6.0 17.5 – –

Metabolic enzymes

GAPDH P04406a – 27.0 – 2.0 –

LDH-H P07195a – 18.5 – 4.5 12.0

HK1 P19367 – 23.5 13.5 4.0 –

M-CK P06732a 5.5 21.5 15.0 – –

Quantitative predictions based on protein primary sequences were obtained using WoLF PSORT (Horton et al. 2007). According to Horton et al.

(2007), ‘‘[t]he numbers represent the number of nearest neighbors (proteins in the WoLF PSORT training data that have the most similar

localization features to the query protein) to the query protein which localize to each site and are adjusted to account for the possibility of dual

localization.’’ Higher numbers reflect a greater likelihood of localization in the nucleus (‘‘nucl’’), cytoplasm (‘‘cyto’’), or mitochondrion

(‘‘mito’’), or capable of translocation between the cytoplasm and nucleus (‘‘cyto_nucl’’) or cytoplasm and mitochondrion (‘‘cyto_mito’’);

likelihood of localization to other parts of the cell, in the few cases where values were non-zero, were low and were omitted from the table

(peroxisomal—aTm and M-CK; extracellular—aTm and LDH-H; plasma membrane—LDH-H)
a Sequence IDs that are marked with an asterisk indicates the N-terminal Met residue was omitted from the sequence analyzed. This was done

for proteins in which this is a common, post-translational modification. Removal of this residue from the sequence did not affect the prediction

for cTnI, and slightly reduced the likelihood of nuclear localization for cTnT
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et al. 2013a, b). Bioinformatics analyses based on primary

sequence indicate that human cardiac Tm and all three Tn

subunits have a high likelihood of nuclear localization

(Table 1). cTnI and cTnT might translocate into the

nucleus independently, and perhaps even function inde-

pendently in the nucleus. Alternatively, they might

assemble along with cTnC in the perinuclear region (Reddy

et al. 2005) and the ternary Tn complex would be actively

transported into the nucleus as a single entity. The

C-terminal domain of a fluorescent construct of mouse

sTnT localizes to sub-nuclear regions, as does the full

length, fluorescent sTnT (Zhang et al. 2013a, b); this pro-

vides support for the idea that the Tn complex is the relevant

entity because the truncated construct should assemble with

sTnI, and thus with sTnC, too. On the other hand, the

C-terminal construct of sTnT also shows diffuse distribu-

tion in the nucleoplasm, while N-terminal and central

domain constructs, as well as the fluorescent protein on its

own, show diffuse distribution throughout the cytoplasm

and nucleus. It is not clear whether cells handle all of the

shorter constructs by the same mechanism(s) as full length

sTnT, but all constructs exhibited similar patterns in non-

muscle (NIH3T3 and COS7) cell lines (Zhang et al. 2013b)

which presumably express little or no cTnI or cTnT. As

argued by Zhang et al. (2013a), there is not likely to be a

requirement for assembly of the Tn complex for nuclear

localization when sTnT is overexpressed because of the

presumed non-stoichiometric ratios of the three troponin

subunits even in cultured muscle cell lines. Thus current

evidence suggests that nuclear localization in muscle is

possible because the protein is being synthesized and is

therefore present in the cytoplasm, as also suggested by the

data of Asumda and Chase (2012), and does not depend on

muscle-specific transporters for nuclear localization.

In addition to NLS sequences, it is likely that other

signals modulate nuclear localization of Ca2?-regulatory

proteins in muscle. Elsewhere in this special issue, Schulz

and Wieczorek (2013) report on effects of Tm phos-

phorylation at S238 in mouse and human hearts. One of

their approaches was to generate Tg mice that have Tm

containing mutation S238A, rendering that site non-

phosphorylatable. Interestingly, although they do not

address the issue of Tm localization in the myocyte

nucleus, we find that mutation S238A is predicted to

increase the likelihood that Tm would be found in the

nucleus (note that the predictive algorithms only consider

primary sequence and not phosphorylation state). Similar

to what is observed with NFAT phosphorylation (Berry

et al. 2011), it is possible that covalent modifications

could alter the likelihood of transport into and/or retention

in the nucleus, and that experimental modification of

protein sequence may influence more aspects of protein

structure and function than initially anticipated.

SUMOylation is an important modulator of cardiac

function and gene regulation (Wang and Schwartz 2010).

SUMOylation is known to be required for nuclear locali-

zation of b-actin (Hofmann et al. 2009). Nuclear actin in

the non-muscle HeLa and COS-7 cell lines is SUMOylated

with isoforms SUMO2 and SUMO3 (Hofmann et al. 2009),

which can lead to polymodification. Little is known about

SUMOylation of Ca2?-regulatory proteins in striated

muscle, although several lines of evidence, in addition to

the presumptive commonality of SUMOylation of nuclear

actin, suggest that the possibility should be investigated.

Small ubiquitin-like modifier proteins are small, ubiq-

uitin-related modifier polypeptides of *10 kDa that can be

reversibly added to specific Lys residues of proteins

(Johnson 2004; Geiss-Friedlander and Melchior 2007;

Herrmann et al. 2007). SUMOylation modulates the func-

tion of a number of diverse proteins in addition to b-actin.

Modulated functions include nuclear transport and locali-

zation of proteins (SUMOylated proteins in the nucleus are

concentrated in PML bodies; Shen et al. 2006), thereby

regulating key processes in cells including transcription

and genome integrity.

Nuclear localization of TnI in Drosophila S2 cells

requires SUMOylation of a Lys residue near the C-termi-

nus (Sahota et al. 2009). The Lys residue that is SU-

MOylated in Drosophila TnI resides within a consensus

sequence for SUMOylation as predicted using SUMOsp

2.0 (Ren et al. 2009). It aligns with residues within,2 or

immediately adjacent to3 a cluster of three Lys residues

near the C-terminus of human cTnI (the equivalent regions

of fast and slow isoforms of human sTnI have only two

adjacent Lys residues). None of the Lys residues at the

C-termini of human TnI isoforms correspond to predicted

consensus sequences for SUMOylation, but the most

C-terminal of the three Lys residues in cTnI is predicted to

have significant likelihood as a non-consensus sequence

target for SUMOylation.

Human aTm is associated with the SUMO1 isoform in

SUMOylated proteins from HEK293 cells, identified

through immunoprecipitation (Manza et al. 2004). While

this experiment does not distinguish SUMOylated proteins

from unmodified proteins which are bound tightly to other

SUMOylated proteins such as nuclear actin, human aTm

does contain several predicted SUMOylation sites

(Table 2) as recognized in the primary sequence using

SUMOsp 2.0 (Ren et al. 2009). SUMOsp 2.0 also predicts

several likely SUMOylation sites in human cardiac tropo-

nin subunits, a few comprised of consensus sequences and

2 Protein sequences aligned with EMBL-EBI Clustal Omega Multi-

ple Sequence Alignment using default parameters.
3 Protein sequences aligned with NCBI Cobalt Multiple Alignment

Tool using default parameters (Papadopoulos and Agarwala 2007).
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most of non-consensus sequences (not shown). Manza et al.

(2004) did not provide specific information on whether

aTm, SUMOylated or not, is localized in the nucleus

because cytoplasmic and nuclear fractions were combined.

Nuclear localization of aTm was anticipated in the study of

Manza et al. (2004) because immunohistochemistry

showed that the majority of SUMO, independent of iso-

form, was localized in the nucleus, with the most intense

staining in nuclear bodies. SUMOylation may not be the

sole mechanism controlling nuclear localization—and

likely function because we do not know the influence of

SUMOylation on structure, assembly and functional inter-

actions—of Ca2?-regulatory proteins, but it seems worth-

while exploring the possibility that it has such a role in

striated muscle.

Possible roles for nuclear tropomyosin and troponin:

muscle physiology, aging and pathophysiology

Based on decades of knowledge about their function in the

myofilaments of striated muscle’s cytoplasmic compart-

ment, the most likely role for Tn and Tm in the nucleus—

assuming that their presence in the nucleus is not simply an

artifact of large amounts being synthesized in the cyto-

plasmic (myofilament) compartment—is to confer Ca2?-

regulation to processes that involve nuclear actin. Although

very little is specifically known about striated muscle cells,

nuclear actin can exist in both monomeric and polymeric

forms (Baarlink et al. 2013; McDonald et al. 2006). Many

key functions for nuclear actin have been identified,

including regulation of transcription and chromatin

remodeling (de Lanerolle and Cole 2002; Grummt 2006;

Visa and Percipalle 2010; de Lanerolle and Serebryannyy

2011). The clearest evidence for function of nuclear Tn and

Tm comes from developmental studies in Drosophila

where TnI may be associated with chromosomes, and TnI

and Tm are both required for nuclear division (Sahota et al.

2009). There is, however, no direct evidence for (or

against) association of nuclear Tn, Tm and actin in this or

other studies. Co-localization, or more precisely molecular

interactions between nuclear Tn subunits, Tm and actin in

cells is an important area for future investigations. Both

in vivo and in vitro studies are needed to provide infor-

mation about whether presumptive SUMOylation or other

modifications influence assembly and function of nuclear

actin, Tm and Tn.

Whatever the function of nuclear Tn and Tm, it is pre-

sumably specific to striated muscle, at least in vertebrates.

The question of striated muscle specificity is raised by

observations that nuclear actin has been identified in a wide

variety of cell types, and that some isoforms of Tm (Din-

gová et al. 2009) and of both Tn and Tm (Sahota et al.

2009) are present in nuclei of some non-muscle cells, but

not others (Asumda and Chase 2012). There is a trivial

explanation that may explain nuclear localization of spe-

cific Tn and Tm isoforms in vertebrate muscle, and

tropomyosin in non-muscle: if these proteins are expressed

in a cell, then some will translocate into the nucleus and be

retained there. The data of Zhang et al. (2013a, b) provide

the clearest evidence to support this idea; fluorescent

constructs of sTnT expressed in cultured NIH3T3 and

COS7 cells exhibited similar nuclear localization patterns

as in skeletal muscle cells. The situation may be somewhat

more complex in arthropods, with nuclear Tn and Tm

being relevant early in development of the organism (Sa-

hota et al. 2009); this remains to be examined in Dro-

sophila muscle tissue.

Troponin presumably confers Ca2?-dependence to some

aspect of nuclear function. Like many cell types, cardiac

myocytes exhibit Ca2? transients not only in the cytoplasm

but also in the nucleoplasm. Ca2? transients in both cul-

tured, neonatal and adult rat heart cells exhibited sub-

stantial differences between the nucleus and the cytoplasm,

including mechanism of regulation (Wu and Bers 2006;

Minamikawa et al. 1995), although the lumen of the sar-

coplasmic reticulum and nuclear envelope are effectively

connected as a single Ca2? store (Wu and Bers 2006).

Perinuclear Ca2? also appears to be significant for cardiac

myocyte signaling (Escobar et al. 2011; Wu et al. 2006).

Nuclei in many if not all cell types act as integrators of,

and thus respond to both chemical and mechanical signals,

and this would be particularly important to regulate in

cardiomyocytes. Ca2?-dependent processes in the nucleus

Table 2 Lysines in human cardiac a-tropomyosin that have a

significant likelihood of SUMOylation in vivo

Predicted SUMOylation likelihood Residue

High K136

Medium K5

K12

K140

K248

Low K6

K15

K70

K112

K161

K213

Predictions based on protein primary sequence (P09493) were

obtained using SUMOsp 2.0 (Ren et al. 2009). All lysines indicated in

the table are part of local, non-consensus SUMOylation sequences; no

consensus SUMOylation sequences were identified in the WT

sequence. High, medium and low likelihood thresholds were the

default values for non-consensus sequences

J Muscle Res Cell Motil (2013) 34:275–284 279

123



could regulate aspects of nuclear function, or could stabi-

lize nuclear function in the presence of continuously

varying Ca2? and mechanical forces. It is currently

unknown if Ca2? influences any aspect of nuclear

mechanics in striated muscle cells. One suggestion that

may be relevant is the necessity for control of dynamic

organization of chromatin within the long-lived interphase

nuclei of slowly dividing, adult human cardiomyocytes

(Bergmann et al. 2011, 2009; Laflamme and Murry 2011).

It is generally relevant that, in non-muscle cells, nuclear

Ca2? has been shown to regulate expression of specific

genes, cell growth, and cell proliferation (Resende et al.

2013; Andrade et al. 2011).

We note the potential for enhanced actomyosin cycling

in the nucleus due to the presence of dATP4 and troponin.

dATP has been demonstrated to enhance kinetics and

mechanical function of skeletal muscle (Regnier and

Homsher 1998; Regnier et al. 1998a, b; Clemmens and

Regnier 2004; Racca et al. 2013), and has even greater

effects in cardiac muscle (Schoffstall and Chase 2008;

Schoffstall et al. 2006b; Regnier et al. 2000; Korte et al.

2011; Nowakowski et al. 2013). Both skeletal and cardiac

troponins also enhance kinetics of actomyosin function

(Regnier et al. 1996; Homsher et al. 1996; Gordon et al.

1997, 1998; Homsher et al. 2000; Schoffstall et al. 2006a;

Brunet et al. 2012), possibly due to a direct influence of Tn

on myosin (Schoffstall et al. 2011). What is not yet known

is whether kinetics of various myosin isoforms that are

found in the nucleus (Pestic-Dragovich et al. 2000; de

Lanerolle and Cole 2002; de Lanerolle and Serebryannyy

2011) are differentially affected when dATP is at least

partially substituted for ATP.

Aging

Zhang et al. (2013b) suggest that nuclear TnT may play a

role in age-related muscle dysfunction, the underlying

mechanism of which has previously eluded investigation

(Phillips et al. 1993). Manza et al. (2004) found that aTm

was no longer found with SUMOylated proteins in

HEK293 cells treated with the lipid oxidation-derived

electrophile 4-hydroxynonenal (HNE), a specific product

of lipid oxidation associated with more general oxidative

stress that may contribute to aging (Mandavia et al. 2012).

Although the suggestion that cTnI in cardiomyocyte nuclei

is related to senescence (Kajstura et al. 2010) is most likely

not correct (Bergmann et al. 2011; Laflamme and Murry

2011; Asumda and Chase 2012), presence or absence of

nuclear b-actin in non-muscle (epithelial) cells is an

important determinant of whether the cells are quiescent

(Spencer et al. 2011). Presumably at least some Tm and Tn

associate with actin when all are simultaneously present in

the nucleus, and thus changes in stoichiometry could be

associated with aging, which in turn could alter mechanical

and also Ca2? signal transmission from the myofilaments

to transcription.

Inherited cardiomyopathies

It is well established that cardiac mechanics are altered by

cardiomyopathy associated mutations in myofilament pro-

teins (Marston 2011; Tardiff 2011; Watkins et al. 2011;

Willott et al. 2010; Ahmad et al. 2005; Gomes and Potter

2004; Parmacek and Solaro 2004). Disease-related muta-

tions in tropomyosin that have been examined affect flex-

ural rigidity and structural stability (Loong et al. 2012a, b;

Li et al. 2012; Ly and Lehrer 2012; Wang et al. 2011;

Kremneva et al. 2004). These structural and mechanical

changes at the molecular level likely explain functional

changes observed such as altered Ca2? sensitivity of thin

filament and sarcomere function (Mathur et al. 2011; Bai

et al. 2011; Chang et al. 2005; Prabhakar et al. 2003, 2001;

Karibe et al. 2001; Michele et al. 1999; Golitsina et al.

1999; Bing et al. 1997).

Mutations of cardiac tropomyosin that are associated

with hypertrophic cardiomyopathy typically increase Ca2?

sensitivity of function, while mutations associated with

dilated cardiomyopathy typically decrease Ca2? sensitivity.

Similar changes are typically observed for cardiomyopathy

mutations in troponin subunits and other myofilament

proteins (Brunet et al. 2012; Bai et al. 2011; Mathur et al.

2011; Wang et al. 2011; Marston 2011; Tardiff 2011;

Willott et al. 2010; Landstrom et al. 2008; Gafurov et al.

2004; Gomes and Potter 2004; Köhler et al. 2003). While

the molecular changes help us to understand changes in

cardiac mechanical function, it has been more challenging

to understand how they could influence nuclear functions

such as transcription, e.g., to produce more muscle proteins

in the hypertrophic phenotype (Watkins et al. 2011; Tardiff

2011). Altered Ca2? binding and Ca2? sensitivity of sar-

comere function could indirectly influence various signal-

ing pathways that modulate gene expression (Kataoka et al.

2007), particularly via changes in Ca2? signaling (Wu et al.

2006).

There may be additional, direct influences of mutations

in Tm and Tn on nuclear function. Altered Ca2? sensitivity

for Tm and Tn mutants in myofilaments would also affect

functions of these mutant proteins in the nucleus.

4 20-Deoxyadenosine-50-triphosphate (dATP) is the nucleotide that is

incorporated into DNA and is missing a 20 oxygen compared with

adenosine-50-triphosphate (ATP), which is the nucleotide that is

incorporated into RNA and is the conventional substrate for

actomyosin along with many other energy-requiring processes in

cells.
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Furthermore, some disease-related mutations in Tm and Tn

alter the predicted likelihood of nuclear localization and/or

the predicted likelihood of SUMOylation. Table 3 shows

an example of a hypertrophic cardiomyopathy mutation in

aTm, I172T (Van Driest et al. 2003), that increases the

predicted likelihood of localization toward the nucleus.

Table 4 shows four examples of cardiomyopathy-asso-

ciated mutations in aTm (Tardiff 2011) that alter predicted

likelihood of SUMOylation. Two mutations, one associated

with hypertrophic cardiomyopathy (E40K) and one asso-

ciated with dilated cardiomyopathy (E192K) introduce Lys

residues that are new, potential sites of SUMOylation; both

of these mutations are part of consensus sequences for

SUMOylation and are predicted to have a high likelihood

of being SUMOylated. A third mutation (E62Q), one that is

associated with hypertrophic cardiomyopathy, increases

the predicted likelihood that a nearby Lys residue (K65)

could be SUMOylated (Table 4). A fourth mutation

(K70T), also associated with hypertrophic cardiomyopathy,

markedly reduces the likelihood that aTm could be SU-

MOylated (Table 4) because it removes a Lys residue that

is part of a non-consensus SUMOylation site (Table 2). We

furthermore note that there is, in general, a relation of

predicted SUMOylation sites and hot spots for mutations in

a variety of proteins (Park et al. 2011).

Thus, in addition to altering sarcomere function, car-

diomyopathy mutations and/or covalent modifications of

tropomyosin and troponin may alter nuclear structure and

function through their influence on the localization, reten-

tion and function of tropomyosin and troponin in myocyte

nuclei.
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Walsh S, Zupicich J, Alkass K, Buchholz BA, Druid H, Jovinge

S, Frisén J (2009) Evidence for cardiomyocyte renewal in

humans. Science 324(5923):98–102

Bergmann O, Zdunek S, Alkass K, Druid H, Bernard S, Frisén J

(2011) Identification of cardiomyocyte nuclei and assessment of

ploidy for the analysis of cell turnover. Exp Cell Res

317(2):188–194

Berry JM, Le V, Rotter D, Battiprolu PK, Grinsfelder B, Tannous P,

Burchfield JS, Czubryt M, Backs J, Olson EN, Rothermel BA,

Hill JA (2011) Reversibility of adverse, calcineurin-dependent

cardiac remodeling. Circ Res 109(4):407–417

Bing W, Redwood CS, Purcell IF, Esposito G, Watkins H, Marston

SB (1997) Effects of two hypertrophic cardiomyopathy muta-

tions in a-tropomyosin, Asp175Asn and Glu180Gly, on Ca2?

regulation of thin filament motility. Biochem Biophys Res

Commun 236:760–764
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