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Abstract Muscle LIM Protein (MLP) is small, just 198

amino acid long protein, which is specifically expressed in

slow skeletal muscle and cardiac tissues. This article will

focus on the cardiac functions of MLP: the current

knowledge about localisation data, binding partners and

animal models for the protein will be summarised, and the

role of MLP in maintaining a healthy heart be discussed.

This review will furthermore attempt to identify gaps in our

knowledge—and hence future research potential—with a

special focus on MLP’s role in cardiac mechano-signalling.
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Since Muscle LIM Protein (MLP) was first described in 1994

(Arber et al. 1994), almost a hundred articles have been

published on the protein, many interaction partners identi-

fied, several localisations described and relation to diseases

established in both mice and humans. However, we still do

not fully understand the precise functions of the protein. In

particular, more recent publications have highlighted that we

need to critically re-asses our current knowledge about

MLP’s role in the healthy and diseased heart.

This article will summarise what we know about this

small, just 198 amino acid long protein and its role in

maintaining a healthy heart.

MLP in cardiac disease

A knock-out of the CSRP3 gene coding for MLP was pre-

sented in 1997 by Arber and colleagues. The animals were

viable, but had cardiac phenotypes: a subset of the MLP-/-

mice died with in the first two weeks (‘‘early phenotype’’)

due to congestive heart failure. The remaining animals

survived until adulthood and developed a late phenotype

resembling dilated cardiomyopathy in humans. Signs of

cardiac hypertrophy as shown by an induction of a foetal

gene expression programme were evident in both groups of

animals. A more detailed examination of the adult MLP+/-

mice revealed abnormalities at the intercalated disc (Ehler
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et al. 2001), accompanied by an up-regulation of adherens

junction proteins, down-regulation of the gap junction pro-

tein connexin-43 and a more convoluted appearance of the

intercalated disc. In contrast, heterozygous MLP+/- mice do

not display an overt phenotype, but are characterised by

attenuated cardiac remodelling after myocardial infarction

(Heineke et al. 2005).

The first observation that MLP might be implicated in

human cardiac disease was reported by Zolk et al. (2000),

who showed a significant reduction in MLP protein levels in

human failing heart. The effect was found in cardiac sam-

ples from both dilated and ischemic cardiomyopathy

patients, suggesting that reduced MLP protein levels might

be a general marker for heart failure. Unfortunately, the

huge variability of MLP protein content in non-failing

control hearts (Zolk et al. 2000, and Fig. 1) preclude using

MLP levels for diagnostic purposes in the case of heart

failure. When we investigated MLP expression in non-

failing versus DCM heart samples, we only found slightly

reduced levels of MLP in the failing hearts (Fig. 1). Inter-

estingly, mechanical support of failing hearts with left

ventricular assist devices (VAD) did not restore MLP levels

but decreased them in the majority of patients (Fig. 1).

Subsequently, mutations in the human CSRP3 gene

coding for MLP were associated with cardiomyopathies: A

MLP W4R missense mutation was reported in some DCM

patients (Knöll et al. 2002), and several missense mutations

(MLP L44P, S46R, S54R/E55G, C58G) were described in

patients suffering from HCM (Geier et al. 2003). A

remarkable feature of HCM caused by these MLP muta-

tions—and of HCM in general—is the mostly delayed

onset of disease. This indicates that altered homeostasis of

MLP levels or functions may precede the eventual devel-

opment of structural changes seen in overt HCM

(Gehmlich et al. 2004; Geier et al. 2008).

Linkage analysis in large German families has dispelled

any doubt about the causative role of MLP in HCM (Geier

et al. 2008), however the association of the MLP W4R

mutation with human disease has remained less clear: the

mutation was reported in both DCM and HCM patients

(Bos et al. 2006). The low penetrance in affected families

(Geier et al. 2008; Knöll et al. 2002), and the occurrence of

the mutation in healthy controls (Bos et al. 2006; Geier

et al. 2008) suggest that the MLP W4R mutation should

rather be understood as a polymorphism, possibly with

(negative) disease modifying potential.

MLP localisation and binding partners

To understand the mechanism how MLP mutations cause

cardiac disease in humans, functional differences between

wild-type protein and the mutated versions have to be estab-

lished. A prerequisite for such comparative studies is to

identify the functions of wild-type MLP in the healthy heart.

Both, localisation data and information about binding partners

may provide means to elucidate particular MLP functions.

MLP was demonstrated to bind to a variety of muscle-

specific proteins: It interacts with the Z-disc proteins telethonin

(also called T-Cap, Knöll et al. 2002) and alpha-actinin

(Gehmlich et al. 2004). It binds to N-RAP at the intercalated

disc (Ehler et al. 2001), to beta-spectrin at the costameres

(Flick and Konieczny 2000), and to MyoD and other tran-

scription factors in the nucleus (Kong et al. 1997). On top of

that, numerous additional binding partners have been identi-

fied in in vitro or yeast two hybrid experiments: MLP can

interact with itself (Zolk et al. 2000), with other LIM domain

proteins such as zyxin (Louis et al. 1997), with kinases, e.g.,

integrin linked kinase (Postel et al. 2008) and with other

enzymes such as histone deacetylases (Gupta et al. 2008).

Fig. 1 Expression of MLP in myocardial samples of DCM patients.

A MLP and alpha-actinin were detected by Western blotting in eight

samples of non-failing hearts (NF) and 19 samples of end-stage DCM

hearts, ten without (DCM) and nine with left ventricular assist device

support (VAD), respectively, for experimental details see Gehmlich

et al. 2007; B Quantification of MLP in myocardial samples: both

MLP and alpha-actinin levels were determined by densitometry

(Biorad QuantityOne software) and expression levels of alpha-actinin

were used to normalise MLP contents of the samples. The box plots

visualise minimum, maximum, quartiles and mean left of the

individual samples. MLP is significantly reduced in samples with

left ventricular assist device support, compared to both non-failing

and DCM hearts without mechanical support, (NF vs DCM:

p = 0.19)
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Whether all of these protein-protein interactions are function-

ally relevant in vivo remains to be proven: it is known that

LIM domain proteins such as MLP may exhibit a certain

degree of low affinity, unspecific binding in the test tube.

Therefore, theproof ofco-localisation of MLP and its ligands is

the first evidence of the functional relevance of an interaction.

Unfortunately, the data about MLP localisation are not as

straightforward as one would expect. MLP has been

reported to be either a Z-disc protein (Knöll et al. 2002), or

a doublet flanking the Z-disc (Arber et al. 1997). Beyond

these sarcomeric localisations, both nuclear and costameric

localisations were suggested (Boateng et al. 2007; Flick and

Konieczny 2000). The use of polyclonal rabbit anti-sera in

these studies may explain such contradicting findings, since

these antibodies have the risk of additional unspecific

reactivity, especially if they are not thoroughly character-

ised. A newly generated mouse monoclonal antibody 79D2

against MLP may have overcome this problem (Geier et al.

2008): This antibody is specific for MLP, and does not

cross-react with closely related cysteine rich proteins CRP1

or CRP2. Careful characterisation has shown that this

antibody recognises the human and rodent MLP in Western

blot, immuno-precipitation and immuno-fluorescence

applications, and antigen-blocking assays have proven the

specificity of the observed signals. Surprisingly, this anti-

body indicates that MLP is a diffuse cytoplasmic protein

with very little preference for sarcomeric structures in the

myocardium. Its loose association with the sarcomere has

been underlined by extraction experiments. MLP is easily

extracted from cardiomyocytes by mild detergent treatment,

i.e. under conditions which do not allow the extraction of

sarcomeric proteins (Geier et al. 2008). Additional support

for a mostly diffuse cytoplasmic localisation of MLP comes

from transfection studies. When a fusion protein of MLP

with a small immuno-tag, such as hemagglutinin (HA), is

expressed in neonatal rat cardiomyoctes, it shows a diffuse

cytoplasmic localisation (Fig. 2—top panel). Occasionally

observed Z-disc localisation of MLP fused with green

fluorescent protein (GFP) may thus have to be attributed to

the GFP portion (Fig. 2—bottom panel).

Redefining the role of MLP in mechano-signalling

In 2002, the concept of a cardiac stretch sensor emerged

(Knöll et al. 2002). Based on the observation that MLP-/-

cardiomyocytes are defective in brain natriuretic peptide

(BNP) induction upon mechanical stimulation, it was

Fig. 2 Transfection of different MLP constructs into neonatal rat

cardiomyocytes. Cells were transfected using HA-tagged MLP

protein (top row, a kind gift of Stephan Lange) or MLP-GFP fusion

protein (bottom row). 48 h post transfection cells were labelled for the

HA-tagged construct (top row first column), or GFP (bottom row first
column), a sarcomeric marker (second column: Z-disk alpha-actinin in

top row, M-band myomesin in bottom row). Merged pictures: MLP

green, sarcomeric marker red; scale bar represents 10 lm. Note that

transfected HA-labelled MLP protein is not confined to sarcomeric

structures, but rather diffusely distributed throughout cytoplasm, in

this particular case also excluding the nucleus. In comparison, MLP-

GFP fusion protein shows more preference for Z-disk localisation,

however this has to be attributed to the GFP portion of the fusion

construct (‘‘GFP stickiness’’)
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suggested that MLP is part of a cardiac stretch sensor

together with titin and telethonin. This concept was further

supported by several expression studies in striated muscle

systems, where changes in mechanical load are often

associated with changes of MLP expression.

However, the new data on the subcellular localisation of

MLP (Geier et al. 2008) demand a critical revision of this

concept: Whereas the giant titin protein spanning from

Z-disk to M-band is an ideal candidate molecule to sense

mechanical load, it is unclear how a cytoplasmic, not sar-

comeric-anchored protein like MLP could possibly be

involved in sensing mechanical signals. We suggest,

therefore, that MLP should rather be understood as a

downstream signal transducer in mechano-signalling

cascades. Several lines of evidence indicate that the NFAT-

calcineurin pathway is activated down-stream of mechan-

ical stimulation (Heineke et al. 2005), and MLP’s

interaction with PICOT might be involved in the control of

this cascade (Jeong et al. 2008). However, how exactly

MLP transduces signals in response to mechanical stress

remains to be explored. One hypothesis is that post-trans-

lational modifications of MLP may serve as a molecular

switch, among them protein phosphorylation or lysine

acetylation (Gupta et al. 2008). These might alter binding

affinities for ligands, and hence even lead to temporary

chances in protein localisation, e.g., from cytoplasmic to

nuclear predominance (Boateng et al. 2007).

Future research will have to address the molecular basis of

how healthy cardiomyocytes sense and respond to mechanical

stress. The analysis of disease situations, such as hypertrophic

cardiomyopathy, may help us explore signalling pathways/

molecules involved in this process. As access to human

patient material is limited, animal models will be useful tools

to dissect mechano-signalling pathways in the heart.
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