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Developmental Dynamics / Patterns and Phenotypes
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Abstract

Backgound: Skeletal and cardiac muscles are contractile tissues whose development
and function are dependent on genetic programs that must be precisely orchestrated in
time and space. In addition to transcription factors, RNA-binding proteins tightly regulate
gene expression by controlling the fate of RNA transcripts, thus specific proteins levels
within the cell. Rbm24 has been identified as a key player of myogenesis and
cardiomyogenesis in several vertebrates, by controlling various aspects of post-
transcriptional regulation, including pre-mRNA alternative splicing and mRNA
stabilization. In zebrafish, knockdown of rbm24a or rbm24b also causes skeletal and
cardiac muscle phenotypes, but how their combined loss affects muscle integrity and
function remains elusive. Results: By genome editing, we have generated rbm24a and
rbm24b single mutants as well as double mutants. Structural analyses indicate that
homozygous rbm24a and rbm24b double mutants exhibit severe somitic muscle and
cardiac phenotypes, although rbm24b single mutants are obviously normal. We further
show that loss of rbm24a and rbm24b disrupts sarcomere organization, impairing
functional contractility and motility of skeletal and cardiac muscles. Conclusion: The
rbm24 mutant zebrafish represents a new genetic tool for in-depth studies of Rbm24-
mediated post-transcriptional regulation of skeletal and cardiac muscle development,

disease and regeneration.
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Introduction

RNA-binding proteins (RBPs) are critical regulators of gene expression in a wide
variety of cell types from embryogenesis to adulthood. Vertebrate cells encode
thousands of RBPs that control various aspects of transcript fates including pre-mRNA
alternative splicing, and mRNA stability, transport, subcellular localization,
polyadenylation and translation efficiency.” RBPs thus serve as critical rheostats of
protein accumulation to finely regulate cell proliferation or differentiation in many organs
during development, morphogenesis, maturation, function, homeostasis and
regeneration.” Due to their crucial role in gene expression, it is not surprising that
dysregulation of RBPs can compromise cellular health and function. Accordingly,
numerous monogenic diseases in humans are caused by damaging mutations in RBP
genes or by indirect RBP protein dysfunctions.?

Skeletal and cardiac muscles are contractile tissues whose development,
homeostasis and function require specific post-transcriptional networks that are
regulated by a large repertoire of RBPs. The functional cellular unit of all skeletal
muscles, the multinucleated myofibers, is formed by the proliferation, differentiation and
fusion of mononucleated myoblasts, which are largely controlled by various RBPs in
parallel to different transcription factors.®> The maturation of such muscle cells, with the
appearance of contractile proteins and their organization into myofilaments and
myofibrils, is also strongly regulated at the post-transcriptional level during
embryogenesis. In adult muscles, RBPs contribute to the maintenance of tissue
homeostasis and the process of regeneration, often in a similar manner as they function
in the embryonic myogenic cells. The heart, as the first organ forming during embryonic
development and the first acquiring functionality, derives from the establishment of
specific cardiac cell types and the development of a primitive heart tube, followed by
morphogenesis, remodeling, and postnatal maturation. In addition to transcriptional
regulation, these steps are also orchestrated by post-transcriptional networks involving
hundreds of RBPs, some of which display shared functions in skeletal muscle
development.4

This is particularly the case for the RNA binding motif protein Rbm24, which
harbors an N-terminal RNA recognition motif (RRM) and is expressed in several tissues
of vertebrate embryos, including embryonic and adult skeletal and cardiac muscles.”'?
Several studies have demonstrated that Rom24 is a key player of skeletal muscle cell
specification, differentiation and regeneration in vertebrates, by functioning in multiple



aspects of post-transcriptional regulation, including pre-mRNA alternative splicing and
mRNA stabilization.'>'” We have reported that in chick embryos and in adult mice,
knockdown of Rbm24 in myogenic progenitors severely disrupts their differentiation
likely due to impaired expression and defective pre-mRNA alternative splicing of
muscle-specific genes.®'" Rbm24 has also been highlighted as a pivotal regulator of
cardiomyocyte patterning and cardiac sarcomerogenesis during different stages of heart
morphogenesis primarily by functioning as a splicing factor.''817 |n addition,
conditional knockout of Rbm24 in mice suggests that it is required for postnatal cardiac
tissue homeostasis.' During heart development, Rom24 not only regulates splicing but
also controls the translation of its mRNA targets, as demonstrated in the mouse
embryo.'® Indeed, through interaction with the eukaryotic initiation factor 4E (elF4E) to
prevent its association with the 5’-cap of p53 mMRNA and the formation of translation
initiation complex, Rbm24 act as a repressor of p563 mMRNA translation in cardiac cells,
thus protecting heart development via reduced cell cycle arrest and/or apoptosis.'®
Studies in zebrafish have pointed a conserved role of Rbm24 in cardiac
development. There are two rbm24 paralogs in zebrafish, rbm24a and rbm24b, due to
duplication of the major part of the genome. It has been shown that morpholino-
mediated knockdown of rbm24a or rbm24b causes heart developmental defects.'®'® By
genome editing, we have generated a zebrafish rbm24a mutant line and found that loss
of rbm24a produces similar heart defects.?® These studies suggest a critical role of
rbm24a in heart development. However, it remains unclear how combined loss of
rbm24a and rbm24b affects skeletal muscle formation and myocardial organization. In
the present study, we generated rbm24a and rbm24b double homozygous mutants to
characterize skeletal and cardiac muscle phenotypes. While rbm24a single mutants
display weak skeletal muscle defects and strong cardiac abnormalities, rbm24b single
mutants show no obvious phenotype. However, simultaneous loss of rbm24a and
rbm24b most severely disrupts muscle tissue integrity and function. These results
further confirm the muscle regulatory role of Rom24 in different vertebrates,??'2? and
uncover a functional redundancy of zebrafish rbm24a and rbm24b in striated muscle
development. Our study thus provides a new genetic tool to assess for the function of

Rbm24 in skeletal and cardiac muscle development and function in vertebrates.



Results

Zebrafish rbm24a and rbm24b are expressed in restricted regions during
embryogenesis

Zebrafish genome harbors rbm24a and rbm24b. Their expression has been
previously reported for several developmental stages.'®'%2? However, the onset of
rbm24a and rbm24b expression in somitic mesoderm and cardiac precursors has not
been clearly determined. In order to extend the analysis, we performed whole-mount in
situ hybridization (WISH) experiments to monitor the detailed expression patterns of
rbm24a and rbm24b across 16 time points, from 8-somite stage (between 12 and 14
hpf) to 31 hpf.

The expression of rbm24a was first evident in the developing somites at least at
8-somite stage (Figure 1A). At 14 hpf when the embryo has formed 10 somites, rbm24a
expression was present in segmented somites at the anterior region, with the transcripts
detected in laterally located slow muscle cells and in medially located fast muscle cells
(Figure 1B,Q,Q’); in the posterior region, rbm24a transcprits were solely detected in the
most medial part of the unsegmented paraxial mesoderm, which corresponds to the
progenitors of the slow twitch muscle lineage, namely adaxial cells, known to further
migrate laterally (Figure 1B,R,R’). A similar expression pattern could be observed from
12- to 20-somite stages (Figure C-F). From 22-somite stage to the end of the
segmentation period at 24 hpf, rbm24a expression was detected in all differentiated
muscle cells within the somites, including medially located fast muscles and laterally
located slow muscles (Figure 1G-J,S-S’”), as well was in the most caudal somites
(Figure 1K, T-T”). As development proceeds, rbm24a expression gradually declined in
the anterior region to become restricted to the most caudal somites (Figure 1I-P).
Therefore, rbm24a shows strong expression in both slow and fast muscle cells, which
are originated from the segmental plate.?”

We also monitored rbm24a expression in the developing heart. Its transcripts
were not detected in the presumptive heart region at 8-somite stage but were present in
the heart primordium at 10-somite stage (Figure 1A,B). From 10- to 18-somite stages,
rbmZ24a expression was detected in the bilateral cardiac fields (Figure 1B-E,U-W), which
normally are composed of differentiated ventricular myocytes closest to the midline and
undifferentiated atrial precursors located laterally.?® From 22- to 24-somite stages, the
bilateral myocardial heart fields have migrated toward the midline and fused to form a



disc structure expressing rbm24a (Figure 1G,H,X). The expression of rbm24a was
maintained in the developing heart from 22 hpf until at least 31 hpf (Figure 1I-P).
Therefore, our results clearly show that rbm24a expression is initiated in the bilateral
heart fields at least at 14 hpf when the embryo has formed 10 somites. In addition to the
skeletal and cardiac muscle territories, rbm24a was also detected in the developing ear
and eye. It was detected in the otic vesicle from 12-somite stage onward (Figure 1C-
P,U-X) and was expressed in the developing lens from 18-somite stage onward (Figure
1E-P).

We also examined the expression of rbm24b during early development from 12-
somite stage to 24 hpf. The results indicated that rbm24b expression was only present
in the developing somites. At all stages examined, it was detected in both segmented
somites and unsegmented presomitic mesoderm, including medially located fast muscle
precurdors and laterally located slow muscle precursors (Figure 2A-M). Thus, compared
with rbm24a, rbm24b was expressed in the entire paraxial mesoderm from 10-somite
stage to at least 24 hpf, whereas rbm24a expression is progressively restricted to
posterior somitic mesoderm. Despite intense staining present in the somites, we did not
detect obvious rbm24b expression in the developing heart (Figure 2A-J). However, by
increasing the incubation period for chromogenic reaction, weak staining could be
observed in the heart area at 24 hpf similarly to published results (Figure 2K). Thus, it is
possible that rbm24b displays very weak expression in the heart.

Phenotype analyses of zebrafish rbm24a and rbm24b double homozygous
mutants

Rbm24a and Rbm24b proteins exhibit high level of overall identity, particularly in
the RRM located at the N-terminal half. This suggests that they may display redundant
functions in the post-transcriptional regulation of gene expression. We have previously
generated an rbm24a mutant line.?° To investigate the functional role of rbm24a and
rbm24b in zebrafish embryonic development, we used the CRISPR/Cas9 system to
produce mutation in the rbm24b locus. An indel (-8/+15 base pairs) was created in the
first exon. This mutation is predicated to cause frameshift at the beginning of the coding
region, thus disrupting the expression of Rom24b protein (Figure 3). Phenotype analysis
indicated that homozygous rbm24b mutants developed normally without obvious

phenotype (Figure 4).



Since homozygous rbm24a mutants are embryonically lethal, we first generated
triallelic rbom24a*-;rbm24b”- mutants that are heterozygous for rbm24a and homologous
for rbm24b. Double homozygous rbm24a and rbm24b (rbm24a’;rbm24b7) mutant
embryos can be obtained by crossing these triallelic carriers. The phenotype of rbm24a
#;rbm24b”- mutants was examined from 1.5 dpf to 5 dpf (Figure 5). Double homozygous
rbm24a and rbm24b mutant embryos first presented a pericardial edema that became
apparent at 1.5 dpf and extended progressively to the abdominal region from 2 dpf to 5
dpf. The anteroposterior axis also became progressively shortened, and most double
homozygous mutants developed a curved tail presumably due to defects in somitic
derivatives. Double homozygous rbm24a and rbm24b mutant embryos develop these
cardiac and muscle phenotypes with 100% penetrance. In addition, compared with
rbm24a single mutants, it was apparent that the loss of both rbm24a and rbm24b led to
more severe developmental defects at all stages examined. These observations
indicate that Rbm24 plays a predominant role in heart development. Thus, the rbm24a
and rbm24b mutants represent an important genetic tool for the study of Rbm24-
regulated events during embryonic cardiac differentiation.

Skeletal and cardiac muscle tissue integrity and function are severely affected
following simultaneous loss of rbm24a and rbm24b

Given the overlapping expression pattern of rbm24a and rbm24b during somitic
muscle differentiation, we further examined how their combined loss affects muscle
development. After phalloidin staining of actin filaments to visualize all somites, we
found that rbm24a’;rbm24b”- mutants exhibited a significantly reduced muscle tissue
(Figure 6A-D), with nearly 30% loss when compared to wild-type embryos at all stages
examined (p<0,0001 at 2 dpf, p=0,0021 at 3 dpf, and p=0,0342 at 4 dpf). With respect
to wild-type embryos, rbm24a single mutants showed a similar reduction of the muscle
tissue (p=0,0051 at 2 dpf, p=0,0022 at 3 dpf, and p=0,0117 at 4 dpf), but no significant
differences were observed when compared with rbm24a and rbm24b double mutants
(Figure 6D). We then performed a more detailed examination of muscle tissue
architecture by confocal microscopy analysis. At 2 dpf, myofibers were irregular in
rbm24a single mutants when compared with wild-type embryos (Figure GE-E’).
However, myofiber organization was more severely affected in rbm24a’;rbm24b”
mutants (Figure 6E”). They appeared thinner, twisted and loosely arranged, forming a
less compact tissue. At 3 dpf, muscle defects in double mutants were exacerbated with
the appearance of damaged and disrupted myofibers within the muscle masses (Figure



6F-F"). Using transmission electron microscopy (TEM), we further characterized the
muscle phenotype at the ultrastructural level. The results revealed that A-band and |-
band patterning in rbm24a’;rbm24b”- mutants was severely disrupted by the
accumulation of disordered sarcoplasmic reticulum (Figure 6G,G’), thus affecting
sarcomere alignment which is critical for myofibril contraction.

To corroborate the requirement of rbm24a and rbm24b for muscle development,
we performed a touch-evoked tactile stimulation response assay, which is reflective of
muscle performance and function,?® using a tracking protocol to allow the assessment
of swimming speed in zebrafish larvae.?* The results clearly revealed a skeletal muscle
dysfunction (Figure 6H). At 2 dpf, 3 dpf, and 4 dpf, rbm24a’;rbm24b”- mutant embryos
exhibited significantly slower swimming responses compared to controls (p=0,0018 at 2
dpf, p<0,0001 at 3 dpf and p=0,0001 at 4 dpf). This assay also revealed that double
mutants displayed more severe muscle contractile defects than rbm24a single mutants
(p=0,0487 at 2 dpf, p=0,0056 at 3 dpf and p=0,0223 at 4 dpf). (Figure 6H). These
observations indicate that the combined loss of rbm24a and rbm24b more severely
affects skeletal muscle integrity and function, which is consistent with the strong
expression of both paralogs in the somites.

The disorganization of cardiac muscle in rbm24a”;rbm24b7 mutants was also
characterized using confocal microscopy and TEM. We first used the ventricle-specific
MF20 antibody and the atrium-specific S46 antibody to examine morphological changes
of the two cardiac chambers at 3 dpf and 4 dpf (Figure 7A-B’). In rbm24a”;rbm24b™
mutants, the ventricle appeared shriveled and smaller, while the atria was overtly
dilated. Moreover, the atrium was abnormally positioned posteriorly to the ventricle in
mutant embryos, suggesting looping defects (Figure 7C-D’). Confocal sections showed
that the atrioventricular canal that divides the heart into two chambers was narrower in
rbm24a’;rbm24b”- mutant embryos at 3 dpf and 4 dpf, presumably as a result of the
shrinking of the ventricle and the enlargement of the pericardium, pulling the atrium
away from the ventricle (Figure 7C-D’). By measuring the cross-sectional areas of heart
chambers on confocal sections (Figure 7E,F), we found that the ventricular area in
rbm24a’;rbm24b”- mutants was significantly reduced (p=0,0001 at 3dpf and p=0,0002
at 4 dpf), whereas the atrium area was significantly expanded (p=0,0033 at 3 dpf and
p=0,0021 at 4 dpf). We then examined sarcomere organization in cardiomyocytes by
TEM at 3 dpf. Analysis of longitudinal sections of the heart revealed that control
embryos displayed intact sarcomeres with clearly defined Z-disks and well-organized



myofibrils (Figure 7G). By contrast, rbm24a’;rbm24b” mutant embryos showed
disorganized and loosely arranged myofibrils. The Z-disks were often disrupted or
absent (Figure 7G’). These results indicate that loss of rbm24a and rbm24b leads to a
complete disorganization of myofibrils and destabilization of sarcomeres in cardiac
muscles.

We next performed video recording to measure the heart rate by direct counting
of ventricle beating, which revealed a disrupted cardiac function (Figure 7H). At different
stages, the heart rate in rbm24a“~rbm24b” mutant embryos was significantly lower than
controls. In addition, while the heart rate increased in wild-type embryos as
development proceeds, control; it decreased dramatically at 4 dpf in rbm24a”;rbm24b™”
mutants (Figure 7H). Since it is not obvious to unequivocally compare myocardium
phenotypes between rbm24a single mutants and rbm24a’;rbm24b”- double mutants,
we recorded heart rate to reflect the extent of cardiac functional defects. The results
indicated that cardiac contractile function was more severely affected in double mutants
(Figure 7H). Altogether, these data demonstrate that rbm24a and rbm24b contribute to
maintain the structural integrity and, consequently, the function of cardiac muscles

during zebrafish development. However, rbm24a clearly plays a predominant role.

Compromised locomotion in rbm24a”’-;rbm24b”’- mutants due to impaired fast and
slow muscle differentiation but not altered muscle attachment nor absence of
neuromuscular junctions

In the somites, fast-twitch fibers form the bulk of the myotome. Slow fibers cover
the myotome and are responsible for the earliest side-to-side contractions of the trunk at
17 hpf, inducing spontaneous tail coiling. At more late stages, slow and fast myofiber
contractions are both responsible for controlled swimming behavior, such as short burst
movements in response of external stimuli.3® To examine how slow and fast muscle
tissue integrity was affected in the absence of rbm24a and rbm24b, we performed
immunofluorescence staining using antibodies against fast and slow muscle heavy
chains. In rbm24a’;rbm24b”- mutants, both fast and slow muscles displayed distorted
architecture, and myofibers appeared wavy and were separated by large gaps (Figure
8A-D’). This is consistent with the expression of both rbm24 paralogs in slow and fast
muscle precursors. Altogether, these results indicate that the compromised locomotion
of rbm24a”-;rbm24b”- mutants is specifically caused by a failure of muscle differentiation

and maturation into a fully functional tissue, affecting similarly slow and fast muscles.



The myotendinous junction (MTJ) is an integrated mechanical unit located at the
interface of muscles and tendons, transducing muscle contraction force to the skeletal
system. It is formed by a highly specialized protein complex, consisting of
subsarcolemal transmembrane proteins as well as extracellular matrix components,
among which laminin proteins connect muscular sarcomeric actin to tendinous
extracellular matrix.3® Mutations in many genes encoding MTJ components cause
various forms of congenital muscle dystrophy by disrupting the myotendinous
junction.3:32 In zebrafish, multinucleated myofibers span the entire myotome of each
somite up to the vertical myosepta, which are functionally equivalent to the mammalian
tendons. Thus, the myosepta, connecting adjacent muscle cells, transmit muscular
forces between axial muscles via the MTJ during fish swimming. Functional disruption
of several genes expressed during MTJ formation, including for example Col22a1 and
laminin alpha2, leads to the disorganization of muscles and an impairment of motility
concomitantly to abnormal myosepta and MTJ.?33* Given the altered skeletal muscle
integrity and function in rbm24a”-;rbm24b”- mutants, we further examined the formation
of MTJ by immunofluorescence staining of myotendinous junction. Analysis by confocal
optical sectioning indicated that myofibers were severely disorganized in rbm24a”
;rbm24b”- mutants, however, myotendinous junctions at the somite boundaries
exhibited a regular V-shaped pattern, similarly to control embryos, although laminin
immunofluorescence staining became relatively weak at 3 dpf (Figure 9A-F”). The
altered locomotion displayed by rbm24a”;rbm24b”- mutants prompted us to examine
whether neuromuscular junctions (NMJs) could be affected. Analysis of NMJs, by
targeting acetylcholine receptors using rhodamine-conjugated alpha-Bungarotoxin
reveals that motor synapses are present and that they are arborized in misaligned and
sparse myofibers of the mutants in a smilar pattern as those vizualized in the controls
(Figure 10A-B’).



Discussion

Skeletal myogenesis and cardiomyogenesis are developmental processes that
require an elaborated interplay of transcriptional and post-transcriptional regulators to
sequentially control progenitor cell maintenance, lineage specification, cell
determination, proliferation, and finally early and terminal differentiation. In addition to
transcription factors, the discovery that specific RBPs are crucial regulators of the
protein set-up was a landmark in our understanding of the processes leading to muscle
and cardiac cell differentiation.®® This is particularly the case for Rom24 which recently
appeared as a key myogenic and cardiomyogenic factor.35

In the present study, we report that zebrafish rbm24a and rbm24b genes are
necessary for muscle and cardiac cell differentiation into functional tissues during
embryogenesis. We show that double homozygous rbm24a and rbm24b mutants
develop a cardiac phenotype and do not survive beyond 6 dpf. The phenotype of
shriveled ventricle, dilated atria and impaired cardiac contractility, associated with
disrupted sarcomeric structure in cardiomyocytes, clearly indicate that rbm24a and
rbm24b function redundantly and are essential to drive cardiomyocyte differentiation.
Importantly, these results recapitulate and complement previously described morphant
phenotype.'®'® Our observations also clearly indicate that Rom24 play a predominant
role in maintain cardiomyocyte integrity and function. In addition, another novel finding
made in this study is that double homozygous rbm24a and rbm24b mutants develop a
strong somitic muscle phenotype with obvious structural alterations at cellular and
ultrastructural levels, impairing functional contractility and motility. Therefore, these
results reinforce the myogenic function demonstrated for Rbm24 in other vertebrates,
thus reconciling the fact that its role is conserved during vertebrate evolution.

The key role of rbm24a and rbm24b during heart and muscle development, which
are highly time-coordinated events with multiple steps occurring in a specific sequence,
suggest that their spatial and temporal expression must be tightly regulated. We show
that rbm24a expression is activated from specification to differentiation of muscle cells.
Although the cardiac expression of rbm24b is particularly weak, its function can be
revealed by the exacerbated cardiac edema phenotype and more severely reduced
heart rate in double homozygous rbm24a and rbm24b mutants. Interestingly, we show
that rbm24a is expressed in bilateral heart fields, suggesting that it may play an early
role in the developing heart. It will be of interest to investigate the molecular



mechanisms governing rbm24a expression. Nkx2.5, the earliest marker of cardiac
progenitor emergence in zebrafish, controls transcriptional activation of the cardiac
gene program in cooperation with other key factors such as Gata5, Hand2 and Tbx5.36
This raises a possibility that rbm24a may function downstream of those factors during
heart development.

We have shown that the loss of rbm24a and rbm24b causes severe damages in
skeletal muscles and in heart tissues. This is associated with severe alteration in
myofibrillogenesis, impairing functionality of these tissues. Since myogenesis and
cardiomyogenesis does not seem to be affected at early stages, rbom24a and rbm24b
may not be involved in cell specification but is specifically required for the maturation of
differentiated myogenic and cardiomyogenic cells. This conclusion is consistent with the
implication of Rbm24 in myogenic differentiation during adult skeletal muscle
regeneration.'"3 The major regulatory role demonstrated so far for Rom24 resides in
the control of specific alternative splicing orchestrating sarcomere assembly and
integrity. Indeed, the absence of sarcomere in cardiomyocytes and altered
myofibrillogenesis in skeletal muscle cells observed in Rbm24 knockout mice were
associated with impaired exon inclusion in several sarcomeric genes.' Postnatal
cardiac-specific ablation of Rbm24 in mice leads to dilated cardiomyopathy and affects
a large number of splicing switches.' Deletion of RBM24 in human embryonic stem
cells disrupts sarcomeric structures associated to defective splicing of core
myofibrillogenesis genes such as ACTININ-2, TITIN and MYH10.3° Although less
extensively analyzed, Rbm24 also functions to regulate the stability of p271, p63 and
myogenin mRNAs by binding to 3’-untranslated regions.'34%4! We recently identified a
novel role for Rbm24 in controlling cytoplasmic polyadenylation and translation
efficiency in the lens.?® Thus, Rbm24 appears to be a multitasking RBP capable of
regulating target mRNAs through different post-transcriptional mechanisms.

In conclusion, we have generated rbm24a and rbm24b double homozygous
mutants in zebrafish, and our study clearly shows that rbm24a and rbm24b may have
redundant functions in myogenesis and cardiomyogenesis by regulating muscle tissue
integrity and function. Although no RBM24 mutation has been yet associated to human
disease, it cannot be excluded that dysregulated expression or dysfunction of RBM24
may be present in specific cases of cardiomyopathy or muscle dystrophy patients. The
rbm24 mutant zebrafish will be a useful tool for further study of Rom24-mediated post-

transcriptional regulation in muscle development, disease and regeneration.



Experimental Procedures

Ethic statement for zebrafish handling

Zebrafish embryos were maintained in E3 medium (5mM NaCl, 0.17 mM KCI,
0.33 mM CacCl2, 0.33 mM MgS0O4) at 28°C using a temperature-controlled incubator. All
experiments were performed in agreement with the European Directive 210/63/EU on
the protection of animals used for scientific purposes, and the French application decree
“Décret 2013-118”. The fish facility has been approved by the French “Service for
animal protection and health” with approval number B-75-05-25.

Genome editing of rbom24a and rbm24b loci

Zebrafish rbm24a mutants were obtained using the TALEN (transcription
activator-like effector nuclease) genome editing technology.?® The CRISPR/Cas9
system was used to generate rbom24b mutants, with targeting sequence located in the
first exon (5-GAGGATGCACAGCTCTCAGA-3’). The guide RNA (200 pg) was mixed
with Cas9 protein (300 pg) and injected into 1-cell stage embryos. Individual adult fish
was screened by sequencing PCR products amplified from tail fin genomic DNA using
primers 5-GTATATCGTCTGTAGGCGTGG-3' and 5-CGTATCCTCTGGTTTGCC-3'.

Genotyping

Genotyping was processed using High Resolution Melting Analysis (HRMA) of
genomic DNA as previously described.?®> PCR primers were designed to specifically
amplify rom24a and rbom24b mutated regions (rbm24a: 5'-
ACCAAGATATTTGTCGGCGG-3' and 5-CAGGCTGGAATCCGTCGTAT-3’; rbm24b:
5-GTATATCGTCTGTAGGCGTGG-3' and 5-CGTATCCTCTGGATTTGCC-3’). Real-
time PCR using SsoFastTM EvaGreen1 Supermix (Bio-Rad) with 2 to 15 ng genomic
DNA and 0.5 uM of each primer in a 20 L reaction mixture was performed in a CFX96
system (BioRad). Thermal melting profiles were obtained in the same device by
increasing temperature from 75 to 95°C using a temperature increment of 0.2°C. They
were normalized as previously described.?* In different experiments, embryos were

individually genotyped after imaging.

Whole-mount in situ hybridization

DNA template for generating rbm24a and rbm24b probes were obtained by PCR
amplification of embryonic cDNAs (rbm24a: 5-CCACATACACCAAGATCTTC-3’ and 5'-
AATGATCATCCTCGCTGTCT-3’; rbom24b: 5-CCACATACACCAAGATCTTC-3 and 5’-



AATGATCATCCTCGCTGTCT-3’). PCR products were cloned in pGEM-T easy vector
and antisense probes were synthesized using appropriate RNA polymerases and
digoxigenin-11-UTP (Roche Diagnostics). Embryos were fixed in 4% paraformaldehyde
at 4°C overnight. In situ hybridization was performed according to published protocol.?®
Embryos after 24 hpf (hours post-fertilization) were treated with proteinase K (10 pg/mL)
for 15 min. Vibratome sections of 100 ym were performed from labeled embryos casted
in 6 % low melting agarose. Sections were collected in 1x PBS and mounted in aqueous
mounting medium. Embryos and sections were imaged using a stereomicroscope (S8

APO, Leica) or a fluorescence microscope (Leica DM 2500).

Phalloidin, alpha-bungarotoxin and DAPI staining

Embryos were fixed in 4% paraformaldehyde at 4°C overnight, washed in PBS
and whole-mount stained with rhodamine-labeled phalloidin (Sigma-Aldrich) at 50
pug/mL diluted in PBS. Embryos older than 2 dpf (days post-fertilization) were
permeabilized overnight at 4°C using 4% Triton X-100 in PBS prior to incubation in
phalloidin or in alpha-bungarotoxin solution. They were extensively washed in PBT
(0.1% Tween-20 in PBS), counterstained with DAPI and washed in PBS. After staining,
embryos were manually deyolked, mounted in 60% glycerol solution and imaged using
or a ZEISS 980 Fast-Airyscan Il upright confocal microscope. Frozen sections of 14 ym
from whole-mount labeled embryos were cut using a cryostat (Leica) and washed in
PBS. They were mounted in fluoromount medium (Invitrogen) and imaged using a

fluorescence microscope (Leica DM 2500).

Immunofluorescence

For whole-mount immunodetection, embryos were fixed in 4% paraformaldehyde
at 4°C overnight, and extensively washed in PBS. Embryos older than 2 dpf were
permeabilized as above. They were blocked for 2 hours using 3% BSA (bovine serum
albumin) and 0.1% Triton X-100 blocking solution diluted in PBS and then incubated
overnight at 4 °C with primary antibodies diluted in blocking solution (Laminin, Sigma,
1/100; S46, DHSB, 1/100; MF20, DHSB, 1/100). After extensive washes in PBT,
embryos were incubated overnight at 4°C with alexa-488 or alexa-596 conjugated anti-
rabbit or anti-mouse secondary antibodies diluted in blocking solution (Interchim, 1/400).
Embryos immunolabeled for laminin were extensively washed in PBT and processed for
phalloidin and DAPI staining. Double S46 and MF20 immunostaining was achieved by

performing the single immunodetection in succession prior to DAPI staining. Embryos



were imaged on a S8 APO Leica stereomicroscope and on a Zeiss 980 Fast-Airyscan |l
upright confocal microscope.

For immunodetection on sections, embryos were fixed in 4% paraformaldehyde
at 4°C overnight, extensively washed in PBS, incubated in 30% sucrose solution at 4°C
overnight, embedded in tissue-freezing medium (Leica, Germany), and frozen in liquid
nitrogen-cooled isopentane. Transverse cryosections of 14 ym were obtained using a
microtome cryostat (Leica) and washed in PBS. Immunofluorescence staining was
performed using F59 and F310 monoclonal mouse antibodies from DHSB (1/200).

Images were acquired using a Zeiss Axioimager apotome microscope.

Transmission electron microscopy (TEM)

Embryos were fixed using a mix of glutaraldehyde (2%) and paraformaldehyde
(2%) in cacodylate buffer (0.1 M, pH 7.4) for 90 min at room temperature and stored at
4°C. They were then washed five times with cacodylate buffer, postfixed with 1%
osmium tetroxide for 1 h on ice, extensively washed with distilled water, and embedded
in 4% agarose to help handling at later steps. Samples were gradually dehydrated in
ethanol, and embedded in Agar 100 Epoxy resin. Thin sections of 70 nm were collected
onto 200 mesh copper grids, stained with uranyl acetate (2.5%) and lead citrate (2%),
and coated with 2 nm carbon using the ACEG00 apparatus (Leica microsystems).
Observations were realized in scanning transmission electron microscopy mode within a
field-emission scanning electron microscope GeminiSEM 500 (Zeiss) operated at 29 kV,
in bright-field imaging and high-angular annular dark-field modes with a 15 ym aperture.
Scan speed and line integration were adjusted during observation to maintain a
constant signal-to-noise ratio.

Heart rate and velocity measurements

Heart beats per minute were counted by direct visualization of ventricle beating
under an S8 APO Leica stereomicroscope. Room temperature remained constant at
22°C throughout the experiment. Velocity measurements were performed by video-
recording the swimming behavior of larvae in response to a tactile stimulation. Embryos
were placed individually in a petri dish containing E3 medium on an illuminated stage
and tapped on the back of the head with a fine glass pipette tip. Videos were recorded
at 25 frames per second. Fiji Imaged was used to quantify the data, with files imported
into Imaged as FFmpeg movies and thresholding applied to allow visualization of the

zebrafish, followed by conversion to a binary image. The trackmate plugin was then



utilized to measure the movement, with manual editing of each reading performed to
ensure that the larva is tracked correctly through each video frame.?® Values for speed
were obtained for each embryo. A total of 15 to 20 embryos were analyzed at each
condition. Average heart rates and velocity with standard error were plotted and

significant deviation was determined in GraphPad Prism using the student’s t-test.
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Legends to figures

Figure 1. Spatio-temporal expression of rbm24a transcripts during zebrafish
development. (A-P) Lateral views, with anterior to the left, showing rbom24a expression
in the developing somites from 8- to 24-somite stages (A-H) and progressively restricted
to most caudal somites from 22 hpf to 31 hpf (I-P). (M’-O’) Higher magnifications of the
anterior region. (Q, R) Dorsal views, with anterior to the top, of the embryo at 10-somite
stage shown in B, at the level of the anterior and posterior re-gions, respectively. (Q’,
R’) Transverse sections at the levels indicated in Q and R, respectively. Note that
rom24a is expressed in the entire somite and in adaxial cells of the presomitic
mesoderm. (S) Dorsal view, with anterior to the top, of the embryo at 22-somite stage
shown in G, focused on the posterior region. (S’-S’”’) Transverse sections at the level
indicated in S. (T) Dorsal view, with anterior to the top, of the embryo at 24 hpf shown in
K, focused on the most posterior region. (T, T”’) Transverse sections at the level
indicated in T. (U-X) Dorsal views, with anterior to the right, of embryos presented in B-
G, at the level of the heart area. The expression of rbom24a is also present in the
developing heart (white arrows), otic placode (arrowheads), and lens (asterisks). So,
somite; nt, neural tube; n, notochord; ad, adaxial cells; fmp, fast muscle progenitors;
upm, unsegmented presomitic mesoderm. Scale bars: 100 pm.

Figure 2 . Spatio-temporal expression of rbm24b transcripts during zebrafish
development. (A-K) Lateral views, with anterior to the left, of whole-mount embryos
from 10-somite stage to 24 hpf, showing rbm24b expression in the developing somites.
(A’-I') Dorsal views, with anterior to the top, of embryos shown in A-l, focused on the
developing somites. (K) Weak rbm24b hybridization signal (outlined by dashed
rectangle) can be observed in the heart area with prolonged incubation period for
chromogenic reaction. (L) Transverse section of the embryo at 20-somite stage shown
in F, at the level of somite (white arrow). (M) Transverse section of the embryo at 23 hpf
shown in J, at the level of the somite (white arrow). So, somite; nt, neural tube; n,
notochord. Scale bars: (A-K) 100 pym; (A’-I', L, M) 50 pym.

Figure 3. CRISPR/Cas9-mediated genome editing of rbm24b locus. (A) The
genomic organization of rbm24a locus. The guide RNA targeting sequence in the first
exon (E1) is underlined, and the PAM sequence is shown in blue. (B) Deletion of 8

nucleotides and insertion of 15 nucleotides (red) in the targeted region. (C) Schema of



Rbm24b protein domains and alignment of amino acids between wild-type and mutated
Rbm24b proteins.The triangles indicate the position where amino acid change occurs or
the last amino acid in the mutated Rbm24b protein.

Figure 4. Phenotype of rbm24b mutants at different stages. No morphological

defects can be observed from blastula to 72 hpf.

Figure 5. Phenotypes of rbm24a and rbm24b mutants during early development.
(A, D, G, J, M) Lateral views of wild-type embryos at indicated stages. (B, E, H, K, N)
Lateral views of homozygous rbmZ24a single mutants show heart edema (arrows) at
indicated stages. (C, F, I, L, O) Lateral views of double homozygous rbm24a and
rbm24b mutants show an exacerbated heart edema (arrows) at different stages. At
each developmental stage, 15 to 20 embryos per genotype were analyzed. Scale bars:
250 pm.

Figure 6. Disrupted integrity and function of skeletal muscles in rbm24a and
rbm24b mutants. (A-C”) Lateral views, anterior to the left, showing the muscle tissue.
Scale bar: 250 ym. (D) Graph representing the average normalized area of skeletal
muscle pixel intensities (mean grey values) shows the reduction of trunk muscle tissue
in single and double mutants. At each developmental stage, 15 to 20 embryos per
genotype were analyzed. (E-F”) Lateral views comparing myofiber organization in
rbm24a single mutants and rbm24a”;rbm24b” double mutants. Scale bars: 25 um. (G,
G’) Representative TEM images of skeletal muscle sections at 3 dpf show that the dark
A-band and the light I-band patterning is severely disrupted by accumulation of
disordered sarcoplasmic reticulum (black arrow) in double mutants (n = 4). Scale bars:
1 pum. (H) Graph comparing the velocity of rbm24a single mutants and rbm24a”
;rbm24b” double mutants at 2, 3 and 4 dpf. Average velocity with standard error were
plotted and significant deviation was determined using the student’s t-test. At each

developmental stage, 15 to 20 embryos per genotype were analyzed.

Figure 7. Disrupted integrity and function of cardiac muscles in rbm24a and
rbm24b mutants. (A-D’) Immunofluorescence staining of ventricle and atria in wild-type
embryos and rbm24a’-;rbm24b”- double mutants. At each developmental stage, 15 to
20 embryos per genotype were analyzed. Scale bars: 5 ym. (E, F) Graphs measuring
the ventricle and atrium size at 3 dpf and 4 dpf, respectively. (G, G’) TEM images of

heart sections. Wild-type embryos show highly organized sarcomeres with thin and thick



myofilaments in well-aligned bundles and discernible dark A-band and light I-bands,
while double mutant embryos display a complete disorganization of sarcomeric unit. At
each developmental stage, 15 to 20 embryos per genotype were analyzed. Scale bars:
500 nm. (H) Graph comparing heart rate of rbm24a single mutants and rbm24a”
;rbm24b” double mutants at 2, 3 and 4 dpf. Average heart rates with standard error
were plotted and significant deviation was determined using the student’s t-test. At each
developmental stage, 15 to 20 embryos per genotype were analyzed.

Figure 8. Loss of rbm24a and rbm24b affects fast and slow muscle integrity. (A-D)
Wild-type embryos at 2 dpf and 3 dpf stained with fast muscle (F310) and slow muscle
(F59) antibodies. (A’-D’) Reduced and disorganized fast and slow muscle in rbm24a

and rbm24b double mutant embryos (n = 4). Scale bars: 25 um.

Figure 9. Formation of myotendinous junction in rbm24a and rbm24b mutants. (A-
F) DAPI staining. (A’-F’) Laminin immunofluorescence staining. (A”-F”) Phalloidin
staining. Lateral view for all embryos, with anterior to the right. Scale bar: 50 ym. Notice
that myofibers appear dispersed and disorganized in rbm24a and rbm24b mutant
embryos, whereas the myotendinous junction of somite boundaries exhibit a pattern
similar to wild-type embryos. At each developmental stage, 15 to 20 embryos per
genotype were analyzed. Scale bars: 25 ym.

Figure 10. Formation of neuromuscular junctions in rbom24a and rbm24b mutants.
(A, B) Alpha-bungarotoxin staining. (A’, B’) Phalloidin staining. Lateral view of wild-type
and rbm24a’;rbm24b”- mutant embryos at 4 dpf. Notice that myofibers appear
dispersed and disorganized in rbm24a and rbm24b mutant embryos, whereas
neuromuscular jonctions are present and are arborized in a smilar pattern as those

vizualized in the wild-type. Scale bars: 50 ym
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