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Abstract

Muscle Lim Protein (MLP) has emerged as a key regulator of striated muscle physiology and
pathophysiology. Mutations in cysteine and glycine-rich protein 3 (CSRP3), the gene encoding
MLP, are causative of human cardiomyopathies, whereas altered expression patterns are observed
in human failing heart and skeletal myopathies. In vitro and in vivo evidence reveals a complex
and diverse functional role of MLP in striated muscle, which is determined by its multiple
interacting partners and subcellular distribution. Experimental evidence suggests that MLP is
implicated in both myogenic differentiation and myocyte cytoarchitecture, although the full
spectrum of its intracellular roles still unfolds.
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1. Introduction

The cysteine and glycine-rich protein 3 (CSRP3or CRP3) gene is a member of cysteine-rich
protein (CRP) family that consists of CRPI, CRPZand CSRP3 (Weiskirchen et al., 1995).
CRP1 and CRP2 are prominent in smooth muscle, whereas CSRP3 is expressed in striated
muscle (Weiskirchen et al., 1995; Louis et al., 1997). MLP, the protein encoded by CSRP3,
belongs to the LIM-only domain family, a large protein family with diverse functional roles,
including transcriptional regulation, cell fate determination, cell adhesion and motility,
cytoskeleton organization and signal transduction (Schmeichel and Beckerle, 1997; Kadrmas
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and Beckerle, 2004; Zheng and Zhao, 2007). Its diverse functional roles have a significant
impact on cardiac and skeletal muscle physiology and pathology.

Since the identification of MLP, 20 years ago (Arber et al., 1994), a multitude of studies
have focused on delineating its functional significance in striated muscle, with exciting
findings to date. These investigations were intensified once MLP was implicated in muscle
pathogenesis. Mutations in the CSRP3 gene have been directly associated with dilated
(DCM) and hypertrophic (HCM) cardiomyopathies while the MLP protein levels appear to
be significantly altered in human failing hearts and various skeletal myopathies (Knoll et al.,
2002a; Gehmlich et al., 2008). Several in vitro and in vivo approaches have been used to
decipher the MLP’s multifaceted role in pathological settings (Knoll et al., 2002a; Gehmlich
et al., 2008). Herein, we discuss the intricate involvement of MLP in striated muscle
function and disease, the emerging hypotheses, and open questions.

2. CSRP3 gene structure and transcription

CSRP3was first identified in 1994 during a rat cDNA library screen for genes regulating
muscle gene expression and neuromuscular synapses formation (Arber et al., 1994).
Northern blot analysis demonstrated its predominant expression in striated muscles (Arber et
al., 1994). In 1995, the human CSRP3 gene was mapped to chromosome 11p15.1 and
subsequently isolated from a human cardiac cDNA library (Fung et al., 1995; Fung et al.,
1996). The human gene spans a 20kb genomic region, producing a 0.8kb transcript that is
organized in 6 exons (Fung et al., 1996; Knoll et al., 2002b). We recently reported the
discovery of the first splice variant of CSRP3, originating from alternative splicing of exons
3 and 4 (Vafiadaki et al., 2014). This novel MLP isoform, designated MLP-b, was
demonstrated to exhibit distinct expression and functional roles to the full length MLP,
revealing the complexity of MLP expression and intracellular roles.

CSRP3expression was found to be largely determined by an E-box sequence at the position
-186 to —180 within the CSRP3 promoter region (Ji et al., 2009). Synergistic binding of the
transcription factors myogenin and myocyte enhancer factor 2C (MEF2C) occurs at the E-
box promoter region, and leads to transcriptional activation of CSRP3. Additional cis-acting
elements such as the binding sites for AP1, Jun/Fos are suggested to be present in the
promoter (Ji et al., 2009), however, their role in regulating the CSRP3 promoter is unclear.

3. MLP structure and physicochemical properties

MLP is a relatively small protein of 194 amino acids that is specifically expressed in skeletal
and cardiac muscles. Structurally, it belongs to a family of proteins that harbor one or more
LIM domains. The name of this protein domain was derived from the initial letters of
Lin-11, Isl1 and Mec-3 that represent the first three members of this protein family to be
identified (Schmeichel and Beckerle, 1997; Kadrmas and Beckerle, 2004). In general, LIM
domains comprise of approximately 50-60 amino acids and share two characteristic zinc
finger domains. These zinc fingers contain 8 highly conserved cysteine and histidine
residues at specific positions, which coordinately bind two zinc ions (Zheng and Zhao,
2007). The overall consensus sequence of a LIM domain is
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CX2CX 16 23HXCXCX,CX 16 21CXo(C/H/D), where X denotes any amino acid
(Schmeichel and Beckerle, 1997; Kadrmas and Beckerle, 2004). LIM domains may be found
throughout the length of a protein. They are believed to act as a modular protein-binding
interface that mediates diverse protein interactions and facilitates macromolecular complex
formation, thus enabling LIM domain proteins to participate in a broad range of biological
functions (Schmeichel and Beckerle, 1994; Arber and Caroni, 1996; Weiskirchen and
Gunther, 2003; Kadrmas and Beckerle, 2004).

MLP contains two LIM domains (LIM1 and LIM2), each surrounded by glycine-rich repeat
regions, and the two separated by more than 50 residues (Weiskirchen et al., 1995). The
presence of these glycine-rich repeats is characteristic of all CRP family members and
distinguishes them from other LIM-only containing proteins (Weiskirchen and Gunther,
2003). While the structural analysis of CRP1 and CRP2 proteins was completed several
years ago (Perez-Alvarado et al., 1994; Konrat et al., 1997; Kontaxis et al., 1998; Yao et al.,
1999), it was only recently that this information became available for MLP (Schallus et al.,
2007; Schallus et al., 2009). Using nuclear magnetic resonance spectroscopy, it was deduced
that the two MLP LIM domains act as independent units and that the adjacent linker region
is fully flexible (Schallus et al., 2007; Schallus et al., 2009). These structural characteristics
suggest that LIM domains could act as adaptors facilitating the formation of macromolecular
complexes. Indeed, the two MLP LIM domains mediate interactions with a vast number of
different proteins at different subcellular locations, including the cytoplasm and the nucleus
(see section “MLP protein interactions and localization™) (Buyandelger et al., 2011b).

An emerging concept is this of MLP oligomerization. Using biochemical subcellular
fractionation and immunocytochemistry techniques it was shown that MLP forms dimers,
trimers and tetramers in myocytes (Boateng et al., 2007; Boateng et al., 2009). The
oligomerization potential of MLP is believed to be critical for its cellular localization and
function, with direct implications in muscle physiology.

4. MLP post-translational modifications

Post-translational modifications represent key determinants of protein function. The precise
effect of post-translational modifications on MLP is to date largely unknown. The only
available experimental evidence shows the acetylation/deacetylation of MLP at a lysine
residue at position 69 (K69), by acetyltransferase (PCAF) and histone deacetylase 4
(HDAC4), respectively (Gupta et al., 2008). Since the K69 residue is within the predicted
nuclear localization signal of MLP (Fung et al., 1996), it was proposed that acetylation of
K69 may influence MLP nucleocytoplasmic shuttling. K69 acetylation was further
associated with calcium sensitivity and myofilament contractility (Gupta et al., 2008). These
findings reveal the emerging role of reversible acetylation in the regulation of muscle
contraction.

In addition to acetylation, it has been postulated that MLP may undergo phosphorylation or
sumoylation, which could in turn modulate its localization and/or function (Buyandelger et
al., 2011b). Bioinformatical analysis predicts the existence of several putative
phosphorylation sites on MLP (Fig. 1), however, no evidence on the occurrence of MLP
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phosphorylation has been published to date so experimental confirmation and functional
characterization is pending.

5. MLP protein interactions and localization

Determining the localization and binding partners of MLP has been an integral part of the
quest for its spectrum of intracellular roles. This has led to an increasingly large list of
interacting proteins with diverse functional properties, as well as variable subcellular
localizations within muscle cells. In particular, in the cytoplasm MLP has been detected at
the level of the sarcomeres (the basic muscle contractile unit, delimited by Z-discs and an
M-band in the center), intercalated discs (located at the bipolar ends of cardiomyocytes,
inter-connecting cardiomyocytes, enabling the synchronized contraction of cardiac tissue),
costameres (a critical component of striated muscle morphology connecting the sarcomeres
to the sarcolemma), and even the cell membrane. At the sarcomeres MLP interacts with the
Z-disc proteins telethonin (T-cap), a-actinin, cofilin-2 (CFL2), calcineurin, HDAC4, as well
as MLP and MLP-b (Louis et al., 1997; Zolk et al., 2000; Knoll et al., 2002b; Heineke et al.,
2005; Gupta et al., 2008; Papalouka et al., 2009; Vafiadaki et al., 2014). Although LIM
domains are major protein-binding interfaces, we have demonstrated that the MLP inter-
LIM region, containing a glycine-rich repeat, can itself serve as the minimal binding region,
with proteins such as CFL2 and the MLP-b isoform (Papalouka et al., 2009; Vafiadaki et al.,
2014). The functional implications of these interactions are discussed in the next section. M-
band distribution of MLP has also been described, although the binding partners mediating
this are currently unknown (Boateng et al., 2007; Knoll et al., 2010). Additionally to the
sarcomere, MLP localizes to the costameres, where it binds to zyxin, integrin linked kinase
(ILK) and p1-spectrin (Louis et al., 1997; Flick and Konieczny, 2000; Postel et al., 2008), as
well as to the intercalated discs, where it associates with the nebulin-related anchoring
protein (N-RAP) (Ehler et al., 2001).

Beyond its cytoplasmic roles, MLP can also localize to the nucleus, where it binds to the
nuclear transcription factors MyoD, myogenin and myogenic regulatory factor 4 (MRF4)
(Kong et al., 1997). Furthermore, it can shuttle between these two cellular compartments.
This nucleocytoplasmic shuttling appears to be driven by its nuclear localization signal, as
shown by cell permeable synthetic peptides containing the predicted nuclear localization
signal of MLP (Boateng et al., 2009).

The oligomeric/monomeric state of MLP appears to be tightly correlated with its subcellular
localization. Specifically, the oligomeric form of MLP is encountered in the cytoplasm,
whereas nuclear MLP is monomeric. Based on findings from the analysis of a C-terminal
flag containing construct that prevented MLP oligomer formation, it was proposed that the
carboxyl-terminal of MLP is required for oligomerization (Boateng et al., 2007). This,
however, was not confirmed by a recent study which demonstrated the involvement of the N-
terminal LIM domain of MLP in its self-association using bimolecular fluorescence
complementation assays (Hoffmann et al., 2014).

Although the variable MLP subcellular distribution documented by different studies appears
to be consistent with its multiple, diverse protein binding partners, some inconsistencies in
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its localization patterns have led to concerns about the specificity of the available MLP
antibodies (Gehmlich et al., 2008). The use of different polyclonal antibodies raised against
MLP may be associated with potential non-specific reactivity problems. Moreover, the
generation of a mouse monoclonal antibody with high specificity to MLP and no cross-
reactivity to CRP1 or CRP2, was reported to primarily detect a diffuse cytoplasmic
localization for MLP (Geier et al., 2008). However, a different mouse monoclonal antibody
raised against the C-terminus of MLP, detected both cytoplasmic and nuclear distribution of
the protein (Boateng et al., 2007). Although the full details of its subcellular localization
remain to be uncovered, there is a consensus that MLP can be found in, interact with, and
consequently participate in, a variety of locations, proteins, and functions, respectively.

6. MLP functions

MLP has been found to interact with different protein partners in each of the subcellular
locations where it is detected. Through these interactions it is implicated in a series of
physiological processes.

1) At the nucleus, MLP serves as a positive regulator of myogenesis, promoting myogenic
differentiation (Arber et al., 1994). Accordingly, various studies have demonstrated that
MLP overexpression results in enhanced myotube differentiation (Arber et al., 1994; Kong
etal., 1997; Vafiadaki et al., 2014). This effect is attributed to the direct association of MLP
with muscle differentiation transcription factors such as MyoD, myogenin and MRF4. While
MLP does not bind to DNA directly, it was proposed to serve as a cofactor for these
myogenic transcription factors, by increasing their interaction with specific DNA regulatory
elements, as demonstrated by electrophoretic mobility shift assays, enhancing their activity
and thus leading to increase myotube differentiation (Kong et al., 1997). In agreement with
this concept, we recently demonstrated that MLP-b, which does not bind to the above
transcription factors, cannot promote myotube differentiation (Vafiadaki et al., 2014). While
the precise role of MLP in the nucleus is being investigated, valuable insights can come from
CRP1 and CRP2 that also localize to the nucleus and promote (smooth) muscle
differentiation (Arber and Caroni, 1996; Louis et al., 1997). In particular, they interact with
the serum response factor (SRF) and GATA transcription factors and are believed to act as
cofactors, activating smooth muscle cell gene expression (Chang et al., 2003). CRP2
associates with its N-terminal LIM domain to SRF and its C-terminal LIM domain to
GATA4, and has therefore been proposed to act as a bridging molecule, resulting in the
strong activation of smooth muscle specific gene promoters, such as smooth muscle K-actin
and hlcalponin (Chang et al., 2003). Analysis of a CRP2 transgenic animal model
demonstrated that CRP2 acts as a potent transcriptional co-adaptor that remodels silent
myocyte chromatin and activates of smooth muscle gene expression (Chang et al., 2007). A
similar mode of action could be envisioned for MLP, although the details remain to be
uncovered.

2) At the cytoplasm, MLP has a prominent structural role at multiple levels. Evidence for its
critical function in the establishment and maintenance of the (cardio)myocyte cytoskeleton
arose from studies on patient biological material and animal models, carrying human
mutations or lacking MLP. These studies demonstrate severe disruption of cardiac
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cytoarchitecture and myofibrillar disarray (Arber et al., 1997; Knoll et al., 2002b; Knoll et
al., 2010). This cytoskeletal effect is primarily mediated through its localization at the Z-disc
and its interactions with different Z-disc components (Louis et al., 1997; Zolk et al., 2000;
Knoll et al., 2002b; Heineke et al., 2005; Clark et al., 2007; Gupta et al., 2008; Papalouka et
al., 2009; Clark and Kadrmas, 2013; Vafiadaki et al., 2014). MLP has therefore been
suggested to act as a scaffold protein that promotes the assembly of macromolecular
complexes along sarcomeres and the actin-based cytoskeleton (Arber and Caroni, 1996;
Arber et al., 1997; Flick and Konieczny, 2000; Ehler et al., 2001; Knoll et al., 2002b).

The Z-disc represents a dynamic macromolecular structure, anchoring a variety of different
proteins that contribute to muscle contraction (Frank et al., 2006; Frank and Frey, 2011;
Sequeira et al., 2014). In addition to its structural role, it is a nodal point for signaling
networks, acting as a stretch sensor and being implicated in mechano-signaling and
mechano-trasduction (Luther, 2009; Buyandelger et al., 2011a; Frank and Frey, 2011;
Gautel, 2011). The Z-disc anchors the ends of actin filaments and in this way mediates force
transmission from one sarcomere to the next, ultimately reaching the ends of the
cardiomyocyte (Buyandelger et al., 2014). Examples of molecular components acting as
mechanosensors include the giant proteins titin, nebulin and obscurin (Maillet et al., 2013).
MLP is believed to be involved in these mechano-signaling process, with cardiomyocytes
from MLP transgenic or knock-out mice exhibiting defective intrinsic stretch responses, due
to selective loss of passive stretch sensing (Knoll et al., 2002b; Knoll et al., 2010). It was
initially suggested that loss of MLP destabilizes anchoring of the Z disc to the proximal end
of the T-cap/titin complex, leading to a conformational alteration of the intrinsic titin
molecular spring elements and consequently to defects in the cardiac muscle stretch sensor
machinery. Based on the complex subcellular distribution of MLP, the role of MLP as
mechanical stretch sensor has been questioned and has instead been proposed to represent a
mediator of stretch signaling, acting downstream in mechano-signaling cascades (Gehmlich
et al., 2008; Gehmlich et al., 2010). The mechanism through which MLP mediates signal
transduction remains unclear, however, the possible role of post-translational modifications
is being considered.

The MLP’s mechano-signaling role may also be mediated through its interaction with the
costameric proteins p1 spectrin and zyxin. The costameres have a critical role in lateral force
transmission. Specifically, they transmit force bidirectionally from the sarcomere to the
sarcolemma and the extracellular matrix, maintaining mechanical integrity of the
sarcolemma and orchestrating mechanically related signaling in order to modulate myofibril
growth and contraction (Bershadsky et al., 2003; Bloch and Gonzalez-Serratos, 2003; Peter
etal., 2011). However, the precise role of MLP at the costameres has not been extensively
investigated yet.

Another function of MLP relates to actin dynamics. We previously reported the interaction
of MLP with cofilin-2 (CFL2), a muscle-specific protein that belongs to the actin
depolymerization factor (ADF)/cofilin family (Papalouka et al., 2009). Using biochemical
studies, we determined that the interaction of MLP with CFL2 enhances the CFL2-
dependent F-actin depolymerization, a finding with direct implications on actin cytoskeleton
dynamics (Papalouka et al., 2009). Stoichiometry of MLP/CFL2 was shown to be of
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importance, with changes in the MLP/CFL2 ratio resulting in either enhancement or
suppression of the MLP effect on CFL2-dependent F-actin depolymerization, supporting the
dynamic nature of this reaction. In agreement to this, a recent study has also demonstrated
the impact of MLP on the actin cytoskeleton dynamics, suggesting that it binds, stabilizes
and crosslinks actin filaments into bundles (Hoffmann et al., 2014). Similarly, CRP1 and
CRP2 have been described to influence actin filament bundling (Grubinger and Gimona,
2004; Tran et al., 2005; Jang and Greenwood, 2009), thus suggesting a common molecular
mechanism of this protein family in regulating the actin cytoskeleton.

7. CSRP3in human disease

The critical role of MLP in striated muscle function is evident by the major implications of
its absence or aberrant function. A range of CSRP3 mutations (10 missense and 1
frameshift) have been published and associated with the development of DCM or HCM (Fig.
2)(Geier et al., 2003; Mohapatra et al., 2003; Bos et al., 2006; Geier et al., 2008;
Hershberger et al., 2008). Interestingly, all known mutations are located within the first 100
amino acids of the protein, but none within the C-terminus. The publicly available single
nucleotide polymorphisms (SNPs) database (NCBI dbSNP Build 142, http://
www.nchi.nlm.nih.gov/snp/) includes 13 rare non-synonymous and 5 synonymous SNPs,
with a frequency less than 1:1000 in Caucasians. These SNPs correspond to the MLP protein
region between amino acid residue 115 and the C-terminus, however, their functional
significance is currently unknown and no correlation with human disease has been reported.
In other databases, such as the Exome Variant Server (http://evs.gs.washington.edu/EVS/)
and ExAc Browser (http://exac.broadinstitute.org/about), many different but rare CSRP3
variants of currently unknown function are reported. The increasing use of high throughput
technologies, such as next generation sequencing, for the study of large, well-characterized
population and patient cohorts, will shed light to these open questions. Overall, the data
published to date suggest a key role of the MLP N-terminus, with alterations in its sequence
leading to significant aberrations in the corresponding molecular functions and ultimately
the development of a severe cardiac pathology.

In agreement with this notion, nearly half of the reported mutations in patients are located
within the N-terminus. The most common MLP mutation in cardiomyopathy patients is the
WI4R. It was originally reported in 2002 by Knoll et al. (Knoll et al., 2002b), and has since
been detected in patients of different ethnic origins (Mohapatra et al., 2003; Newman et al.,
2005; Bos et al., 2006; Geier et al., 2008; Knoll et al., 2010). Biochemical analysis
determined that this mutation leads to complete loss of binding to T-cap and causes
mislocalization of T-cap from Z-disc, supporting the significance of MLP and T-cap
interactions in Z-disc stability (Knoll et al., 2002b). It is of interest that the W4R mutation
has been found in both DCM and HCM patients (Knoll et al., 2002b; Mohapatra et al., 2003;
Newman et al., 2005; Bos et al., 2006; Geier et al., 2008). While the underlying mechanisms
mediating the variable clinical outcome is unclear, it has been proposed to implicate
modifier gene variants and/or epigenetic factors (Knoll et al., 2010). For example, in some
cases MLP mutations have been detected in conjunction with genetic variants in other
myofilament-encoding genes (e.g. MLP-WA4R and beta myosin heavy chain or myosin
binding protein C variants) (Bos et al., 2006).

Gene. Author manuscript; available in PMC 2019 July 26.


http://www.ncbi.nlm.nih.gov/snp/
http://www.ncbi.nlm.nih.gov/snp/
http://evs.gs.washington.edu/EVS/
http://exac.broadinstitute.org/about

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vafiadaki et al.

Page 8

Although a large number of MLP mutations have been associated with DCM and HCM, few
have been functionally characterized. In addition to W4R, examples include the C58G and
the K69L mutations. Functional characterization of the C58G mutation initially determined
that the mutant MLP protein shows reduced binding to N-RAP and a-actinin in vitro (Geier
et al., 2003; Gehmlich et al., 2004). However, in vivo observations in myocardial biopsy and
in transfected mammalian cells suggest that C58G-MLP exhibits reduced stability due to
enhanced ubiquitin-dependent proteasomal degradation (Geier et al., 2008). These findings
led to the hypothesis that the relative lack of functional MLP protein rather than the presence
of the C58G mutation is causative of heart disease (Geier et al., 2008). The K69L mutation
on the other hand, is within the predicted nuclear localization signal of MLP. Analysis in cell
culture systems demonstrated that MLP-K69L exhibits altered subcellular distribution, with
predominant perinuclear localization (Mohapatra et al., 2003). MLP LIM1 domain is also
involved in a-actinin binding and K69L-MLP is not co-precipitated with wild-type a-actinin
(Mohapatra et al., 2003). Additionally, the lysine residue at position 69 is predicted to be
acetylated. Consequently some of the molecular and cellular aberrations observed in these
patients could be attributed to the altered acetylation of this mutant MLP.

In addition to gene mutations, alterations in MLP levels or oligomerization have also been
associated with human cardiac disease. Specifically, MLP is significantly down regulated at
the protein level in chronic heart failure patients with dilated or ischemic cardiomyopathy
(Zolk et al., 2000). Reduced levels of MLP may play an essential role in myofibril
derangement or impaired myofibril rearrangement in the human failing myocardium, thus
promoting deterioration of contractile function (Zolk et al., 2000). Interestingly, MLP
MRNA levels were not altered in these patients, suggesting that the changes occurred at the
translational level and were proposed to reflect decreased MLP synthesis or enhanced MLP
protein turnover (Zolk et al., 2000). Noteworthy, mechanical support of the failing heart with
left ventricular assist device could not restore MLP protein levels in the myocardium of
DCM patients (Gehmlich et al., 2008).

Aberrations in MLP oligomerization have also been associated with cardiac disease.
Specifically, MLP oligomers are reduced in human failing hearts with a concomitant
increase in monomeric MLP levels (Boateng et al., 2007). This decline in oligomeric,
cytoplasmic, MLP is hypothesized to impair the cardiomyocyte mechanical sensor
mechanism, a defect known to disrupt cardiac function to give rise to heart disease (Boateng
et al., 2007).

Beyond heart disease, deregulation of MLP levels has also been reported in different skeletal
muscle diseases, including facioscapulohumeral muscular dystrophy, nemaline myopathy
and limb girdle muscular dystrophy type 2B (Winokur et al., 2003; von der Hagen et al.,
2005; Sanoudou et al., 2006). The reason and implications of these expression changes
remain largely unknown; they could be an unsuccessful compensatory mechanism against
the widespread structural disarray encountered in the affected skeletal muscles, or a
reflection of the impaired myogenic process that is sometimes observed. In parallel to MLP,
we have demonstrated that the MLP-b isoform may also be abnormally expressed, and/or the
physiologically important MLP:MLP-b ratio disturbed in different neuromuscular diseases
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(e.g. limb girdle muscular dystrophy type 2A, Duchenne muscular dystrophy and
dermatomyositis) (Vafiadaki et al., 2014).

Delineating the precise role of MLP in all these different settings would allow a deeper
understanding of the different pathogenetic mechanisms and potentially the utilization of
MLP as a therapeutic target.

8. Deciphering the role of MLP in cardiac muscle pathophysiology through

animal model studies

The utilization of animal models has provided valuable evidence on MLP’s functional
significance in striated muscle pathophysiology. The generation of a mouse model lacking
MIp (MLP-/-) demonstrated the essential role of this protein in mammalian striated muscle
(Arber et al., 1997). Although both skeletal and cardiac muscles were affected by MLP
deficiency, defects were most dramatic in the latter. MLP-/- mice initially exhibit defects in
passive muscle mechanics, followed by severe cardiac dysfunction including alterations in
cardiac pressure and volume, leading to the development of dilated cardiomyopathy with
hypertrophy and progressive heart failure (Arber et al., 1997; Esposito et al., 2000; Omens et
al., 2002; Lorenzen-Schmidt et al., 2005). At the histological level, MLP deficiency leads to
a dramatic disruption of cardiomyocyte cytoarchitecture with a pronounced myofibril
disorganization, abnormal alignment of Z-discs and significant fibrosis that justify the
described abnormalities in the intrinsic contractility of these hearts (Arber et al., 1997; Su et
al., 2001). Further aberrations relate to the intercalated disc ultrastructure and the alignment
of costameres, which suggest defects in cell-matrix and cell—cell contact structures in
cardiomyocytes lacking MLP (Ehler et al., 2001; Wilson et al., 2014). This was associated
with an up-regulation of intercalated disk proteins including N-RAP, p-catenin, vinculin and
plakoglobin, while levels of the gap-junctional protein connexin-43 were reduced (Ehler et
al., 2001). Overall, the structural defects triggered by MLP deficiency were proposed to
indicate that deficits in cytoarchitectural organization lead to impaired cell and tissue
tension. Consequently, upon hypertrophic stimuli, MLP deficient cardiomyocytes expand but
fail to generate sufficient tension to control hypertrophic responses, leading to a chronic
hypertrophic state and dilated cardiomyopathy (Arber et al., 1997).

Intriguingly, the absence of MLP led to local loss of mitochondria and energy deficiency,
indicating a direct link between cytoskeletal defects and energy metabolism (van den Bosch
et al., 2005). Alterations in intracellular calcium handling and defects in excitation-
contraction coupling were also described (Esposito et al., 2000; Su et al., 2001; Kemecsei et
al., 2010). The role of calcium appears to be of utmost importance in the process of
pathogenesis: the absence of the SR calcium uptake regulator phospholamban (PLN) in a
double knockout model of MLP and PLN, rescued the morphological and ultrastructural
defects associated with MLP ablation including myofibrillar disarray and fibrosis, and
enhanced cardiac function (Minamisawa et al., 1999). This phenotypic rescue was lifelong
and prevented the onset of DCM (Minamisawa et al., 1999). Following this pioneering study,
a number of different mouse models have been crossed with the MLP—/- in order to assess
the effect of different molecular players and mechanisms in reversing the MLP-/—phenotype
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(Rockman et al., 1998; Heineke et al., 2005; Yamamoto et al., 2007; Fajardo et al., 2013).
Ablation of p2-adrenergic receptor (B2-AR) was effective in rescuing MLP—/— mice from
cardiomyopathy, by enhancing myocyte shortening, improving Ca%* availability, restoring
cardiac function and survival (Fajardo et al., 2013). The vulnerability of MLP—/- hearts to
B2-adrenergic stimulation points up the importance of MLP in regulating myofilament
contractility. The double knockout mouse model of MLP and calcineurin, a calcium/
calmodulin-dependent protein phosphatase, resulted in increased apoptosis, decreased left
ventricular function, enhanced fibrosis and cardiomyopathy. Conversely, modest calcineurin
overexpression in MLP—/- mice improved cardiac function and reduced fibrosis (Heineke et
al., 2010). Since calcineurin is involved in transcriptional control of myocyte hypertrophy
through MEF2 (Olson and Williams, 2000) and MLP cooperates with the same factor (Ji et
al., 2009), it could be postulated that calcineurin overexpression restores transcriptional
regulatory functions of MLP.

Besides ablation of MLP, a transgenic mouse model with cardiac-specific overexpression of
MLP has also been described (Kuhn et al., 2012). These transgenic mice exhibit normal
contractile function and show no pathological phenotype, under baseline conditions. MLP
overexpression did not modulate cardiac hypertrophy induced by transverse aortic
constriction or chronic infusion of angiotensin-11 (Kuhn et al., 2012), suggesting that cardiac
overexpression of MLP in vivo does not influence response to different forms of
pathological stress.

Apart from the levels of MLP, its structural integrity is also of paramount importance in
normal cardiac function. In order to understand how human CSRP3 mutations lead to heart
disease, knock-in mouse models are being used. For example, studies on the knock-in mouse
harboring the human W4R mutation proved that it suffices to induce HCM and heart failure
(Knoll et al., 2010). This is at least partly mediated by increased nuclear and reduced Z-disc
localization of MLP, myocardial disarray and significant fibrosis (Knoll et al., 2010).

Alterations in nucleocytoplasmic shuttling have also been implicated in hypertrophy and
heart failure, independently of mutations (Boateng et al., 2009). It has been hypothesized
that MLP becomes mislocalized after prolonged mechanical overload, resulting in impaired
mechanosensing in cardiomyocytes and promotion of hyperthrophy. Indeed, in the ventricles
from aortic-banded and myocardially infarcted rat hearts, nuclear MLP increased by twofold
(Boateng et al., 2007). The reduced levels of cytoplasmic MLP may be part of a “declining
mechanosensor” phenomenon. Importantly, the translocation of MLP to the nucleus was
shown to lead to stimulation of ribosomal protein synthesis and hypertrophic marker brain
natriuretic peptide (BNP), processes associated with hypertrophy. Conversely, inhibition of
the MLP translocation to the nucleus, by synthetic peptides, led to sarcomeric disarray and
decreased a-actinin expression (Boateng et al., 2009). MLP localization as well as its
nucleocytoplasmic shuttling potential appears to be associated with the MLP oligomeric
state, as shown in rats either after myocardial infarction or aortic banding (Boateng et al.,
2007).

While a large number of studies have focused on mouse as animal model, additional animals
have also been generated for MLP. No report on zebrafish being utilized as animal models
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for MLP has been described so far but studies using Drosophila have resulted in highly
concordant data to mouse. Genetic ablation of MIp84B, the Drosophilahomolog of MLP,
was associated with pupal lethality and impaired muscle function (Clark et al., 2007), with
significantly reduced muscle stiffness and decreased power generation (Clark et al., 2011).
The cardiac-specific ablation of MIp84B resulted in decreased lifespan, impaired diastolic
function and disturbances in cardiac rhythm. Surprisingly, deficiency of MIp84B did not
result in major structural abnormalities, a finding that was proposed to reflect either that loss
of MIp84B does not compromise muscle structure, or that subtle structural defects may exist
and suffice to induce muscle failure (Clark et al., 2007; Mery et al., 2008).

Collectively, findings from numerous animal model studies have provided valuable insights
into the functional significance of MLP in striated muscle physiology and pathophysiology.

9. Conclusions

MLP is a fascinating molecule, specifically expressed in striated muscles, yet implicated in a
broad range of functions therein. Its two LIM domains enable interactions with multiple
other proteins, and together with the nuclear localization signal, place it at diverse
subcellular locations. In vitro and in vivo experiments have demonstrated that beyond its
somewhat anticipated complex structural and myogenic role, it is indirectly related to
calcium homeostasis and mitochondrial energy metabolism. Importantly, MLP deficiency,
and aberrant structure, localization or oligomerization, can give rise to pathological
phenotypes across species. It has therefore been evolutionary conserved and possesses
irreplaceable functional attributes. Despite the extensive investigations, a lot remains to be
discovered on MLP, such as the potential existence of other binding partners or MLP
isoforms and their roles, the full implications of its oligomerization, post-translational
modification, and how different conditions regulate its nucleocytoplasmic shuttling. At the
clinical level, MLP could serve not only as a diagnostic marker (disease specific mutations),
but also as a potential prognostic marker. For instance, MLP is released in blood circulation
of patients after myocardial infarction and could therefore serve as a biomarker for
myocardial infarction (Cordwell et al., 2012). Taking into account the direct relation of MLP
to disease and its multitude of functions, therapeutic strategies targeting any of these could
potentially help alleviate muscle dysfunction.
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Highlights
MLP is a key regulator of striated muscle physiology

Multiple binding partners and localization dictate MLP’s structural and
myogenic role

MLP mutations and aberrant expression are implicated in striated muscle
pathology

Oligomerization regulates MLP nucleocytoplasmic shuttling, physio/
pathological functions.
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168

128

Bioinformatical predictions of phosphorylation sites in MLP protein sequence. Graphical

output showing multiple serine, threonine or tyrosine residues with predicted

phosphorylation potential above the threshold. Bioinformatical analysis was performed
using the publicly available NetPhos 2.0 Server (http://www.cbs.dtu.dk/services/NetPhos/)

(Blom et al., 1999).
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Fig.2.

Diagrammatic representation of MLP illustrating the location of published human mutations.
The positions of the two LIM domains (LIM1 and LIMZ2) as well as the nuclear localization
signal (NLS) are indicated.
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