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Summary

In recent years, the perception of Z-disc function has changed from a passive anchor for myofilaments that allows transmission of
force, to a dynamic multicomplex structure, capable of sensing and transducing extracellular signals. Here, we describe a new Z-disc
protein, which we named CHAP (cytoskeletal heart-enriched actin-associated protein), expressed in differentiating heart and skeletal
muscle in vitro and in vivo. Interestingly, in addition to its sarcomeric localization, CHAP was also able to translocate to the nucleus.
CHAP was associated with filamentous actin in the cytoplasm and the nucleus when expressed ectopically in vitro, but in rat neonatal
cardiomyocytes, CHAP disrupted the subcellular localization of o-actinin, another Z-disc protein. More importantly, knockdown of
CHAP in zebrafish resulted in aberrant cardiac and skeletal muscle development and function. These findings suggest that CHAP is a
critical component of the sarcomere with an important role in muscle development.
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Introduction

The sarcomere is bordered by the Z-discs and is the smallest
contractile unit of striated muscle. Contractile sarcomeric proteins,
such as actin and myosin, play essential roles in the assembly and
maintenance of the sarcomere but cytoskeletal proteins are also
crucial for structure integrity. The Z-disc, which is important for
cross-linking of thin filaments and which functions as a nodal point
in transmission of force generated within the sarcomere, has long
been considered as the passive part of the contractile structure. A
major component of the Z-disc is a-actinin-2, one of four highly
similar (muscle and non-muscle) proteins that were originally
described as actin crosslinking proteins. Besides its role in
organizing the polarized orientation of actin, o-actinin may function
as a platform for the assembly and interaction of multiprotein
complexes. In striated muscle this is further supported by the
findings that o-actinin-2 mediates molecular interconnections at the
Z-disc by binding to different signalling molecules, such as the Rho
effector PKN (Mukai et al., 1997), phospholipase D2 (Park et al.,
2000) and G-protein coupled receptor kinases (Freeman et al., 2000),
suggesting a role in several signalling pathways.

In recent years it has become clear that some Z-disc proteins, in
particular those bound to or associated with actin and o--actinin,
can respond to extracellular physical stimuli, such as stretch, stress
or strain, by translocating to other cell compartments (Frank et al.,
2006; Lange et al., 2006). One of the first Z-disc proteins implicated
in mechano-signal transduction was the o-actinin-binding muscle
LIM protein (MLP) (Arber et al., 1994; Knoll et al., 2002). In
response to chronic pressure, MLP translocates from the cytoplasm
to the nucleus (Ecarnot-Laubriet et al., 2000); here it can stimulate

myogenic differentiation by binding to the muscle-specific
transcription factor MyoD, which enhances transcriptional activity
of downstream targets (Kong et al., 1997). Z-disc actin-binding
proteins have also been shown to activate transcriptional responses.
For example, striated muscle activator of Rho signalling (STARS)
changes the ratio of the monomeric (G-actin) to polymerized (F-
actin) form of actin by promoting polymerization (Arai et al., 2002).
The resulting decrease in G-actin leads to activation of serum
response factor (SRF), a transcription factor that regulates the
muscle genetic program.

In addition to their involvement in transducing signalling events
from different subcellular regions, actin- and a-actinin binding Z-
disc proteins may also play roles in development or maintenance
of both cardiac and skeletal muscle function. For example, Cypher
(also known as ZASP/oracle) (Faulkner et al., 1999; Passier et al.,
2000; Zhou et al., 1999) knockout mice display severe congenital
myopathy and early postnatal death, demonstrating the necessity
for Z-disc integrity in contracting muscle (Zhou et al., 2001). In
zebrafish, knockdown of cypher leads to severe somite and heart
defects during development (van der Meer et al., 2006). MLP-null
mice by contrast, display normal heart and skeletal muscle
development but dilated cardiomyopathy occurs postnatally (Arber
et al., 1994).

We recently performed whole-genome microarray analysis on
human embryonic stem cells (hESCs) differentiating towards
cardiomyocytes, from which we identified multiple known and new
cardiac-enriched genes (Beqqgali et al., 2006). Among these we
identified a novel heart-enriched gene, named Synaptopodin 2-like
(Synpo2l). Here we show that this gene encodes a cytoskeletal
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protein which is highly expressed in the Z-disc of heart and skeletal
muscle, associates with actin and interacts with o-actinin. We thus
renamed this protein cytoskeletal heart-enriched actin-associated
protein (CHAP). CHAP was unexpectedly detected in the nucleus
of embryonic cardiomyocytes and overexpression of CHAP in rat
neonatal cardiomyocytes resulted in disorganization of o-actinin.
These results were confirmed and further extended by knockdown
of CHAP in zebrafish, which resulted in aberrant heart and skeletal
muscle development, disorganized sarcomeres and ultimately lead
to diminished cardiac contractility.

Results

Identification of CHAP

The mouse orthologue, which mapped to chromosome 14A3, was
found after BLAST search with human CHAP (GenBank accession
no. NM_024875). Amino acid sequence comparison revealed 85%
identity between human and mouse CHAP (supplementary material
Fig. S1A), and conservation amongst vertebrates (supplementary
material Fig. S2). Cloning and sequencing of mouse CHAP showed
that the predicted GenBank transcript (NM_175132.3) lacks nine
coding base pairs (GTA TCT AAG, bp 97-105). The open reading
frame (ORF) encodes a 978 amino acid (aa) protein. The predicted
genomic organization of Chap revealed four exons of the Chap gene.
Database searches identified expressed sequence tags (ESTs) that
showed a non-predicted exon containing a start codon for a shorter
isoform, which we termed CHAPDb (supplementary material Fig.
S1B-D). Cloning of ChapB revealed an ORF encoding a 749 aa
protein.

Sequence comparisons showed that CHAPb has significant
homology (31%) to myopodin (Synpo2) (Weins et al., 2001) and
synaptopodin (30%) (Mundel et al., 1997), proteins involved in
skeletal muscle and neuron differentiation, respectively. CHAPa
contains a predicted N-terminal PDZ domain and a potential classic
nuclear localization signal (NLS): KKRR (Hicks and Raikhel,
1995), whereas CHAPD only contains the NLS (supplementary
material Fig. S1C). PDZ domains are found in diverse signalling
proteins and can bind the carboxyl-terminal or internal peptide
sequences of proteins thereby forming protein complexes involved
in signalling or subcellular transport (Hung and Sheng, 2002).

CHAP is expressed in developing heart and skeletal
muscle

Whole-mount in situ hybridization showed earliest ChapB
expression in the mouse at embryonic day (E)7.75 in the cardiac
crescent (Fig. 1A); this was maintained throughout cardiac
development in both the atria and ventricles (Fig. 1B-E). From E9.5
or E10, ChapB was also expressed in somites, in particular the
myotome, which gives rise to skeletal muscle (Fig. 1D,F). AtE12.5,
we could detect ChapB in embryonic limb muscles by in situ
hybridization (data not shown). ChapA, by contrast, was not
detected during development (up to E12.5 analysed by in situ
hybridization). A developmental shift in the expression of the two
forms of Chap was evident by semi-quantitative RT-PCR, ChapA
being dominant in adult heart and skeletal muscle and ChapB in
embryonic heart (Fig. 1G).

To study CHAP protein we generated an antibody recognizing
both mouse CHAP isoforms. Western blot analysis of embryonic
and adult mouse heart extracts revealed a 110 kDa band for CHAPb
in embryonic heart and a 140 kDa band for CHAPa in adult heart
and skeletal muscle. These bands co-migrated with ectopically
expressed CHAPa and CHAPD, respectively (Fig. 1H). These data
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Fig. 1. Expression of CHAP in embryonic and adult mouse. (A) ChapB
expression at E7.75 is restricted to the cardiac crescent. (B,C) ChapB is
expressed ubiquitously in the heart at ES.5 and E9.5. (D) At E10 ChapB was
also detected in the somites. (E) Transverse section of a E8.5 embryo shows
ChapB expression throughout the heart. (F) Transverse section of E10.5
embryo shows expression of ChapB in the myotome. cc, cardiac crescent;

s, somite; nt, neural tube; m, myotome. (G) Semi-quantitative RT-PCR shows
that ChapA is absent in E12.5 heart but upregulated after E17.5 in heart and
skeletal muscle. By contrast, ChapB is expressed in embryonic hearts (E12.5
and E17.5) and is downregulated in adult heart and skeletal muscle. Both
ChapA and B are absent in adult brain. (H) Western blot analysis of
endogenous CHAP in mouse tissues revealed a 140 kDa band for CHAPa in
adult heart and skeletal muscle and a 110 kDa band for CHAPb in embryonic
heart. Overexpressed CHAPa and -b in COS-1 cells served as positive control.
(I,J) Quantitative RT-PCR and western blot of CHAPa and CHAPb during
C2C12 myoblast differentiation. Chap mRNA levels are expressed relative to
Gapdh, and actin was used as a loading control in western blotting. Ud,
undifferentiated; d, days of differentiation.
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confirmed muscle-specific and stage-dependent expression of
CHAPa and CHAPD isoforms.

We used C2C12 myoblasts to investigate CHAP expression
during skeletal muscle differentiation. CHAPa and b transcripts and
proteins were undetectable or at very low levels in undifferentiated
myoblasts (Fig. 11,J). CHAPa protein was only upregulated later
in skeletal muscle differentiation at day 6, although at lower levels
than CHAPb. CHAPDb protein was upregulated at day 1 of
differentiation and gradually increased until day 6 when
differentiated myotubes formed (Fig. 1J).
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CHAP colocalizes with o-actinin at the Z-disc of the was present at the Z-disc in both heart and skeletal muscle,
sarcomere indicated by colocalization with o-actinin (Fig. 2A-C, upper panel),
Using the anti-CHAP antibody, the location of CHAP was but not myomesin, an M-band marker (Fig. 2A-C, lower panel).
determined in cultured E17.5 mouse cardiomyocytes (Fig. 2A), adult Interestingly, CHAP was occasionally observed in the nucleus of

heart and skeletal muscle hindlimb cryosections (Fig. 2B,C). CHAP cultured E17.5 cardiomyocytes (Fig. 2A, upper panel).

Ectopic expression of CHAP reveals actin
association

Since highest homology of CHAP was observed with
the actin-associated proteins, myopodin and
synaptopodin, we expressed CHAP ectopically in COS-
1 cells and determined whether it colocalized with actin.
CHAPa-GFP showed a cytoskeletal organization,
punctate cytoplasmic distribution and nuclear
localization (supplementary material Fig. S4A).
Colocalization of CHAPa-GFP with F-actin, as
indicated by phalloidin staining, strongly suggested
association with actin filaments. In addition, CHAPa
formed nuclear actin-containing loops and rods,
suggesting that CHAPa could bundle nuclear actin.
Overexpression of CHAPb-GFP revealed similar
results to that of CHAPa-GFP (supplementary material
By Fig. S4B).

Myomesin AW Since CHAP colocalized with actin filaments, we
investigated whether disruption of F-actin would affect
CHAP localization. CHAPa/b-GFP-transfected COS-
1 cells were cultured in the presence of cytochalasin
D (CytoD), which disrupts actin filaments and inhibits
actin polymerization (Goddette and Frieden, 1986).
Both CHAPa- and CHAPb-GFP lost their cytoskeletal
organization and showed punctate cytoplasmic and
nuclear distribution, confirming CHAP association
with actin (supplementary material Fig. S4C).
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Domain mapping of CHAPa and b

We have performed domain mapping experiments by
overexpressing truncated CHAP-GFP proteins in COS-
1 cells (Fig. 3A). In contrast to the cytoskeletal and
nuclear localization of full-length CHAPa in COS-1
cells (Fig. 3B) and sarcomeric localization in
cardiomyocytes (Fig. 3C), the N-terminal 441laa of
CHAPa containing the PDZ domain and the NLS, was
found predominantly in the nucleus (Fig. 3B).
However, nuclear localization was not dependent on

Myomesin

Fig. 2. Chap is localized at the Z-disc of the sarcomere.

(A) Subcellular localization of CHAP in E17.5 mouse
cardiomyocytes as shown by immunofluorescence. CHAP
colocalizes with o-actinin at the Z-disc and is present in the
nucleus (arrowheads, upper panel). CHAP does not colocalize
with the M-band marker myomesin (lower panel).

(B) Subcellular localization of CHAP in adult mouse heart
cryosection. CHAP is not present in the nucleus of adult
cardiomyocytes but is localized at the Z-disc, as shown by
o-actinin colocalization (upper panel). CHAP is not colocalized
with myomesin, an M-band marker (lower panel).

(C) Subcellular localization of CHAP in adult skeletal muscle
cryosections. CHAP is colocalized with o-actinin (upper panel)

Myomiesin but not with myomesin (lower panel). Scale bar: 10 um.
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A
Nuclear  Cytoplasmic Actin
localization localization association
PDZ NLS
CHAPa FL | | “ + + +
1 —— 298 +
1 I 441 +
1 686 + +
297 m— 441 + +
297 I (56 + -
297 978 + + +
442 978 + + +
687 n— 973 + + +
NLS
CHAPb FL [T + + +
Cc

CHAPa-GFP a-actinin

CHAPa full CHAPa 1-208 CHAPa 1-441

CHAPa 1-686 CHAPa 297-686 CHAPa 687-978

CHAPD full CHAPb 1-69 CHAPb 1-457

é

CHAPa 1-298-GFP

Fig. 3. Mapping of CHAP functional domains. (A) Schematic representation of truncated CHAP-GFP fusion proteins expressed in COS-1 cells and their
individual subcellular localization and/or actin-association indicated by a + (presence) or — (absence). (B) Expression of CHAP-GFP truncations in COS-1 cells
shows that the NLS is not necessary for nuclear localization, and the C-terminus of CHAP (CHAPa 687-978) is required for actin-association. Scale bar: 20 um.
(C) Immunostaining for a-actinin-2 in neonatal rat cardiomyocytes overexpressing CHAPa-GFP reveals localization of CHAPa-GFP at in the Z-disc of the
sarcomere. (D) Expression of the N-terminal 298 aa of CHAPa in neonatal rat cardiomyocytes. Scale bars: 10 um.

the NLS since aa 1-298 also displayed nuclear localization in both
COS-1 cells and cardiomyocytes (Fig. 3B,D). In fact, CHAPa 297-
441 (or CHAPb 68-212) contained the NLS but did not show
exclusive nuclear localization. Diffuse cytoplasmic and nuclear
localization was observed with CHAPa 1-686aa, suggesting that
the characteristic cytoplasmatic and nuclear actin-association was
determined by the C-terminal sequence. Indeed, CHAPa 687-978aa
(or CHAPb 458-749aa) restored the actin-associated localization
in both COS-1 cells (Fig. 3B) and cardiomyocytes (data not
shown). Exclusive nuclear localization was never seen with any of
the CHAPD fusion proteins.

In summary, the N-terminus containing the PDZ domain, but not
the NLS, appears sufficient for nuclear localization. Furthermore,
the cytoskeletal and nuclear actin association is regulated by the
C-terminus, present in both CHAP isoforms.

CHAP interacts with a-actinin but not with actin

Since CHAP colocalized with o-actinin and actin, we investigated
whether CHAP interacts with these proteins. We performed
immunoprecipitation of actin using COS-1 cells expressing FLAG-
CHAPDb. However, no interaction was detected between CHAP and
actin (Fig. 4A). Endogenous a-actinin was immunoprecipitated from
C2C12 myotubes and analyzed for the presence of CHAP by western

blotting (supplementary material Fig. S5, upper panel). CHAPb was
co-immunoprecipitated with o-actinin whereas no o-actinin was
detected in the negative control. Conversely, when endogenous
CHAP was immunoprecipitated, a-actinin could be detected by
western blot (supplementary material Fig. S5, lower panel). In
addition, overexpression and immunoprecipitation of CHAPb and
a-actinin in COS-1 cells confirmed their interaction (Fig. 4B).

Interestingly, when CHAPb-GFP was overexpressed in neonatal
rat cardiomyocytes, o-actinin organization was disturbed and no
longer restricted to the Z-disc, whereas myomesin localization in
the M-band was unaffected. In non-transfected cells (GFP-negative
adjacent cells) o-actinin was, as expected, localized in the Z-disc
(Fig. 4C).

Identification and expression of the zebrafish Chap
orthologue

To study the role of Chap in vivo we identified the Chap orthologue
in zebrafish (Danio rerio) by searching the zebrafish Ensembl
database using the mouse cDNA sequence for ChapA. Two putative
genes were found, which we named chapl and chap? encoding
proteins of 938 aa and 931 aa, respectively. Chapl is more
conserved compared to mouse (45%) or human CHAPa (45%) than
Chap2 (43% and 43%, respectively), and there is 53% conservation
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between Chapl and Chap2. However, important domains such as
the PDZ, NLS and the C-terminal actin-association domain are
highly conserved (supplementary material Fig. S6A).

Temporal and spatial expression of chap 1 and chap2 mRNA were
analyzed using semi-quantitative RT-PCR and whole-mount in situ
hybridization in zebrafish embryos. RT-PCR showed that neither
chapl nor chap2 was expressed by l-cell stage and 6 hours
postfertilization (hpf) embryos but were detected from 24 hpf
onwards until at least 6 dpf (Fig. SA). chapl was detected by in
situ hybridization in the somites and cardiac progenitors as early
as the 3-somite stage. The somitic expression of chapl appeared
confined to the adaxial cells. chapl was expressed in the cardiac
progenitor cells at the 12-somite stage and later in the heart tube
(Fig. 5B). At the 21-somite stage, chapl was expressed in the cardiac
cone and in somites, in which expression was stronger at the somite
boundaries. Expression at 24 hpf was in the somites and heart tube
(Fig. 5B). chapl continued to be expressed in the heart, while
somitic expression gradually decreased from 24 hpf until 48 hpf
where it was absent in the somites. At 48 hpf, chapl is also
expressed in the pectorial fin buds in addition to the heart (Fig. 5B).
By contrast, chap2 was expressed exclusively in the somites until
36 hpf when cardiac expression was observed for the first time
(supplementary material Fig. S6Ba,Bb). Somitic and cardiac
expression was maintained at low levels until at least 3 dpf
(supplementary material Fig. S6Bc,Bd).

Chap is required for heart and skeletal muscle
development

To determine the functions of Chap1 and Chap2 in vivo, we knocked
down each gene product using antisense morpholino oligonucleotides
(MOs) in zebrafish. Injection of chapl or chap2 MOs caused
defective somite development, aberrant heart morphology, decreased
contractility and cardiac oedema (Fig. 6A). Furthermore, MO-
injected embryos failed to hatch at 48 hpf; the chorion had to be
removed manually, indicating reduced muscle force necessary for
hatching (supplementary material Fig. S7B). Eventually, the Chap
morphants deteriorated and embryos died at 6 dpf.

Since chapl was expressed earlier and at higher levels than
chap2, we studied the chapl knockdown in zebrafish embryos in
detail. At 3 dpf chapl morphants exhibited clear defects in heart
and somite morphology and function. Morphant embryos were then
divided into three groups depending on phenotype severity. ‘Mild
phenotype’ embryos had kinked tails. ‘Intermediate phenotype’
embryos had bent tails and the pericardium was enlarged with
defects in cardiac looping. ‘Severely phenotype’ morphants showed

Flag-a-actinin-2

"

Fig. 4. CHAPD binds to o-actinin but not to actin.

(A) Immunoprecipitation (IP) of actin from COS-1 cells
expressing FLAG-CHAPD. No interaction with FLAG-
CHAPD could be detected. (B) Co-IP of CHAPb with
FLAG-a-actinin-2 using anti-FLAG for IP (left panel).
Conversely, FLAG-o-actinin-2 co-IPed with CHAPb using
CHAP antibody for IP (lower panel). (C) Immunostaining
for oi-actinin-2 in neonatal rat cardiomyocytes
overexpressing CHAPb-GFP revealed disorganized o:-
actinin-2 while myomesin localization was unaffected.
Untransfected adjacent cells showed normal o-actinin-2
expression. Scale bar: 10 pm.

shortening of the body axis with tail coiling and the pericardium
was enlarged with an elongated heart (supplementary material Fig.
S7C).

A
chap-1
chap-2
efla
efta (-RT)
B
’hp: o
\ %
hpc . “\. f
12 som E som" A
s 4
24 hpf 24 hpf .
&«]
48 hpf 48 hpf

A

3 dpf 3 dpf

Fig. 5. Identification and expression of zebrafish chapl and chap?.

(A) Semi-quantitative RT-PCR of zebrafish chap! and chap2 during embryonic
development. The ef7o housekeeping gene was used as control. chapl and
chap? could not be detected at the 1-cell stage and 6 hpf, indicating that there
was no maternal or zygotic expression of chap. (B) In situ hybridization of
chapl during zebrafish development. hpc, heart progenitor cells; cc, cardiac
cone; ht, heart tube; pfb, pectorial fin bud; v, ventricle; a, atrium.
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A

chap-1 MO

chap-1 5mis MO

WT

0

Vinculin

a-Actinin

chap-1 MO

chap-1 Smis MO

32 hpf

48 hpf

control MO

Fig. 6. Knockdown of chapl in zebrafish. (A) Morphological defects in chap! morpholino-mediated knockdown at 3 dpf. (Upper panel) Wild-type (WT) control
embryo. (Middle panel) chap! morphant shows impaired trunk development and severe cardiac edema. (Lower panel) chap! 5-mismatch MO-injected embryo
shows wild-type phenotype. h, heart. (B) In situ hybridization for the cardiac marker cmlc2 in chapl morphants at 32 hpf and 48 hpf. chap morphants show
defective cardiac looping and broadening of the cardiac tube, whereas 5-mismatch MO-injected embryos have a correctly looped heart. a, atrium; v, ventricle.

(C) Vinculin immunostaining of chap! morphants at 3 dpf (upper panel) reveals disturbed somite boundaries. Immunostaining for ai-actinin of chap! morphants
reveals disorganized myofibrils. (D) Ultrastructural analysis of somites of chap! morphants at 3 dpf. Wild-type and control MO-injected fish have normal
sarcomere structure, whereas chap! morphants have severely disrupted Z-discs (arrowheads) and sarcomeres. Scale bars: 2 um (upper panel); 500 nm (lower

panel).

To assess cardiac morphogenesis and differentiation we examined
chapl morphants for expression of the cardiac marker cmlc2 by in
situ hybridization. First defects became apparent at 32 hpf in the
looping heart tube (Fig. 6B, upper panel). chap! morphants had a
shortened, broad heart tube with a poorly defined atrio-ventricular
boundary. Moreover, heart looping was strongly impaired, which
became more obvious at 48 hpf (Fig. 6B, lower panel).

To investigate which part of the heart was most affected we
performed in situ hybridization for the atrial marker aMHC and
ventricular marker vMHC in chapl morphants (supplementary
material Fig. S8). Broadening of both atrium and ventricle was
observed at 32 hpf, whereas 5-mismatch MO-injected embryos had
a correctly looped heart.

Somite boundaries, indicated by vinculin immunoreactivity were
disrupted in chapl morphants, whereas the wild-type and 5-
mismatch control morphants had normal chevron shaped somites

(Fig. 6C, upper panel). Since integrin adhesion complexes are
essential for force transmission (Dowling et al., 2008; Valencik et
al., 2006) disruption of vinculin organization could explain the lack
of muscle strength in chap morphants.

Since we showed that mouse CHAPb can bind to o-actinin-2
(Fig. 4B), we analyzed a-actinin-2 staining in chapl morphants.
o-Actinin-2 was disorganized and muscle fibres were irregularly
aligned in chap 1 morphants, whereas in chap ! 5-mismatch controls
o-actinin-2 organization and muscle fibre alignment was normal
(Fig. 6C, lower panel).

At the ultrastructural level, sarcomeres in the skeletal muscle of
chapl morphant embryos were absent or disorganized at 3 dpf.
Furthermore, the Z-discs were disrupted where actin and myosin
filaments were absent. This suggests a role for Chap in assembly
of the Z-disc and anchoring of actin filaments. Sarcomere
development was normal in control MO-injected fish (Fig. 6D).
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Discussion

The Z-disc harbours many different proteins which take part in a
network of interactions that are either involved in the transmission
of force, the architecture of the sarcomere or as a mechano-sensor
playing a role in signalling. Here, we report the identification of
CHAP, a novel protein that interacts and colocalizes with a-actinin
at the Z-disc of the sarcomere. Furthermore we showed that CHAP
associates with polymerized actin, is able to translocate to the
nucleus, and plays an important role in skeletal and cardiac muscle
development. CHAP is specifically expressed in cardiac and skeletal
muscle and is conserved amongst vertebrates, indicating an essential
role in muscle function.

We identified two isoforms of mouse Chap, which we termed
ChapA and ChapB. CHAPa contains an N-terminal PDZ domain
and a classical NLS, which are both highly conserved amongst
vertebrates. CHAPbD lacks the N-terminal PDZ domain but contains
the NLS. Examination of temporal and spatial expression showed
that the short isoform ChapB was expressed at high levels during
early heart and skeletal muscle development, whereas ChapA protein
was only detected in adult muscle. A developmental shift of CHAP
isoform expression was observed around E17.5, where we detected
the first low level expression of Chap4 mRNA and protein. CHAPa
protein is expressed at higher level in adult heart and skeletal muscle,
whereas CHAPD protein is undetectable. However, ChapB mRNA
is still present at low levels in adult muscle. Furthermore, ChapB
is expressed shortly after initiation of C2C12 myoblast
differentiation, whereas ChapA is expressed at later stages of
myogenic differentiation. However, CHAPb expression is higher
in differentiated myotubes than CHAPa. This may be explained by
taking in consideration that C2C12 myotubes may not represent
fully mature adult skeletal muscle as present in vivo. Taken
together, CHAPD can be regarded as the ‘embryonic’ isoform and
CHAPa as the ‘adult’ isoform.

Highest homology of CHAP was found with myopodin (31%)
and synaptopodin (30%), both of which are actin-bundling proteins
that interact with a-actinin (Mundel et al., 1997; Weins et al., 2001).
Synaptopodin is expressed in kidney and forebrain, whereas
myopodin is expressed in skeletal muscle, but also at lower levels
in heart and smooth muscle. Myopodin shuttles between the nucleus
and the Z-disc, depending on the stage of differentiation and stress
conditions (De Ganck et al., 2005; Weins et al., 2001). It has been
demonstrated that nuclear import of myopodin is mediated by the
binding of importin-a to two potential NLSs, regulated via binding
to 14-3-3 (Faul et al., 2005). However, both NLSs of myopodin
were not necessary for nuclear localization, suggesting the existence
of an alternative nuclear import pathway. Indeed, importin 13,
another nuclear transport protein has been shown to bind the C-
terminus of myopodin (Liang et al., 2008). In agreement, we also
showed that the CHAP NLS was not necessary for nuclear import
since truncated fragments of CHAP, which lack the NLS, still
localized to the nucleus even if the fragments exceeded 60 kDa,
when nuclear entry by passive diffusion normally does not occur
(Gorlich and Kutay, 1999). It is, therefore, likely that nuclear import
of CHAP is at least partially mediated by another import mechanism.

Like myopodin and synaptopodin, CHAP was associated with
cytoskeletal and nuclear actin filaments and exhibited actin-bundling
activity. Treatment with cytochalasin D, an inhibitor of actin
polymerization, resulted in the disruption of CHAP cytoskeletal
organization. The actin-association domain of CHAP was located
in the final 293 amino acids at the C-terminus of the CHAP protein,
which does not contain a classical actin-binding site. In agreement,

direct interaction between CHAP and actin could not be detected.
Instead, we demonstrated an interaction of CHAP with the actin-
binding protein, a-actinin, suggesting that CHAP is associated with
actin via binding to o-actinin. This is further corroborated by the
fact that synaptopodin has also been shown to bind and regulate
actin-bundling via o-actinin-2 and -4 (Asanuma et al., 2005).
Formation of nuclear actin-containing loops and rods following
exogenous expression of CHAP were similar to that of myopodin
(Weins et al., 2001) and supervillin (Wulfkuhle et al., 1999). The
functional significance of these nuclear actin loops and rods remains
to be elucidated. Various actin-bundling proteins have been shown
to regulate gene transcription. For example supervillin was found
to bind and enhance the transactivational activity of the androgen
receptor (Ting et al., 2002).

The presence of a PDZ domain in the adult isoform, CHAPa,
most probably adds extra functions to CHAP in mature muscle cells,
since PDZ domain-containing proteins have been shown to play an
important role in the transport, localization and assembly of large
signalling complexes (Harris and Lim, 2001). Other N-terminal
PDZ-domain-containing proteins have been described as localizing
in the Z-disc and binding to o-actinin-2. An example is ALP, which
is expressed in heart and skeletal muscle (Xia et al., 1997). Cypher
(also known as Oracle and ZASP), is also localized in the Z-disc
in heart and skeletal muscle, where it binds to the C-terminus of
a-actinin via the PDZ domain of Cypher (Faulkner et al., 1999;
Passier et al., 2000; Zhou et al., 1999). It seems unlikely that the
PDZ domain of CHAP is necessary for the binding to o-actinin,
since overexpression of full-length CHAPb, which lacks the PDZ
domain, in cardiomyocytes showed localization to the Z-disc and
interaction with o-actinin-2. Overexpression of the N-terminal
region of CHAPa, containing the PDZ domain, led to nuclear
localization in COS-1 cells (Fig. 3D). Furthermore, overexpression
of full-length CHAPb in cardiomyocytes resulted in a disorganized
pattern of o-actinin-2, which led us to study the role of CHAP in
vivo.

The zebrafish is an excellent vertebrate model for studying heart
development in vivo. Therefore, we first identified and characterized
the orthologues of chap in zebrafish in order to understand its
function in vivo. We found two orthologues which we named chap/
and chap?2.

In addition to sequence homology, conserved syntenic
organization confirmed that these two genes are true Chap
orthologues. Strikingly, in every vertebrate investigated, genes
surrounding Chap are highly conserved. For instance, myozenin-2
(encoding another Z-disc protein) is located immediately
downstream of Chap, whereas myozenin-1 1is immediately
downstream of myopodin. In the zebrafish genome, myozenin-1 is
located immediately downstream of zebrafish myopodin on both
chromosomes 1 and 7.

chapl is expressed in the earliest stages of cardiomyocyte
specification in the cardiac progenitor cells and continues to be
expressed in the heart. Furthermore, chapl was expressed at the
earliest stages of somitogenesis, but was lost by 48 hpf. chap2,
however, was not expressed in the heart until 36 hpf. Expression
in the somites was apparent at the 12-somite stage and remained
expressed until at least 3 dpf. In summary, both chap!l and chap2
are expressed in the heart and in the somites but in distinct temporal
patterns. Knockdown of chap! and chap? individually by antisense
morpholino oligonucleotides revealed an essential role in cardiac
and skeletal muscle development and function, as shown by
decreased cardiac contractility and looping defect, enlarged
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pericardial sac, myofibrillar disarray, disruption of somite
boundaries and sarcomeric integrity. Knockdown of the chap genes
ultimately resulted in death at 6 dpf, ruling out any potential
redundancy between Chapl and Chap2. Another indication of
muscle defect was identified by the failure of the Chap morphants
to hatch, which is dependent on the combination of enzymatic
secretion and contractile force.

It has been shown that Z-discs are important structures for the
development of functional sarcomeres (Sanger et al., 1986; Wang
et al., 2005). At the ultrastructural level we observed absence of
sarcomeres and disrupted Z-discs in the somites of Chapl
morphants, indicating defective sarcomerogenesis, which explains
the impaired cardiac and somite contractility. It has been shown
recently that impairment of myofibrillogenesis by actin
polymerization inhibitors cytochalasin B, D and latrunculin A,
which also disrupt cytoskeletal organization of CHAP, prevent
cardiac looping (Latacha et al., 2005; Manasek et al., 1978). MO-
mediated knockdown of Cypher in zebrafish caused defective somite
formation, enlargement of the pericardium and dilation of the
ventricular wall, which resembled dilated cardiomyopathy (DCM)
(van der Meer et al., 2006), underscoring the importance of Z-disc-
associated PDZ-domain proteins in muscle development and
function. In humans, mutations in Cypher have been associated with
DCM and left ventricular non-compaction (Arimura et al., 2004;
Vatta et al., 2003).

A few Z-disc proteins have been shown to localize in different
compartments of the cell, such as the nucleus, and mutations in
these proteins have been linked to cardiac and skeletal myopathies
in humans and mice (Frank et al., 2006). Mice lacking the Z-disc
protein MLP develop lethal cardiomyopathy (Arber et al., 1997).
MLP has been implicated in mechanosignalling since there is
evidence that MLP translocates between the cytoplasm and nucleus
in response to physical stimuli such as (cardiac) chronic pressure
overload (Ecarnot-Laubriet et al., 2000). Because of its unique
position at the interface of the cytoskeleton and the sarcomere, the
Z-disc has been suggested to play a role as a mechanosensor in
cardiomyopathic chamber dilation (Knoll et al., 2002).

It would be of interest to further elucidate the molecular
mechanisms and signalling events that are associated with the dual
compartment protein CHAP in muscle development and disease.
CHAP may play a dual role as a structural protein at the Z-disc and
a regulator protein participating in a signalling pathway between
the nucleus and the Z-disc in development and during cellular stress.
Interestingly, we identified an embryonic as well as adult isoform
of CHAP. Since re-expression of embryonic or foetal cardiac genes
in adults is frequently observed in cardiac diseases, such as
hypertrophy, it would be interesting to study CHAP isoforms in
pathophysiological conditions.

Materials and Methods
Plasmid constructs
Full-length and truncated fragments of mouse CHAPa and CHAPb were amplified
by PCR from mouse E17.5 heart cDNA and cloned into pCRII-TOPO or pcDNAG6.2/C-
EmGFP/TOPO expression vector (Invitrogen). cDNAs encoding mouse CHAPa and
CHAPD with a N-terminal FLAG epitope were subcloned into pcDNA3.1 (Invitrogen).
The pcDNA3.1/FLAG-o-actinin-2 expression construct was kindly provided by
Norbert Frey, University of Kiel, Germany.

Zebrafish chapl and chap?2 were amplified by PCR from 36 hpf zebrafish cDNA
and cloned into pCRII-TOPO (Invitrogen). All cloning products were confirmed by
sequencing. Cloning primers are shown in supplementary material Table S1.

Production of polyclonal antibody
Polyclonal antiserum specific for CHAP was generated by immunization of rabbits
(Eurogentec, Leuven, Belgium) with two synthetic peptides coding aa 827-841

[ARTLPNKAQSQGPRV] and aa 866-881 [CFDEGSSTPGPTSGPP] of mouse
CHAPa (corresponding to aa 598-612 and aa 637-652 for CHAPb). For
immunostaining and western blotting, IgG was purified from antiserum using
protein-A-Sepharose beads (GE Healthcare). CHAP antibody specificity was verified
by western blot analysis of different mouse tissue samples revealing two bands (140
kDa for CHAPa and 110 kDa for CHAPb), which were not present after preadsorption
of the antibody with the peptides used for immunization (supplementary material
Fig. S3A). CHAP antibody did not cross-react with myopodin (supplementary material
Fig. S3B).

Cardiomyocyte isolation, cell culture and transient transfection

Rat neonatal cardiomyocytes, cultured from 1- to 3-day-old rats were prepared as
described previously (Lange et al., 2002). Mouse E17.5 cardiomyocytes were
isolated as described before (Maltsev et al., 1994). C2C12 myoblasts were cultured
in Dulbecco’s modified Eagle’s medium (DMEM; Gibco-BRL) containing 10% foetal
calf serum (FCS; Gibco-BRL). Differentiation was induced by replacing FCS with
2% horse serum (HS; Gibco-BRL) when cells reached 80% confluence. Differentiation
medium was refreshed every day during differentiation until day 6. COS-1 cells were
cultured in DMEM-F12 (Gibco-BRL) with 7.5% FCS. For immunocytochemistry,
cells were plated on 0.1% gelatin-coated glass coverslips in a 12-well plate. COS-1
cells were transiently transfected using Lipofectamin 2000 (Invitrogen) and analyzed
48 hours after transfection. To disrupt F-actin fibres 10 uM cytochalasin D (Sigma)
was added 48 hours post-transfection for 1 hour, before cells were fixed in 2%
paraformaldehyde.

Immunocytochemistry

Cells on glass coverslips were fixed in 2% paraformaldehyde for 30 minutes, washed
three times in PBS and permeabilized in 0.1% Triton-X100 in PBS for 8 minutes.
Cells were blocked in 4% normal goat serum (NGS) for 1 hour at room temperature
(RT) and then incubated with first antibody in 4% NGS for 1 hour at RT. Secondary
antibody incubation occurred in 4% NGS for 1 hour at RT. Phalloidin-TRITC in PBS
(1:500; Sigma-Aldrich) staining was performed after the secondary antibody step for
30 minutes at RT. Nuclear staining was performed as a last step using TO-PRO
(Invitrogen) or DAPI (Molecular Probes). Coverslips were then mounted on glass
slides using Mowiol (Calbiochem) and images were captured using confocal
microscopy (Leica SPE). Primary antibodies were as follows: rabbit anti-CHAP (1:75;
Eurogentec), mouse anti-a-actinin-2 (1:800; Sigma), mouse anti-myomesin (1:10;
kindly provided by Elisabeth Ehler, King’s College London, UK). Cy-3- and Cy-5-
conjugated secondary antibodies were used at 1:250 (Jackson Immunoresearch
Laboratories). Alexa-Fluor-488-conjugated secondary antibody was used at 1:100
(Invitrogen).

Immunohistochemistry

Heart and skeletal muscle cryosections were stained as described before (van Laake
et al., 2006). Primary antibodies were used as follows: rabbit anti-CHAP (1:50;
Eurogentec), mouse anti-o-actinin-2 (1:800; Sigma), mouse anti-myomesin (1:10;
E. Ehler). Cy-3- and Cy-5-conjugated secondary antibodies were used at 1:250
(Jackson Immunoresearch Laboratories).

For zebrafish, immunofluorescence staining protocols were as previously described
(Dong et al., 2007). The following antibodies were used: vinculin (1:200; Sigma) o.-
actinin (sarcomeric; 1:400; Sigma). Alexa-Fluor-488- (1:100; Invitrogen) and Cy-3-
(1:250; Jackson Immunoresearch Laboratories) conjugated secondary antibody were
used.

RT-PCR

Total RNA was isolated from cells using TRIzol reagent (Invitrogen) according to a
standard protocol. DNAsel digestion was performed to ensure elimination of genomic
DNA. Total RNA (1 ug) was transcribed by reverse transcriptase (SuperScript™ 11
RT, Invitrogen) and used for PCR using Silverstar DNA polymerase (Eurogentec) or
Platinum Taq DNA polymerase HiFi (Invitrogen). For each PCR reaction, 1 ul cDNA
was used in a reaction volume of 50 pl. The cycling parameters were 94°C for 15
seconds; 58°C, 30 seconds; and 72°C, 45 seconds, for 35 cycles. The PCR cycles
were preceded by an initial denaturation for 2 minutes at 94°C and followed by a
final extension for 7 minutes at 72°C. Glyceraldehyde phosphate dehydrogenase
(Gapdh) was used as RNA input control. As a negative control, total RNA was used
directly for PCR. Primers were, ChapA (sense: 5'-GAGGAGGTGCAGGTCACATT-
3’; antisense: 5'-CTGAAGAGCCTGGGAAACAG-3"), ChapB (sense: 5'-GGC-
TTTAAAGGGCCTTGG-3'; antisense: 5'-CCGCCGCTTCTTAAACATAA-3"),
Gapdh (sense: 5'-GTTTGTGATGGGTGTGAACCAC-3'; antisense: 5'-CTGG-
TCCTCAGTGTAGCCCAA-3") zebrafish eflo. (sense: 5'-GGCCACGTCGACT-
CCGGAAAGTCC-3'; antisense: 5'-CTCAAAACGAGCCTGGCTGTAAGG-3"),
zebrafish chapl (sense: 5'-TCACTGTATATCCCTGCCAGACCA-3'; antisense:
5'-GCTCTCGAGAAGAGATCCCATCAG-3") and zebrafish chap? (sense: 5'-CCA-
CCACCAACTCCTCTACC-3'; antisense: 5'-GCCTGAGGGATCTGTGACATT-
TCT-3").

Real-time qPCR
Real-time PCR was performed according to standard protocols on a MyIQ single
colour real-time PCR detection system (Bio-Rad). Briefly, 1 pg of total RNA was
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treated with DNAse, and transcribed to cDNA. 10 pl of a 1/10 dilution of cDNA
was then added to 12.5 pl of the 2X SYBR green PCR mastermix (Applied
Biosystems, Foster City, CA, USA), and 500 uM of each primer. PCR cycles were
3 minutes at 95°C, followed by 40 cycles of 15 seconds at 95°C, 30 seconds at a
specific annealing temperature, and 45 seconds at 72°C. The thermal denaturation
protocol was run at the end of the PCR to determine the number of products. Samples
were run on a 2% agarose gel to confirm the correct size of the PCR products. All
reactions were run in triplicate. As negative controls, PCR was performed on water
and on RNA without reverse transcription. The cycle number at which the reaction
crossed an arbitrarily placed threshold (Ct) was determined for each gene. The relative
amount of mRNA levels was determined by 272C%. Relative gene expression was
normalized to Gapdh expression. Primer sequences and annealing temperatures used
for real-time PCR are the same as described for RT-PCR above.

Immunoprecipitation and western blotting
For immunoprecipitation, cells were lysed in ice-cold RIPA-buffer (50 mM Tris-HCI,
150 mM NaCl, 1% NP-40, 0.2% sodium deoxycholate, 0.1% SDS) supplemented
with dithiothreitol (DTT), phenylmethylsulphonyl fluoride (PMSF) and protease
inhibitor cocktail (Sigma). Cell debris was spun down by centrifuging at 10,000 g
for 15 min. Cell lysates were incubated overnight at 4°C with 1 pug/ml of antibody
for immunoprecipitation. Antibodies used were as follows: anti-actin antibody C4
(Chemicon), anti-FLAG M2 (Sigma), anti-c-actinin2 (Sigma), and anti-CHAP.
Subsequently, 30 ul protA/G beads (Santa Cruz Biotechnology) per ml lysate were
added and incubated for 1 hour rotating at 4°C. Prot A/G beads were washed four
times with RIPA buffer, resuspended in Laemmli sample buffer and boiled. Negative
controls were performed by using an isotype control antibody for immunoprecipitation.
Western blotting was performed according to standard protocols. Briefly, protein
concentrations were determined using the Bio-Rad protein assay and proteins were
resolved by SDS-PAGE and transferred to polyvindyline difluoride (PVDF) membrane
(GE Healthcare/Amersham). Primary antibodies were as follows: rabbit polyclonal
anti-CHAP (1:200), mouse monoclonal anti-actin C4 (1:500; Chemicon), mouse
monoclonal anti-FLAG M2 (1:1000; Sigma), mouse monoclonal anti-sarcomeric o-
actinin2 (1:1000; Sigma). Horseradish peroxidase-conjugated secondary antibodies
were used for detection. Western blots were developed with enhanced
chemiluminescence (Pierce SuperSignal West Pico ECL) and exposed to film.

Microscopic imaging
To permit imaging, zebrafish embryos were dechorionated with forceps and
anesthetized with MS-222. Embryos were analyzed under a Leica MZ FL III
microscope and pictures were taken with a Leica DC 300F digital camera (Leica
Microsystems). In situ hybridizations were imaged using a Zeiss Axioplan coupled
to a Leica DFC480 digital camera. Immunofluorescence in cells and zebrafish embryos
was imaged with a Leica TCS SPE confocal microscope (Leica Microsystems).
For electron microscopy, zebrafish embryos of 3 dpf were fixed in half-strength
Karnovsky fixative as described in Karnovsky et al. (Karnovsky, 1965). Sections of
60 nm were cut using a Leica ultra-cryomicrotome and Diatome diamond knife and
examined with a JEOL 1010 electron microscope at 80 kV.

Whole-mount in situ hybridization

Whole-mount in situ hybridization for mouse embryos was performed as described
before (Beqgali et al., 2006). Probe template primers were designed with the T3-
promoter sequence (5'-ATACAATTAACCCTCACTAAAGGG-3") at the 5" end of
the forward primer and T7-promoter sequence (5'-ATAGGTAATACGACTC-
ACTATAGGGC-3") at the 5" end of the reverse primer. Digoxigenin-labelled probes
were generated using the purified PCR product as a template for probe transcription
with either T3 RNA polymerase or T7 RNA polymerase (Promega, Madison, USA).
Probe template primers are shown in supplementary material Table S2. For zebrafish
embryos, whole-mount in situ hybridization was performed using digoxigenin-labelled
antisense RNA probes, as described previously (Thisse et al., 1993). A combination
of 4-nitro blue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl phosphate 4-
toluidine salt (BCIP) was used for detection. Sense RNA probes were used as negative
control for each specific gene of interest. Embryos were cleared in methanol and
mounted in benzylbenzoate and benzylalcohol (2:1) for photography.

Fish maintenance

Techniques for the care and breeding of zebrafish were according to standard protocols.
Embryos were obtained from natural matings after the initiation of the light cycle,
and staged as hours postfertilization (hpf) according to morphological criteria
(Kimmel et al., 1995).

Morpholino antisense oligonucleotide injections

Stock morpholino oligonucleotides (Genetools, Philomath, OR) were dissolved in
1 X Danieu’s buffer (58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO,, 5 mM HEPES,
pH 7.6) (Nasevicius and Ekker, 2000). The diluted MO stocks (1 nl) were injected
into one-cell stage zebrafish embryos. Non-specific MOs and gene-specific 5-
mismatch MOs were used as controls. Specific MO-mediated knockdown was verified
by GFP intensity following injection of chapI-GFP and chap2-GFP, both containing
MO targeting sequences upstream of GFP, with or without co-injection of MOs
(supplementary material Fig. S7A). The effective concentration for each morpholino

was determined through dose-response experiments. Injection of 0.1 mM (0.8 ng)
chapl MO or 0.2 mM (1.7 ng) chap2 MO per embryo caused specific muscular
defects with no observable defects in other structures, along with no significant
increase in mortality in the randomized control MO or 5-mismatch-MO-injected
embryos when injecting same amounts of MO.

MO sequences were as follows: control MO, 5'-CCTCTTACCTCAGTTA-
CAATTTATA-3"; chapl MOXTS 5'-ACCACCTCCTCTGCTACCATTTTCC-3;
chapl 5mis MOATS5'-ACGACCTGCTGTGCTACGATTTTGC-3"; chap2 MOATS,
5'-GATGATAACCTCCTCGGCCACCATG-3'; chap2 5mis MOATS, 5'-GATCA-
TAAGCTGCTCCGCCAGCATG-3'.
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