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GENERAL DISCUSSION 

 

Although MEF2 has been described as a common end-point for several 

prohypertrophic signaling cascades in the heart [1-3], the direct consequences of 

MEF2 activation in cardiac muscle remained to be demonstrated. The aim of this 

thesis was to dissect the functional role of MEF2 in the development of cardiac 

hypertrophy and heart failure. 

One central pathway that transduces intracellular prohypertrophic signals in 

heart muscle employs the Ca
2+

 activated phosphatase calcineurin [4]. MEF2 

transcription factors are activated downstream of cardiac calcineurin activity, but 

the precise mechanism of this activation remained to be determined [5, 6]. In this 

thesis, we demonstrated that MEF2 transcriptional activity in the heart is induced 

by recruiting the well-described calcineurin target NFAT (Chapter 2), a process 

earlier identified in T-cells [7]. This observation is reminiscent of the cooperative 

interaction between MEF2 proteins and myogenic basic helix-loop-helix factors in 

skeletal muscles [8] and between MEF2 proteins and GATA factors in cardiac 

muscles [9], and it suggests that MEF2 factors interact with a range of transcription 

factors to optimize gene expression. Given the overlapping expression patterns of 

MEF2 and NFAT factors in smooth muscle, skeletal muscle, cardiac muscle, and 

the central nervous system, the NFAT/MEF2-dependent pathway described in this 

work suggests the existence of this molecular paradigm for Ca
2+

/calmodulin 

signaling in excitable tissue. 

We analyzed MEF2 transcription factor function in adult cardiac muscle, 

starting from the premise that MEF2 would be primarily involved in the initial 

hypertrophic remodeling phase of the heart muscle [10]. However, a Cre/LoxP-

dependent approach to antagonize cardiac MEF2 transcriptional activity prevented 

calcineurin induced ventricular chamber dilation and cardiac dysfunction, with 

minor effects on cardiac growth (Chapter 2). Furthermore, transgenic mice 

overexpressing MEF2A in the heart displayed ventricular chamber dilation, an 

observation recently confirmed by others [11]. These results are in line with our 

data obtained from in vitro experiments, as we observed an elongated morphology 

of cultured cardiomyocytes associated with disassembly of myofibril components, 

which affected both M-band and Z-disc components, and redistribution of focal 

adhesion sites upon increasing MEF2 transcriptional activity (Chapter 3). 

Many cardiomyopathic conditions share the common characteristic of myofibril 

degeneration, which contrasts the promotion of sarcomere organization during 

early phases of cardiac hypertrophy [12-14]. Alterations in myofibrillar architecture 

and focal adhesion sites are also observed in cardiomyocytes from MLP knockout 

mice and tropomodulin-overexpressing transgenic mice, two models with severe 

chamber dilation [15]. Cardiomyocytes from these mice present striking alterations 
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of their cell-matrix as well as their cell-cell contacts. Isolated myocytes from these 

cardiomyopathic models elicit a more irregular shape compared with their wild-type 

counterparts [16], which may serve to increase the number of focal contacts 

between neighboring cells. Specifically, the costameric protein vinculin showed 

patchy staining near the plasma membranes in MLP null cardiomyocytes compared 

with the regular well-ordered striations that are observed at the membrane of 

wildtype cardiomyocytes [16]. These differences in vinculin subcellular distribution 

resemble the changes observed in our study on vinculin localization in hypertrophic 

and elongated myocytes following MEF2 activation. Increased expression of 

extracellular matrix components, and a general upregulation of vinculin has also 

been described in patients with DCM [13, 17], suggesting that this phenomenon 

might not be restricted to mouse models for this disease. 

Although overexpression of (truncated mutants of) transcription factors 

harbors the risk of unwanted transcriptional squelching, the consistency in opposite 

phenotypes we observed using our combinatorial dominant-negative versus gain-

of-function models for MEF2 transcriptional activity justifies the overall conclusions 

drawn in this thesis. These results suggest that MEF2 promotes symptoms that are 

more compatible with later manifestations of cardiac disease, which extend beyond 

and stem from initial pathological cardiac growth, namely chamber dilation, 

mechanical dysfunction, and end-stage heart failure. This conclusion is further 

underlined by microarray analyses described in Chapter 2 and 3, which were 

performed to gain mechanistic insights into the cardiomyopathic remodeling 

processes. Namely, the classification profiles of MEF2 target genes secondary to 

cardiac calcineurin stress signaling correlate well with those observed in gene chip 

analysis of human end-stage idiopathic dilated cardiomyopathy [18] and with the 

most characteristic pathological features of human end-stage dilated 

cardiomyopathy, which include a dynamic redistribution of cytoskeletal structures, 

extensive fibrosis, and extracellular alterations in mitochondria number and 

morphology [13]. In contrast, the classification profiles of MEF2 target genes 

identified revealed surprisingly little overlap with those observed with massive 

hypertrophic remodeling in early pressure overload (http://cardiogenomics. 

med.harvard.edu). The mere existence of a genetic pathway specifically underlying 

ventricular dilation will be of fundamental clinical and therapeutic interest. 

One very interesting gene identified in this thesis by microarray analysis, using 

an inducible MEF2 activity assay in a novel cardiomyocyte cell line [19] to screen 

for early target genes, is myotonic dystrophy protein kinase (DMPK). We 

demonstrated that DMPK is a direct transcriptional target of MEF2 and, more 

importantly, that knockdown of DMPK expression was sufficient to inhibit 

cardiomyocyte elongation and sarcomere disassembly in response to elevated 

MEF2 activity (Chapter 3). The progression of the inherited neuromuscular disease 
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myotonic dystrophy 1 involves an expansion of untranslated CTG repeats in the 3’ 

prime UTR of dmpk, which is believed to result in a pathological accumulation of 

RNA in the nucleus [20, 21]. However, the cardiac DM1 pathology may be more 

directly due to increased DMPK protein levels, rather than RNA toxicity [22]. In line, 

transgenic overexpression of DMPK in murine muscle evokes a heart failure 

phenotype associated with extensive myocyte disarray and interstitial fibrosis [23]. 

In this thesis, we identify DMPK as a direct transcriptional target of MEF2, 

promoting myocyte elongation, myofibril degeneration and polarized focal adhesion 

redistribution, changes of the heart muscle, which are characteristic of dilated 

cardiomyopathy, and we postulate that DMPK may serve as a promising 

therapeutic target for cardiomyopathic conditions. 

Given the similarities between the aspects of MEF2 induced cardiomyocyte 

remodeling and the cardiac phenotype of MLP knockout mice [16, 24], we 

examined the activation levels of MEF2 in MLP deficient hearts (Chapter 4). 

Expression of a MEF2 reporter transgene [25] was significantly enhanced in the 

absence of MLP protein. Although the molecular mechanism underlying this 

activation is unclear, plausible explanations do exist. Disruption of the gene for 

MLP leads to impaired cytoskeletal organization in cardiomyocytes [24]. Although 

the mechanistical link between disturbances of the cytoskeleton in individual 

cardiomyocytes and the progression to dilated cardiomyopathy is unclear, several 

studies have reported the involvement of impaired intracellular calcium 

homeostasis [26-28]. This could underlie the observed increase in MEF2 activity, 

as MEF2 is a well-known downstream effector of calcium signaling [1, 3]. In 

addition, calsarcin-1 has been found to interact with calcineurin at the Z-disc and 

mice lacking calsarcin-1 protein are sensitized to calcineurin signaling and display 

an accelerated progression to cardiomyopathy [29]. Calcineurin is known to 

activate MEF2 transcriptional activity in the heart [30]. Loss of Z-disc integrity by 

MLP deficiency has also been described to result in decreased calcineurin 

compartmentalization, although this was thought to result in inhibition of calcineurin 

activity [31]. 

Since cardiac MEF2 activity was strongly enhanced in homozygous MLP 

knockout mice, we analyzed whether MEF2 inhibition strategies would attenuate 

the severe dilated cardiomyopathy in this relevant mouse model. As our approach 

to inhibit MEF2 activity did not result in improvement of the dilated cardiac 

phenotype, we conclude that pathological cardiac remodeling in MLP deficient mice 

is independent of MEF2. Mechanistically, expression levels of DMPK, a MEF2 

transcriptional target involved in maladaptive cardiomyocyte remodeling (Chapter 

3), are unchanged in hearts from MLP knockout mice. Nevertheless, we cannot 

fully exclude that the inactivation potential of the dominant-negative transgene is 

insufficient to cope with the dramatic increase in MEF2 activity observed in hearts 
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of MLP deficient mice and that MEF2 target genes, other than DMPK, may be 

responsible for the onset of dilated cardiomyopathy in the MLP deficient 

myocardium. 

Next, we tested whether MEF2 would be involved in the genesis of dilation 

and severe cardiac dysfunction following a pathophysiological trigger, such as 

sustained biomechanical stress (Chapter 5). Therefore, we used our in vivo MEF2 

inhibitory strategy in pressure overload conditions (TAC). Unexpectedly, we 

observed a clear decrease in cardiac function in DNMEF2 mice at 5 weeks of 

pressure overload. Examination of PGC-1α transcript levels provided mechanistical 

insights into this phenomenon, as this demonstrated a decrease in PGC-1α 

expression after TAC and a lower level of PGC-1α transcripts in sham-operated 

DNMEF2 mice when compared to wildtype counterparts. PGC-1α expression is 

often upregulated in response to increased energy demand. In skeletal muscle, for 

example, swimming exercise results in activation of PGC-1α expression [32]. 

Nevertheless, earlier studies have reported decreased PGC-1α expression in 

response to aortic banding or in other models for cardiac disease [33-38]. MEF2 is 

known to bind and activate the PGC-1α promoter, especially when coactivated with 

PGC-1α itself [39]. Disruption of this autoregulatory loop by inhibition of MEF2 

transcriptional activity would be a plausible explanation for the lower PGC-1α 

transcript levels observed in our DNMEF2 mice at basal conditions. Furthermore, 

this basal reduction in PGC-1α expression can explain the accelerated heart failure 

development in DNMEF2 mice after aortic banding, as it has been shown that a 

certain threshold level of PGC-1α is critical for the heart to cope with enhanced 

stress [34, 40]. As PGC-1α is known to be the key regulator of mitochondrial 

biogenesis, the impaired cardiac adaptation in DNMEF2 mice could be caused by a 

decrease in functional mitochondria. 

Conclusively, data in Chapter 5 demonstrate that MEF2 inhibition, although it 

is clearly beneficial downstream of exclusive calcineurin activation, results in 

enhanced cardiac dysfunction due to impaired mitochondrial adaptation in the 

broad setting of pressure overload, and questions the use of MEF2 as a 

therapeutic target for cardiac disease. 
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