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Abstract

Rationale—The intercalated disc (ID) is a highly specialized cell-cell contact structure that
ensures mechanical and electrical coupling of contracting cardiomyocytes. Recently, the ID has
been recognized to be a hot spot of cardiac disease, in particular inherited cardiomyopathy.

Objective—Given its complex structure and function we hypothesized that important molecular
constituents of the 1D still remain unknown.

Methods—Using a bioinformatic screen, we discovered and cloned a previously uncharacterized
54 kDa cardiac protein which we termed Myozap (Myocardium-enriched ZO-associated protein).

Results—Myozap is strongly expressed in the heart and lung. In cardiac tissue it localized to the
ID and directly binds to desmoplakin and ZO-1. In a yeast-two hybrid screen for additional
binding partners of Myozap we identified myosin phosphatase-RhoA interacting protein (MRIP),
a negative regulator of Rho activity. Myozap, in turn, strongly activates SRF-dependent
transcription through its ERM (Ezrin/radixin/moesin)-like domain in a Rho-dependent fashion.
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Finally, in vivo knockdown of the Myozap orthologue in zebrafish led to severe contractile
dysfunction and cardiomyopathy.

Conclusions—Taken together, these findings reveal Myozap as a previously unrecognized
component of a Rho-dependent signaling pathway that links the intercalated disc to cardiac gene
regulation. Moreover, its subcellular localization and the observation of a severe cardiac
phenotype in zebrafish, implicate Myozap in the pathogenesis of cardiomyopathy.
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myocytes; cardiac; cardiomyopathies; serum response factor

Introduction

A unique morphological feature of cardiac muscle is the intercalated disc (ID), a highly
specialized cell-cell contact structure that connects individual cardiomyocytes. Several
independent substructures of the ID have been distinguished, including (i) desmosomes,
which link the intermediate filament apparatus of the cell, (ii) fasciae adhaerentes, to which
the actomyosin filament bundles are attached, and (iii) gap junctions, which allow free
movement of ions and small molecules between adjacent cardiomyocytes. Together, these
structures form a network of proteins which ensure mechanical and electrical coupling of
contracting cardiomyocytes (“functional syncytium”) (reviewed inl). Recently,
immunoelectron microscopy and biochemical studies have revealed that major constituents
of the desmosomes such as desmoplakin, plakophilin-2 and the cadherins can also be
detected in adherens junctions2. Correspondingly, typical components of adherens and gap
junctions were found to colocalize with desmosomal molecules3. Thus, it has been proposed
that in the heart these specialized cell-cell contact structures are merged in an “area
composita” (AC)2:4.

Given the critical importance of the intercalated disc for cardiac integrity and function, it is
perhaps not surprising that the ID has become a hot spot of inherited cardiac disease. In
particular, arrhythmogenic right ventricular cardiomyopathy (ARVC), has been coined a
“desmosome cardiomyopathy”®, since the majority of the ARV C-associated genes encode
for desmosomal 1D components6. Yet, the complex interplay of the multiprotein network of
the ID still remains poorly understood and it is likely that many critical ID components have
still not been identified to date.

In an effort to identify such novel cardiac ID components, we explored expressed sequence
tag (EST) databases for previously uncharacterized sequences with high abundance in
cardiac cDNA libraries. With this approach, we discovered a novel open reading frame
encoding for a 466 amino acid protein which we termed Myozap (Myocardium-enriched
Zo-1-interacting protein). Here we show that this cardiac-enriched protein colocalizes with
B-catenin, N-cadherin as well as plakophilin-2 at the intercalated disc and directly binds to
ID components such as desmoplakin and ZO-1. In addition, Myozap promotes serum-
response-factor (SRF)-signaling in a Rho-dependent fashion, while a newly identified
Myozap binding partner, MRIP (Myosin phosphatase-RhoA interacting protein), inhibits
this pathway. Finally, knockdown of myozap’s orthologue in zebrafish results in
cardiomyopathy with severe contractile dysfunction.

Materials and Methods

Experimental procedures for cloning and the subsequent bioinformatics, Northern blot
analysis and radioactive in situ hybridization, the generation of a Myozap-specific antiserum
and western blot analyses, immunofluorescence and immunoelectron microscopy, yeast two
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hybrid assays, tissue culture, immunoprecipitations, reporter gene assays as well as zebrafish
injection procedures, and fractional shortening measurement are provided in the online
methods supplement.

Statistical analyses of the data were carried out using ANOVA followed by Student-
Newman-Keuls post-hoc tests. If appropriate, Student’s t-test was employed (two sided,
assuming similar variances). P values <0.05 were considered statistically significant.

The authors had full access to the data and take full responsibility for their integrity. All
authors have read and agree to the manuscript as written.

Myozap is a highly conserved cardiac protein

In order to identify novel cardiac-enriched genes, we searched the expressed sequence tag
(EST) database for uncharacterized sequences predominantly found in cardiac cDNA
libraries’. Several of these ESTs corresponded to the UNIGENE cluster Mm.27585, which
we used to construct an open reading frame (ORF, GenBankTM accession number
bankit1213482, FJ970029) encoding for a 466 amino acid polypeptide with a calculated
molecular weight of 54.2 kDa (Figure 1A). A protein sequence alignment between the
putative human, mouse, rat, xenopus, and zebrafish Myozap homologues revealed high
evolutionary sequence conservation among mammalian species (Figure 1A). Molecular
cloning of human, murine and rat myozap confirmed the predicted amino acid sequences.

According to the draft of the human genome, myozap maps to chromosome 15¢g21.3 and
encompasses 13 exons, spanning a total of ~125.6 kb. Interestingly, the myozap gene is
located in close proximity to a gene termed GRINL1A. In fact, Myozap’s sequence has been
previously deposited in the NCBI databank under the denotation “Grinlla isoform 7”.
Moreover, it has been suggested that a common mRNA (Gcom) of Myozap/Grinlla7 and a
downstream part of the GRINL1A locus might exist®. However, utilizing rT-PCR
experiments with several primers, we could only detect two distinct transcripts (online figure
1), suggesting that Myozap and Gcom/Gdown are independent proteins. This notion is
further supported by the finding that no overlapping ESTs between Myozap and the
downstream gene Grinl1A exist in the database (online figure Il). Taken together, these
results make the existence of a common mRNA - at least at significant levels rather unlikely.
Nevertheless, in order to acknowledge that Myozap’s sequence has been deposited as
“Grinlla7”, we subsequently used the gene name “Myozap/Grinlla7”.

Myozap does not contain significant sequence homology to any other known protein.
However, between amino acids 181 and 348, myozap contains an ERM (Ezrin, Radixin, and
Moesin)-like domain (Figure 1B), which has been identified in several other proteins that
link the cell membrane and the cytoskeleton®.

Myozap/Grinlla7 is predominantly expressed in the heart

To determine myozap’s expression in different tissues, we performed multi-tissue Northern
blot experiments using mMRNA from various human and mouse tissues (Figure 2A). Human
Myozap mRNA is predominantly expressed in the heart, and to a much lesser degree in
skeletal muscle, placenta and lung. The murine Myozap/Grinlla7 gene displayed a similar
expression pattern, again with predominant expression in the myocardium. In order to be
able to analyze myozap on the protein level, an antiserum was generated in rabbits utilizing
a myozap-specific synthetic peptide. As myozap’s ERM-like domain suggested an
association with the cell membrane, we performed Western blot experiments with
membrane-rich fractions from various rat tissues. Myozap- and control-transfected HEK 293
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cells served as positive and negative controls. These experiments revealed strong synthesis
of myozap in the heart and in lung tissue at the predicted size of ~ 55 kDa, other tissues
examined were completely negative (Figure 2B). As an additional control, the same tissues
and cell culture extracts were subsequently probed with the antiserum in combination with
the synthetic peptide the antiserum was generated against. No significant signals could be
observed, confirming the specificity of the antiserum. To investigate myozap’s subcellular
distribution, we treated the membrane rich fraction with a Triton-containing buffer, which
yielded a Triton (detergent)-soluble fraction representing the membrane fraction and a
Triton-insoluble fraction rich in cytoskeletal proteinsif. In particular, the Triton-insoluble
fraction yielded significant bands for myozap in heart and lung tissue (Figure 2C).

To further examine myozap’s expression in the heart, in situ hybridizations of adult murine
cardiac tissue were performed which revealed an intense and specific signal throughout the
myocardium (Figure 2D). The coronary vasculature (v) was spared, consistent with a
cardiomyocyte-specific expression pattern.

Myozap expression is developmentally regulated

In order to investigate the developmental expression pattern of Myozap, we performed an
additional series of in situ hybridization experiments of staged mouse embryos at embryonic
days (ED) 8.0, 9.0, 11.5, 12.5, 15.5, as well as postnatal day (P) 1. At ED 8.0 of mouse
embryonic development, Myozap/Grinlla7 gene expression was confined to the embryonic
vasculature (Figure 3A, dorsal aortae, da). At ED 9.0, the vasculature still shows a strong
signal, including the dorsal aortae (da) and head veins (hv). In addition, the endocardium
(ec) of the outflow tract (ot) and the primitive ventricle (pv), were intensely stained, whereas
the myocardium was still negative at this timepoint (Figure 3B). At ED 11.5, not only the
vasculature including the ductus cuvieri (which subsequently develops into the vena cava),
but also the trabeculated myocardium (m) of the left ventricle revealed a strong
hybridization signal (Figure 3C). One day later, at ED 12.5 (Figure 3D), an intense signal
was observed throughout the entire myocardium (left ventricle, Iv, and left atrium, la).
Mesenchymal tissue within the lung (I) was also myozap-positive. At late embryonic stages
(ED15.5) and postnatal day 1(P1), a strong hybridization signal of the heart and lung was
maintained (Figure 3E&F), whereas expression in the vasculature had become undetectable.
Taken together, these findings indicate that Myozap/Grinlla7 expression undergoes
developmental regulation with a shift from a vascular and endocardial pattern to a strong
and specific myocardial staining.

Myozap is a novel component of the intercalated disc

Given myozap’s high protein levels in the myocardium, we next aimed to determine its
subcellular localization in isolated adult murine cardiomyocytes.Using the myozap-specific
antiserum, we detected a strong signal at the ID, as shown by colocalization with N-cadherin
(Figure 4A). In addition, a weak staining of the sarcomeric Z-discs (as determined by
colocalization with a-actinin) was observed (data not shown).

In sections of intact mouse heart tissue myozap was again predominantly found at
intercalated discs where it colocalized with N-cadherin (Figure 4B, upper panels). Myozap
also colocalized with plakoglobin and plakophilin-2, two prototypical area composita
proteins (Figure 4B, lower panels). These data were further corroborated by immunoelectron
microscopy analyses on cryosections through bovine hearts. Again, the myozap-specific
antiserum was used, followed by an incubation step using a nanogold-coupled secondary
antibody. We observed an intense signal at the cell-cell junctions between adjacent
cardiomyocytes, further supporting the notion that myozap is a novel component of the ID
(Figure 4C).
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Myozap interacts and colocalizes with desmoplakin

Given myozap’s ID localization, we examined whether it binds to other known ID proteins,
such as desmoplakin, plakoglobin and plakophilin-2. Co-immunoprecipatitation experiments
failed to demonstrate a direct interaction of myozap with plakophilin-2 and plakoglobin
(data not shown). In contrast, experiments with transfected HEK293T cells revealed an
intense co-precipitation of desmoplakin with myozap, while no specific band was observed
with empty vector alone (Figure 5A). The positive co-immunoprecipitation could be
confirmed with endogenous proteins derived from adult mouse heart lysates (Figure 5B).
Moreover, these findings were further supported by the colocalization of both proteins at the
ID in immunostainings of adult bovine myocardium (Figure 5C).

Myozap binds to ZO-1 (zonula occludens-1) and colocalizes with the actin cytoskeleton

Next, we performed a yeast two-hybrid screening (Y2H) experiment to discover additional
protein interaction partners of myozap. From this screen, several putative binding partners
were identified, including zonula occludens-1 (ZO-1) and the Rho-inhibitor MRIP (Myosin
phosphatase RhoA interacting protein). ZO-1 has been suggested to be a scaffold protein
linking the actin cytoskeleton and structures of adherens and tight junctions'. In
cardiomyocytes, ZO-1 has been shown to be part of the area composita of the intercalated
disc3. In order to confirm the interaction with Myozap, immunoprecipitation experiments
were performed. using a ZO-1 antibody and Myozap antiserum. The results reproduced the
interaction between the two proteins (Figure 6A) and immunostaining of adult mouse heart
cryosections revealed a colocalization of both proteins at the ID (Figure 6B).

To further analyze which domains of myozap are sufficient to bind to ZO-1, we generated
several deletion clones (Figure 6C) and again performed yeast two hybrid experiments to
determine a potential interaction. The deletion variants, myozap full length or the empty
pDest22 vector (activation domain) were transformed together with ZO-1 (cloned into the
pDEST32 DNA-binding domain vector) into yeast. Only the deletion constructs
myozap1-348, myozap91-250, myozap91-300 and myozap full length together with ZO-1
were able to grow on histidine lacking medium, suggesting that myozap’s amino acids 91 to
250 represent the minimal domain necessary to bind to ZO-1.

Given the ability of ERM proteins to bind to filamentous actin, we next tested whether full
length Myozap colocalizes with actin. The use of an actin co-sedimentation assay as direct
proof of a potential actin-myozap interaction was precluded due to spontaneous
sedimentation of myozap during ultracentrifugation (data not shown). Therefore, COS7 cells
were transiently transfected with HA-tagged myozap. Subsequent coimmunostaining with
TRITC-labeled phalloidin for actin filaments and anti-myozap revealed colocalization of
both proteins at the actin cytoskeleton (Figure 6E). To further corroborate these results, the
experiment was repeated in isolated adult rat cardiomyocytes. Here, a colocalization of
myozap with actin could be seen at ID where actin anchors at high densities to the cell
membrane (Figure 6F).

Myozap induces Rho-dependent SRF signalling and binds to the Rho-Inhibitor MRIP

The Y2H screen also revealed a direct interaction between myozap and myosin phosphatase
Rho-interacting protein (MRIP, its murine homologue is named p116RiP), which binds to
Rho and inhibits Rho-dependent SRF signalling!2. A coimmunoprecipitation experiment
was performed in MDCK (Madin-Darby canine kidney) cells which again confirmed the
interaction between the two proteins (Figure 7A). Moreover, both proteins colocalized at the
cell membrane as well as with cortical actin as shown by immunostaining (Figure 7B). For
further interaction domain mapping, we cloned several myozap deletion variants (Figure
7C). A yeast two hybrid retransformation interaction assay was performed by
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cotransforming either one of the deletion variants, myozap full length or empty vector
together with MRIP3. The minimal domain of myozap necessary for binding MRIP3 was
identified between amino acids 91 and 250 which includes parts of the ERM-like domain
(Figure 7D).

Next, we investigated whether Myozap might have an impact on Rho-dependent signalling
which has been shown to stimulate the transcriptional activity of SRF13,. Myozap and a
luciferase reporter gene driven by the SRF-dependent sm22-promoter14:1°, were
overexpressed in HEK293T cells. Myozap strongly activated the sm22-promoter (~6.7 fold).
Conversely, the addition of C3-transferase from Clostridium botulinum, which inhibits Rho
via ADP-ribosylation of the GTPase, markedly attenuated sm22 activity (—76.7%, Figure
7E). In addition, HEK293T cells were cotransfected with myozap, MRIP and the sm22-luc
reporter. Again, Myozap activated the sm22-promoter, whereas the addition of MRIP led to
significant attenuation of sm22 activation (Figure 7F). Baseline promoter activity was not
significantly affected by either C3-transferase or MRIP. Thus, myozap robustly induces
SRF-dependent transcription, while its direct binding partner MRIP inhibits this activation.

In order to determine which domain of myozap induces the sm22-promotor, we used the
same deletion fragments shown in Figure 7C as well as full length Myozap (MyozapFL).
Myozap or its deletion variants were co-transfected with the sm22-promoter luciferase
reporter. All constructs except Myozap1-181 and Myozap348-466 significantly activated the
sm22-promoter (Figure 7G). Interestingly, the minimal activation domain localizes to the
center of the ERM-like domain. Moreover, Myozap appears to specifically target SRF-
dependent signalling, since MEF2, another basic loop helix transcription factor, was not
significantly activated (online figure I1).

Knockdown of Myozap in zebrafish causes cardiomyopathy

To assess the role of Myozap in vivo, we performed morpholino-modified (MO) antisense
oligonucleotide-mediated knockdown experiments of the Myozap orthologue in zebrafish.
We characterized embryos injected with MO1-control and MO2-myozap, the latter of which
leads to an abnormal splice product (exon skipping, 95bp) and thus to premature termination
of translation of zebrafish Myozap (zMyozap). MO-control injected zebrafish displayed
normal morphology at 48 hpf (hours post fertilization) (Figure 8A), whereas MO2-Myozap
injected embryos developed significant cardiac pathology (Figure 8B): The morphants
showed pericardial edema as a sign of cardiomyopathy as well as blood pooling at the sinus
venosus suggestive for low contractile performance. Efficacy of the MO2-myozap
morpholino was tested by PCR, which showed that the majority of zMyozap mRNA was
incorrectly spliced. By injecting 2.5 ng of MO2-myozap, 92% of the injected embryos
(n=370) developed similar phenotypical characteristics including contractile dysfunction. Of
note, the MO2-myozap injected embryos also displayed severe skeletal muscle dysfunction
(online videos I&I1). Repetitive measurements of atrial and ventricular fractional shortening
of MO-control and MO2-Myozap injected embryos at 36, 48 and 72 hpf revealed a
progressive loss of contractility (Figure 8D&E, and online videos 111&I1V). Despite the
functional impairment, Myozap morphant hearts displayed normal morphology. Endocardial
and myocardial cell layers as well as the atrioventricular canal (AVC) appeared unaltered in
MO2-myozap injected embryos after 48hpf (Figure 8F&H). At 48hpf, the expression of
cardiac myosin light chain 2, investigated by whole mount antisense RNA in situ
hybridization, was similar in MO-control and MO2-Myozap injected embryos, indicating no
severe changes in cardiac development and differentiation (Figure 8G&l).
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Discussion

We describe a previously uncharacterized cardiac protein, Myozap, which localizes to the
ID and binds to several members of the area composita, the predominant cell-cell-contact
structure of the mature cardiomyocyte. Since the actin myofilament cytoskeleton anchors at
fascia adhaerens and area composita, the ID is directly involved in the versatile role of actin
signaling and actomyosin contractility. The actin cytoskeleton acts in a variety of cellular
motility processes, including contractility, mitosis, cytokinesis, secretion, and endocytosis.
Moreover, transcription and gene expression is regulated by processes involving actin either
directly through an association with nuclear chromatin remodeling proteins16 or indirectly
through changes of actin dynamics17. Specifically, monomeric actin serves as an upstream
regulator of SRF (serum response factor)-dependent signaling (for review seel8). SRF is a
MADS-box transcription factor that controls the expression of a wide range of muscle-
specific genes18.

In this context, it is noteworthy that myozap contains an ERM-like domain, since ERM
proteins have important roles in adherens junction formation and maintenance via binding
and stabilization of the actin cytoskeleton9. Of note, ERM proteins are also involved in the
regulation the activity of the small GTPase Rho (for review see13). The small GTPases of
the Rho family, including Rho, Rac, and Cdc42, have been shown to function as major
activators of SRF-dependent transcriptional activity via changes in actin dynamics17:19:20.
Rho GTPases thereby serve as molecular switches in a multitude of signaling pathways
especially those involving actin polymerization and stress fiber formation21. Myozap, which
colocalizes with filamentous actin, activates SRF signaling as shown by the robust activation
of a sm22-promoter driven reporter. This reporter gene activation could be inhibited by
cotransfection of C3-transferase, which irreversibly blocks Rho activation, suggesting that
Myozap uses a Rho-dependent mechanism of SRF activation. Mechanistically, most ERM
proteins positively modulate Rho® via binding of RhoGDI, a negative regulator of Rho
activity. This in turn releases inactive Rho, allowing its subsequent activation2. However,
ERM domains may also function downstream of Rho, where ERM proteins are activated by
Rho-dependent threonine phosphorylation. Both mechanisms together form a positive
feedback loop?3.

In cardiomyocytes, signaling from the small GTPase Rho and Rac diverges into several
downstream targets which include SRF, other transcription factors such as NF-kB, as well as
myofilament proteins, and ion channels?4. Myozap’s direct interaction with MRIP, an
endogenous inhibitor of Rho-mediated SRF signaling!l, adds another layer of complexity.
The addition of MRIP in a SRF-dependent reporter assay significantly blunts myozap’s
capability of Rho-dependent SRF activation. Consistently, MRIP"s murine homologue,
p116RIP, has been shown to interfere with RhoA-mediated transcription through its ability
to disassemble the actomyosin cytoskeleton downstream of RhoA22,

An important hallmark of SRF is its ability to orchestrate the activity of numerous upstream
signaling events2®. The tight control of SRF activity is essential for maintenance of cardiac
contractility and the heart’s ability to respond to stress and diverse disease stimuli. In this
regard, it is worth noting that overexpression of the cardiac SRF activator STARS leads to
an increased sensitivity to hemodynamic stress2’. These findings are also in line with data
derived from mice with cardiac-specific overexpression of SRF, which develop severe
dilated cardiomyopathy28. Conversely, inactivation of SRF in the adult mouse heart has
been reported to lead to impaired left ventricular function and rapid progression to dilated
cardiomyopathy mediated by a progressive loss of contractile proteins2®. Further support for
the essential role of SRF in cardiac integrity comes from the results of embryonic deletion of
SRF, which results in cardiovascular defects and intrauterine death3:31. Moreover, recently
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the microRNAs 133a-1 and -2 have been shown to be critical components of an SRF-
dependent myogenic transcriptional circuit32. Our data suggest that myozap might represent
another novel regulator of myocardial SRF signaling. Consistently, knockdown of myozap
in zebrafish results in severe cardiomyopathy.

In addition to its effects on cardiac signal transduction, myozap’s localization at the ID
junctions implies a function in the mechanical and/or electrical coupling of cardiomyocytes.
The ID is known as a hot spot of inherited cardiac disease, which include arrhythmogenic
right ventricular cardiomyopathy (ARVC) and dilated cardiomyopathy. The disruption of
desmosomal integrity appears to be a key factor in mediating the development of ARVC,
resulting in defective mechanics, abnormal localization of cell-cell-adhesion proteins and
gap junction remodeling33. It will thus be interesting to see whether myozap also plays a
role in the etiology of ARVC. In addition, the ID has also been implicated into the
pathogenesis of dilated cardiomyopathy (DCM)34. This notion is supported by data from
mouse models for DCM including the muscle LIM protein knockout mouse35 and the
tropomodulin overexpressing mouse36, which showed a marked upregulation of adherens
junction-associated proteins including N-cadherin, a- and p-catenin, plakoglobin, N-RAP,
and vinculin37. In our zebrafish knockdown model, Myozap deficiency leads to severe
contractile dysfunction without disturbing cardiac development. Contractile dysfunction is a
hallmark of DCM suggesting a potential role for myozap in the pathogenesis of
cardiomyopathy.

Moreover, a critical feature in end stage heart failure is the progressive loss and altered
distribution of connexin 43 (Cx43). This process, referred to as “gap junction remodeling”,
may lead to electrophysiological perturbations and contractile dysfunction, as recently
reviewed38. In this context, myozap’s binding partner ZO-1 seems to play an essential role
since it directly interacts with Cx43 at the ID where it controls gap junction size. Recent data
suggest that the binding of ZO-1 to Cx43 is increased in heart failure leading to an altered
gap junction architecture (please see39 and references quoted herein). It remains to be seen
whether the direct interaction of myozap with ZO-1 modulates this process and thus plays a
role in these fundamental remodeling processes.

In summary, we have discovered a previously uncharacterized, cardiac-enriched protein,
termed myozap (myocardium-enriched ZO-1 associated protein). Myozap acts as an
activator of Rho-dependent SRF signaling, which in turn is controlled by a direct interaction
with MRIP, a molecule that can attenuate myozap-dependent SRF activation. Interestingly,
myozap is localized at the ID where it interacts with desmoplakin and ZO-1, two proteins
that have been implicated in the pathogenesis of human heart disease. The knockdown of
Myozap in zebrafish leads to severe contractile dysfunction. Further in vivo gain and loss-of-
function animal experiments as well as the careful analyses of the Myozap/Grinl1A7 gene in
ARVC patients, will help to clarify whether myozap also participates in the pathogenesis of
cardiomyopathy.

Novelty and Significance
What is known?

e The intercalated disc (ID) is an essential cell contact structure ensuring
mechanical and electrical coupling between cardiomyocytes.

e The importance of the ID is further underscored by the findings that many
proteins involved in this complex contribute to the pathogenesis of inherited
cardiac disease.
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What new information does this article contribute?

e Using a bioinformatic screen we were able to identify a previously
uncharacterized protein termed Myozap which localizes to the intercalated disc

e Myozap regulates signaling pathways activated by the serum response
factor”’Knockdown” of Myozap in zebrafish causes severe impairment of
cardiac contractility.

Summary

Given the complexity and the importance of the intercalated disc, we hypothesized that
there may be ID components that are still unknown. In bioinformatic screening
experiments, we identified an ID protein termed Myozap which colocalizes and interacts
with several other ID proteins, including desmoplakin and ZO-1. Moreover, we found
that Myozap is a positive regulator of serum-response-factor signaling. When
downregulated in vivo, Myozap deficiency caused severe cardiomyopathy in zebrafish.
Myozap may be an important component — -molecular pathways that regulate normal
cardiac function and may be involved in the pathogenesis of cardiomyopathies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations
BSA bovine serum albumin
ERM Ezrin, Radixin, and Moesin
MRIP Myosin phosphatase Rho interacting protein
Myozap Myocardium-enriched Zo-1-interacting protein
ORF open reading frame
PFA paraformaldehyde
Z0-1 zonula occludens 1
ID Intercalated Disc
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Figure 1. Protein sequence alignment

(A) Protein sequence alignment of human (NP_001018110), mouse (NP_001028380), rat
(NP_001014233), Xenopus (XP_683507), and zebrafish (XP_683507) Myozap shows high
conservation among species. Conserved amino acids are highlighted. h: human; b: bovine;
m: mouse; r: rat, X: xenopus, d: zebrafish. (B) schematic structure of the Myozap protein
revealing a central ERM-like domain, shown in part in an alignment with the known ERM
protein Moesin.
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Figure 2. Expression patterns of Myozap

(A) Northern blots from adult human and mouse tissues. Human Myozap is predominantly
expressed in cardiac tissue, and to a lesser degree in skeletal muscle, placenta and lung.
Mouse Myozap could not be detected in skeletal muscle. (B) A Myozap-specific antiserum
was generated using a Myozap-derived synthetic peptide. A Western blot from membrane
fractions from various rat tissues as well as a positive and negative controls (Myozap and
empty vector transfected HEK 293 cells, respectively) revealed an expression of Myozap
protein in the heart and in the lung. The same tissues and controls were probed with the
antiserum plus the peptide. No significant signal could be observed, confirming the
specificity of the antiserum. (C) For specification of Myozap’s subcellular distribution, the
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membrane rich fraction was treated with a Triton-containing buffer which yielded a Triton
(detergent)-soluble fraction representing the membrane fraction and a Triton-insoluble
fraction rich in cytoskeletal proteins. Particularly the Triton-insoluble fraction yielded
significant bands for myozap in heart and lung tissue. (D) In situ hybridizations of adult
murine cardiac tissue utilizing a Myozap probe. The antisense probed revealed an intense
signal throughout the myocardium, whereas no significant signal could be observed with the
sense probe. The coronary vasculature (v) is spared, suggesting a cardiomyocyte-specific
expression pattern.
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Figure 3. Developmental regulation of Myozap expression

(A) At embryonic day (ED) 8.0 of mouse development Myozap expression is confined to the
embryonic vasculature (i.e. dorsal aortae) as revealed by in situ hybridizations. (B) At ED
9.0, the vasculature still displays a significant signal, including the dorsal aortae and head
veins. In addition, the endocardium of the outflow tract and the primitive ventricle, but not
the myocardium is strongly stained. (C) At ED 11.5, blood vessels such as the ductus cuvieri
stain positive for Myozap. In addition, now the trabeculated myocardium of the left ventricle
reveals a signal. (D) At ED 12.5, an intense signal is observed in the myocardium. Also,
mesenchymal tissue within the lung is Myozap-positive. (E) and (F), a strong signal within
the entire heart as well as lung is maintained throughout further development (ED 15.5 (E)
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and P1 (F)). Abbreviations used: da: dorsal aorta, hv: head vein, ec: endocardium, pv:

primitive ventricle, ot: outflow tract, dc: ductus cuvieri, m: trabeculated myocardium, avc:
atrio-ventricular cushion, la: left atrium, Iv: left ventricle, I: lung, rv: right ventricle
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A Myozap N-Cadherin

b4
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Figure 4. Subcellular localization of Myozap within isolated cardiomyocytes and in the intact
heart

(A) Cardiomyocytes from adult mouse heart stained with a Myozap-specific antiserum
reveal an intense signal at the intercalated disc, as shown by co-localization with cadherin.
Also, a weak staining of the Z-discs is observed. Scalebar: 20 um. (B) Sections of mouse
heart showing a strong signal at the intercalated disc with Myozap antiserum, co-localizing
with cadherin, plakoglobin as well as plakophilin-2. Scalebars: 20 um. (C) Immunoelectron
microscopy of a cryosection through a bovine heart utilizing the Myozap-antiserum. An
intense signal is seen at the intercalated disc. Scalebar: 1.18 pm
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Figure 5. Myozap interacts and co-localizes with desmoplakin

(A) A coimmunoprecipitation experiment with transfected HEK293T reveals interaction of
desmoplakin with Myozap (lane 1), whereas no signal was observed with empty vector
alone (lane 2). IP: immunoprecipitation, WB: Western blot, IgH: immunoglobulin heavy
chain. (B) Co-IP of endogenous desmoplakin and myozap from neonatal mouse hearts with
anti-desmoplakin and mouse control serum, respectively. Western blots on
immunoprecipitates were probed with anti-myozap or anti-demosplakin antibodies as
indicated. (C) An immunofluorescence experiment revealing co-localization of Myozap
(red) with desmoplakin (green) in a cryosection through bovine heart utilizing Myozap- and
desmoplakin-antisera. Scalebar: 50 um

Circ Res. Author manuscript; available in PMC 2011 March 19.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Seeger et al.

A B
g5 &
3% 3o
>9 >
£z =¥
IP: ZO-1 —— .
WB: Myozap | ... -55kDa

Input: Myozap - - - 55 kDa

Input: ZO-1 . - 200 kDa

C

MyozapFL

91 181 250 300 348 466
Myozap_1-181
Myozap_1-300
Myozap_1-348
Myozap_181-466 —_—_—
Myozap_348-466 —_—
Myozap_91-250 —_—
Myozap_91-300

Page 20

Myozap_1-181 + ZO-1
Myozap_1-300 + ZO-1
Myozap_1-348 + ZO-1
Myozap_348-466 + ZO-1
Myozap_91-250 + ZO-1
Myozap_91-300 + ZO-1
MyozapFL + ZO-1
Vector + ZO-1

O N AR D2

Phalloidin

Phalloidin

Figure 6. Myozap interacts with ZO-1 and co-localizes with actin

(A) HEK293T cells were transfected with plasmids encoding for HA-tagged myozap and
Z0O-1. Immunoprecipitation was performed using the ZO-1 antibody; the precipitate was
immunoblotted with myozap antiserum. ZO-1 co-precipitated with myozap (lane 2),
whereas no signal could be seen with empty vector (lane 1), confirming the interaction
between the two proteins. (B) The immunostaining of an adult mouse cryosection with
myozap- (Cy3) and ZO-1- (FITC) antibody reveals colocalization of the two proteins at the
intercalated disc. (C) In order to determine which domain of myozap binds to ZO-1, several
deletion variants were cloned. The red bar shows the ERM-like domain. (D) The ZO-1-
binding domain was determined by performing a retransformation experiment. Therefore

Circ Res. Author manuscript; available in PMC 2011 March 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Seeger et al.

Page 21

either one of the deletion variants, myozap full length or the pDest22 vector were
transformed together with ZO-1 into a yeast strain. Only the variants myozap1-348,
myozap91-250, myozap91-300 and myozap full length together with ZO-1 were able to
grow on histidine lacking medium. The minimal myozap-domain necessary for binding
Z0-1 is therefore the domain between amino acids 91 and 250. (E) To test whether myozap
colocalizes with actin, COS7 cells were transfected with HA-tagged myozap.
Immunostaining with phalloidin (red) and anti-myozap (green) reveals a localisation at the
actin cytoskeleton. Scalebar: 10 um. (F) In adult rat cardiomyocytes, a colocalization of
myozap with actin is seen as well. Scalebar: 5 pm.

Circ Res. Author manuscript; available in PMC 2011 March 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Seeger et al.

Page 22
A 22 85 B
N= N5
82 £3
=¥ £z
IP: MRIP3
WB: Myozap —— cbykbe

Input: Myozap ~ M - 55 kDa

Input: MRIP3 Wiy " -130kDa
C

MyozapFL

: Myozap_1-181 + MRIP3

: Myozap_1-300 + MRIP3

: Myozap_1-348 + MRIP3

: Myozap_348-466 + MRIP3
: Myozap_91-250 + MRIP3
: Myozap_91-300 + MRIP3
: MyozapFL + MRIP3

: Vector + MRIP3

91 181 250 300 348 466
Myozap_1-181
Myozap_1-300
Myozap_1-348
Myozap_181-466
Myozap_348-466 —_—
Myozap_91-250
Myozap_91-300

101 sk *ok
G 5 81
g2 6 2
8, g
T E ©
L@ L
2- —
1 Il ,| |
-C3T +C3T -C3T +C3T
-Myozap +Myozap

@

*%
*% *%
8.

fold activation

-MRIP  +MRIP -MRIP  +MRIP
-Myozap +Myozap

Figure 7. Myozap interacts with MRIP and stimulates Rho-dependent signaling

(A) A coimmunoprecipitation assay was performed by overexpressing Myozap and Myosin
phosphatase Rho-interacting protein (MRIP) in MDCK cells. Using an anti-myc-antibody,
Myozap could only be precipitated in the presence of MRIP (lane 1) but not in cells
transfected with vector alone (lane 2), confirming the interaction between the two proteins.
(B) MDCK cells were transfected with Myozap and MRIP. Immunostaining with Myozap-
(FITC labeled secondary antibody) and MRIP- (Cy3 labeled secondary) antiserum reveals a
colocalization at the cell membrane and the cytoskeleton. (C) In order to determine which
domain of Myozap binds to MRIP, several deletion variants were cloned into the pDEST32
vector. The red bar shows the ERM-like domain. (D) An interaction assay was performed by
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transforming either one of the deletion variants, myozap full length or the pDest 32 vector
together with MRIP3 (in pDest22) into yeast. The minimal domain of myozap necessary for
binding MRIP3 was between amino acid 91 and 250 and includes the ERM-like domain. (E)
A luciferase reporter assay was performed by overexpressing a luciferase reporter gene
driven by the sm22-promoter together with Myozap in HEK293T cells. Myozap strongly
activated the sm22-promoter. By adding C3-transferase (C3T), an inhibitor of RhoA, the
activity could be significantly decreased, whereas C3-transferase did not significantly inhibit
the sm22-promoter itself. **: p<0.01 (ANOVA, posthoc test: Student-Newman-Keuls). (F)
In order to determine which domain of Myozap induces the sm22-promotor, a luciferase
reporter assay using the sm22-promotor and myc-tagged full length Myozap (MyozapFL)
and the myc-tagged deletion variants shown in Figure 7C was performed. All constructs
except Myozap1-181 and Myozap348-466 significantly activated the sm22-promoter. *
p<0.01 versus vector, ** p<0,001 versus vector (ANOVA, posthoc test: Student-Newman-
Keuls). FL: full length. (G) HEK293T cells were transiently transfected with HA-tagged
Myozap, myc-tagged MRIP and the sm22-luc reporter. Myozap activated the sm22-
promoter, whereas MRIP did not induce the promoter. Coexpression of both, Myozap and
MRIP, decreased the activation of the promoter compared to the activation of Myozap alone.
**: p<0,001 (ANOVA, posthoc test: Student-Newman-Keuls). IP: Immunoprecipitation,
WB: Western blot. Scalebar: 20 um
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Figure 8. Knockdown of the Myozap/Grinl1A7 orthologue leads to cardiomyopathy in zebrafish
(A) MO-control injected zebrafish at 48 hpf (hours post fertilization) displaying normal
morphology. (B) MO2-Myozap injected embryo at 48 hpf showing cardiac pathology.
Arrow: heart/pericardial edema; Arrowhead: blood pool at sinus venosus. (C) Knockdown-
efficacy. 92% knockdown phenotype (n=370; two independent experiments). Inset:
effectiveness of MO2-Myozap on mRNA splicing. Injection of MO2-Myozap results in an
abnormal splice product (exon skipping, 95bp), leading to premature termination of
translation of zebrafish Myozap.

(D & E): Fractional shortening of the atrial and ventricular chamber of MO-control and
MO2-Myozap injected embryos at 36, 48 and 72 hpf. Atrial as well as ventricular fractional
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shortening of MO2-myozap morphants decreases over time consistent with cardiomyopathy.
(F & H) Myozap morphant hearts display normal morphology. Endocardial and myocardial
cell layers as well as the atrioventricular canal (AVC) are unaltered in MO2-myozap
injected embryos after 48hpf. (G & 1) At 48hpf, the expression of myosin light chain 2,
investigated by whole mount antisense RNA in situ hybridization, is similar in MO-control
and MO2-Myozap injected embryos indicating no severe changes in cardiac development.
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