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ABSTRACT Myosin 18B is an unconventional myosin that has been implicated in tumor progression in humans. In addition, loss-of-
function mutations of the MYO18B gene have recently been identified in several patients exhibiting symptoms of nemaline myopathy.
In mouse, mutation of Myo18B results in early developmental arrest associated with cardiomyopathy, precluding analysis of its effects
on skeletal muscle development. The zebrafish, frozen (fro) mutant was identified as one of a group of immotile mutants in the
1996 Tlbingen genetic screen. Mutant embryos display a loss of birefringency in their skeletal muscle, indicative of disrupted
sarcomeric organization. Using meiotic mapping, we localized the fro locus to the previously unannotated zebrafish myo78b gene,
the product of which shares close to 50% identity with its human ortholog. Transcription of myo78b is restricted to fast-twitch
myocytes in the zebrafish embryo; consistent with this, fro mutant embryos exhibit defects specifically in their fast-twitch skeletal
muscles. We show that sarcomeric assembly is blocked at an early stage in fro mutants, leading to the disorganized accumulation of

actin, myosin, and a-actinin and a complete loss of myofibrillar organization in fast-twitch muscles.
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YOSINS comprise a superfamily of actin driven motor

proteins; although primarily known for their involve-
ment in muscle contraction, many additional functions have
been attributed to them, ranging from cell adhesion and
polarity (reviewed by Vicente-Manzanares et al. 2009) to in-
tracellular vesicular trafficking (reviewed by Akhmanova and
Hammer 2010) and transcription (Philimonenko et al. 2004;
Vreugde et al. 2006). Based on sequence comparisons of their
conserved motor domain, the eukaryotic myosins have been
assigned to ~35 phylogenetic classes (Odronitz and Kollmar
2007; Heissler and Sellers 2016). Two different types of
myosin can be distinguished: conventional, which refers to
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all muscle myosins as well as nonmuscle myosins (belonging
to Class IT) that resemble them in their ability to associate into
filaments; and unconventional, which refers to all other my-
osins. Among the latter type, members of six classes have
been found to be expressed in muscle (Redowicz 2007).
The unconventional myosin MYO18B is encoded by a gene
originally identified by sequence annotation of human chro-
mosome 22 and shown to share ~40% sequence identity with
the previously described MYO18A gene (Berg et al. 2001).
Subsequent human genetic studies identified MYO18B as a
tumor suppressor gene, based on its deletion in a lung carci-
noma cell line and in 60% of all lung cancers assayed
(Nishioka et al. 2002). In an independent study, MYO18B
was identified in a human skeletal muscle complementary
DNA (cDNA) library and found to be expressed in human
cardiac muscle and testes, as well as in skeletal muscle
(Nishioka et al. 2002; Salamon et al. 2003). Analyses of
Myo18B expression in the mouse are consistent with a role in
the development and maintenance of both cardiac and skeletal
muscle. A Myol8B:LacZ reporter gene is expressed in both the
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myotome and heart in the developing mouse embryo, (Ajima
et al. 2008) while in C2C12 cells, Myol8B is expressed at a
basal level in undifferentiated myoblasts and upregulated upon
their differentiation into myofibers (Salamon et al. 2003).

Two recent studies have associated mutations of human
MYO18B with nemaline myopathy. In the first of these, two
patients with Klippel-Feil anomaly (KFA) were found to be
homozygous for a nonsense mutation in the penultimate
exon of the MYO18B gene (Alazami et al. 2015); notably,
both patients exhibited symptoms of myopathy (hypotonia
and muscle weakness), a condition not previously associated
with KFA. Muscle biopsy analysis of one patient revealed
variation in fiber size and a loss of normal banding indicative
of a loss of thick filaments. Electron microscopy (EM) anal-
ysis also revealed scattered, dense bodies reminiscent of
nemaline rods, typical of other human myopathies (Wallgren-
Pettersson et al. 2011). In a second study, a single infant with
severe axial and peripheral hypotonia, who died at 4 months,
was found to be homozygous for a premature termination
codon in the last exon of the MYO18B gene. Muscle biopsies
from this individual revealed variation in fiber size as well as
small nemaline rods (Malfatti et al. 2015).

In contrast to the postnatal survival of the KFA patients,
reverse genetic studies have revealed Myo18B to be essential
for normal embryonic development in the mouse (Ajima et al.
2008). Embryos homozygous for a targeted knockout of the
locus die of cardiac defects by E10.5 and show disrupted
myofibrils in their cardiomyocytes, the thick and thin fila-
ments of the sarcomere appearing misaligned. This early em-
bryonic lethality and growth retardation of mutant embryos,
however, precluded analysis of Myo18B function in skeletal
muscles.

Forward genetic screens for mutations affecting muscle
development and function in the zebrafish yielded a number
of mutants including frozen (fro) and sloth, originally identi-
fied on the basis of their complete lack of motility (Granato
et al. 1996). Morphological analysis of sloth and fro embryos
revealed an absence of striated muscle fibers and a failure of
muscle cell nuclei to elongate, suggestive of an early block in
their differentiation (Granato et al. 1996). Molecular charac-
terization of the sloth locus showed the phenotype to be due
to a loss-of-function mutation in the hsp90A gene, implicating
the chaperone protein that it encodes in myofibril formation
(Hawkins et al. 2008). Here, we show that the fro mutant
phenotype is caused by loss-of-function of the zebrafish
myol8b gene. Our analysis reveals that myo18b is expressed
specifically in precursors of fast-twitch skeletal muscle fibers,
in which it is required for the assembly of myofibrils.

Materials and Methods
Zebrafish and husbandry

Zebrafish were raised, bred, and staged following standard
methods (Kimmel et al. 1995). Developmental stages are anno-
tated as hours postfertilization (hpf) or days postfertilization
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(dpf). Wild-type embryos were obtained from the AB strain.
The frot°?7¢ mutation that was isolated in a large-scale chem-
ical mutagenesis screen at the Max-Planck Institute fiir
Entwicklungsbiologie (Granato et al. 1996) was maintained
in the AB genetic background and outcrossed to the polymor-
phic WIK (L11) strain of wild-type fish to generate mapping
embryos for positional cloning. The Tg(smyhcl:GFP)!104
transgenic line has been previously described (Elworthy et al.
2008). Fish were maintained and manipulated in the Univer-
sity of Sheffield and the Institute of Molecular and Cell Bi-
ology (IMCB) zebrafish facilities in compliance with the UK
Animals (Scientific Procedures) Act 1986 or the Biomedical
Research Council (BMRC) Institutional Animal Care and Use
Committee (IACUC) guidelines, respectively.

Induction of new fro/myo18b mutant alleles

ENU mutagenesis: Adult wild-type (AB) male zebrafish
were mutagenized using ENU according to an improved
mutagenesis protocol (Kettleborough et al. 2011). The GO
mutagenized individuals were outcrossed to wild-type
females and the resultant F1 males test-crossed to fe-
males heterozygous for the frot27¢ allele. Each cross was
screened for immotile progeny and a single male segregat-
ing an allele that failed to complement the frot©27¢ allele
was identified. The allele transmitted by this male was
designated froi239,

Clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas9 mutagenesis: A target sequence in exon 3 of
the myo18b gene (5'-GGCCGAGATGTCGCTGCGAG-3') was
identified using ZiFiT Targeter software (http://zifit.partners.
org/ZiFiT/) and the sequence inserted into the Bsal site
of pDR274 guide RNA (gRNA) expression vector (Hwang
et al. 2013). To synthesize gRNA, the template DNA frag-
ment was amplified from the vector using the primer pair
(forward: 5'-CATTATGGTGAAAGTTGGAAC-3' and reverse:
5'-AAAAGCACCGACTCGGTGCCAC-3"), and gRNA was tran-
scribed using a MEGAshortscript T7 Kit (Invitrogen, Carlsbad,
CA) following the manufacturer’s instructions. gRNA was
injected into fertilized eggs at 100 ng/pl together with
codon-optimized Cas9 messenger RNA (mRNA) with nuclear
localization signals at 150 ng/pl. The Cas9 mRNA was syn-
thesized from the pCS2-nCas9n vector (Jao et al. 2013).
Injected embryos were raised to adults and F1 embryos
screened for targeted mutations using the primer pair (for-
ward: 5'-CCAGCAAACTCAGCGACAACCTA-3’ and reverse:
5'-CTGCAGGTCTGTGTTTCTGC-3') to amplify the target
locus and sequence for genotyping.

Positional cloning of the fro locus

Simple sequence length polymorphisms that flanked the fro
locus, 221976 and 23260, were used to identify 69 and
21 recombinants, respectively, from 1774 meioses, as pre-
viously described (Talbot and Schier 1999). The full-
length coding sequence of zebrafish myo18b was deduced
from four ESTs (LOC100537963, ENDSTART00000122824,
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ENDSTAR00000124853, and ENDSTAR000001249931)
that align well to the human MYO18B coding sequence.
ENDSTAR000001249931 aligns to the 3’ end of the coding
sequence (CDS) and contains the stop codon. The full-length
coding sequence of myol8b was cloned in two separate
overlapping fragments. Total cDNA prepared from 48 hpf
embryos was used to clone the full-length sequence. Primer
pair Fragment-I Forward: 5'-TTTGCTTCTCCTGGTCTCGT-3’
and Fragment-I Reverse: 5'-CTGCTCCACACGACTCTGTA-3’,
was used to amplify the first half (3369 bp), and Fragment-II
Forward: 5'-GGAGAAGGAGCGAAACGAGT-3' and Fragment-II
Reverse: 5'-TGTGCTTCCAGTTAAACGCA-3' primer pair was
used to amplify the second half (3121 bp) of the cDNA. Both
the fragments were cloned into the pGEMT-Easy vector first.
The HindIII restriction enzyme site at 3302 bp from the trans-
lational start site, which included in both fragments, was
used as the junction for cutting and ligating the two cloned
halves of the DNA, removing 187 bp of overlapping region.
The 6303 bp, full-length, myo18B CDS in pGEMT-myo18b
(FL) plasmid was Sphl/Spel-digested for cloning into the
pCS2(+) expression vector for in vitro transcription. The
cloned myo18b CDS was sequenced with 17 overlapping pri-
mers to validate the sequences.

RT-PCR and semiquantitative real-time PCR

Total RNA was isolated from zebrafish embryos using Trizol
reagent (Invitrogen), according to the manufacturer’s in-
structions. Total RNA was synthesized into cDNA using ran-
dom oligo(dT),, 15 primers and Superscript III reverse
transcriptase (Invitrogen).

DNA constructs

Full-length zebrafish myo18b was amplified from 24 hpf and
48 hpf cDNA and cloned into pCS2 vectors in vitro transcrip-
tion (Ambion).

In situ probes: These were constructed by cloning 5'and 3’
region amplified by primers:

5'18B ISM F4 - 5'-CTGGTCGGGATCTTCTGCTT-3' (Forward)
5'18B ISM R4 - 5'-AGACAGCACCATGGCGAATC-3' (Reverse)
ism_3'probe F - 5'-AAAGTTCTGGAGGTCTCGGG-3' (Forward)
ism_3'probe R - 5'-TTCCGACATGCTCTGCTTTG-3’ (Reverse)

into pGEMT vectors. The plasmids were linearized and
in vitro transcribed using the T7 polymerase (Ambion) for
3 hr. Probes were used at a concentration of 10 ng/ul and
incubated at 72° for hybridization.

sox6:lifeact-gfp: The coding sequence of the Lifeact-GFP
fusion protein (Riedl et al. 2008) was cloned downstream
of the fast-twitch fiber-specific 5.7 kb promoter of the sox6
gene (Wang et al. 2011) in pDestTol2pA2 backbone vector
using the Gateway cloning system (Invitrogen). Transient
expression of Lifeact-GFP, to visualize actin filaments in
muscle fibers, was achieved by injecting ~1 nl of a 50 ng/p.l
DNA solution into one-cell stage embryos.

Whole mount in situ hybridization
and immunofluorescence

Whole mount in situ hybridization (WISH) and immunoflu-
orescence was performed essentially as previously de-
scribed (Wang et al. 2011). Embryos were fixed in 4%
paraformaldehyde prior to processing for WISH or incuba-
tion with antibodies. Primary antibodies used were as fol-
lows: mouse mAb anti-a-Actinin (EA-53 Abcam, 1:600);
mouse mAb anti-dystrophin MANDRA1 (DSHB, 1:150);
mouse mAb F310 (DSHB, 1:50); rabbit anti-GFP (Torrey
Pines, 1:2500); rabbit anti-Laminin (L9393 Sigma [Sigma
Chemical], St. Louis, MO, 1:500); rabbit anti-thrombo-
spondin-4b (Subramanian and Schilling 2014) (kind gift
of T. Schilling, 1:500) Secondary antibodies used were:
anti-mouse Alexa Fluor 546 (Molecular Probes, Eugene,
OR, 1:850) and anti-rabbit Alexa Fluor 488 (Molecular
Probes, 1:2500). Nuclei were visualized using DAPI
(4',6-diamidino-2-phenylindole dihydrochloride, 1:2000,
Molecular Probes). Actin was visualized using Phalloidin
Tetramethylrhodamine B isothiocyanate (Sigma) (1:300 di-
lution of a 2.5 pg/pl DMSO stock solution). Imaging used a
Zeiss ([Carl Zeiss], Thornwood, NY) LSM 510 confocal micro-
scope with ImageJ software.

Transmission electron microscopy (TEM)

48 hpf embryos were fixed in 4% paraformaldehyde and 0.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer, postfixed in
1% osmium tetroxide, dehydrated through an ethanol series
and embedded in Spurr’s resin. Images were captured on a
JEOL JEM-1230 transmission electron microscope equipped
with a 4 k X 4 k Gatan Orius CCD camera. Figures were
assembled using Adobe Photoshop CS3 Extended.

Data availability

The authors state that all data necessary for confirming the
conclusions presented in the article are represented fully
within the article.

Results

fro mutants lack skeletal muscle activity, and have
disorganized myofibrils and cardiac defects

Homozygous fro°?7¢ mutant embryos can be identified at
approximately 24 hpf when their wild-type siblings com-
mence spontaneous muscle contraction; the mutants, by con-
trast, responding only to tactile stimuli with slight spasms
(Supplemental Material, File S1 and File S2). This phenotype
appears fully penetrant and recessive, based on the propor-
tion of mutant embryos observed in the progeny of in-crosses
between heterozygous parents (see Table 1). As originally
described (Granato et al. 1996), homozygous fro°?7° em-
bryos displayed an almost complete loss of birefringency, a
manifestation of the rotation of polarized light caused
by sarcomeric repeats, compared to their wild-type siblings,
indicating defects in the organization of the sarcomeric
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structures (Figure 1, A-D). The fast-twitch fibers in the trunk
and tail muscles of fro?°27¢ mutant embryos lacked the typical
striated distribution of a-actinin, which instead formed large
aggregates (red; Figure 1, E and G). Myosin heavy chain pro-
tein accumulated throughout the fast-twitch fibers of frot°27¢
mutant embryos, in contrast to the ordered myofibrillar dis-
tribution typical of wild-type fibers (Figure 1, F and H). TEM
analysis of trunk muscles revealed that the tightly packed
ordered arrays of thin and thick filaments visible in transverse
sections of wild-type fibers were largely absent from frot°27¢
mutant fibers (Figure 1, I and K). Consistent with the disrup-
tion of a-actinin distribution, I-Z-I boundaries, clearly visible
as vertical lines in wild-type muscle fibers (Figure 1J), were
completely missing in frot°27¢ mutant embryos (Figure 1L).

By contrast to the fast-twitch fibers, w«-actinin staining
revealed a striated pattern in the slow-twitch fibers similar
to that of their wild-type counterparts (Figure 1, N and P).
As development proceeded, the slow-twitch fibers became less
well-aligned, but retained their striated pattern (Figure S1).
Most craniofacial muscles are comprised of both slow-twitch
fibers and fast-twitch fibers (Hernandez et al. 2005). In frot27¢
mutant larvae, the striated distribution of «-actinin was un-
affected in the former but disrupted in the latter, the protein
accumulating in large amorphous “blobs” (Figure 1, M and O).

At 48 hpf, frot°27¢ mutants displayed spasms or exhibited
no response to touch stimulus, and by 72 hpf they were com-
pletely immotile. By this stage, mutant larvae had enlarged
underutilized yolks and slightly curved spines (data not
shown). Mutant larvae also had an enlarged pericardium
and a dilated atrium (Figure S2, A and B) and exhibited re-
duced blood circulation with pooling of blood in the pericar-
dial cavity (Figure S2B). The heart rate of fro®27¢ mutants,
however, was not significantly different from wild-type
animals at 48 hpf (Figure S2C). Immunostaining with anti
a-actinin revealed the striation pattern of fro cardiomyocytes
to be similar to that of wild-type (Figure S2, D-F).

The fro mutation maps to the myo18b gene

The fro mutation was originally rough-mapped to LG10
(R. Geisler, personal communication). To determine its pre-
cise location, SSLP markers 221976 and 23260 were used to
identify 69 and 21 recombinant fro embryos, respectively,
from 1774 meioses (Figure 2A). The closest marker, 29701
(19 recombinants), mapped to the mef2ca gene, 1.07 cM
from fro, while z3260 mapped to the camk2b2 gene. The
genetic distance between the two closest flanking markers
corresponded to an estimated physical distance of 1.46 Mb,
with fro close to the center. This correlates well with the
distance of 1.39 Mb between 29701 and 23260 on the
GRCz10 zebrafish genome assembly (https://www.ncbi.
nlm.nih.gov/assembly/GCF_000002035.5/). The region
between mef2c and camk2b shows a high degree of con-
served synteny between zebrafish and tilapia, with many
of the genes in this interval also showing conserved synteny
in other fish species, including medaka fugu, and tetraodon.
Notably, adrbk2 is located close to the center of this region
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Table 1 Segregation of the fro mutant phenotype among the
progeny of in-crosses of mutant heterozygotes

Phenotype
Allele Frozen Wild-Type Total % Frozen
t027¢ 347 1039 1386 25.0
i230 360 1106 1466 24.6
i311 405 1201 1606 252
i310 82 233 315 26.0

Progeny were scored at 48 hpf for lack of motility, pericardial swelling, and blood
pooling. For frot27< an equal number (48) of embryos scored as mutant or wild-type
were genotyped by sequencing of the myo78b locus; all 48 of the mutants were
found to be homozygous for the lesion associated with the fro®27< allele, while
phenotypically wild-type embryos were either heterozygous (33) or homozygous
(15) for the wild-type allele.

in all five species and in four of them the gene adjacent to
adrbk2 is myo18b (Figure 2C), a syntenic relationship that is
conserved in mammals (Nishioka et al. 2002). Although
missing from this region in the GRCz10 assembly, we con-
sidered myo18b to be a good candidate for the fro gene,
since it had appeared here in the previous GRCz9 assembly.

The full-length coding sequence of zebrafish myo18b was
deduced from four ESTs that align well to the human
MYO18B coding sequence, which has 2567 residues; the se-
quence has been deposited in GenBank with the accession
number KX421389. Zebrafish myo18b cDNA has 52% iden-
tity with human MYO18B, while the predicted protein se-
quences share 47% identity (see Figure S3). The complete
myo18b cDNA in zebrafish is encoded by 37 exons (Figure
3A), with a large genomic fragment containing ~27 exons
of N-terminal coding region encompassing three ESTs align-
ing within one fragment, and another EST encoding the
C-terminal region forming a second fragment separated by
a 250 kb intervening region. BLAST analysis of the myo18b
cDNA sequence revealed it to derive from a locus adjacent to
adrbk2, as in other species (see Figure 2). The locus is within
the final 1.5 Mb at the end of the chromosome and the
myol8b gene sequence is distributed across several frag-
ments in GRCz10, with one fragment placed further toward
the telomere (LOC100331349) and two large fragments
from the 5’ (LOC100537963) and 3’ (LOC10033206) ends
of the gene in the correct location (Figure 2B). This fragmen-
tation of the gene is likely to be due to errors in the sequence
assembly in the subtelomeric region, something that has been
observed for other chromosomes, for example in the course of
cloning the cloche gene (Reischauer et al. 2016). The myo18b
locus is also fragmented in the genome assemblies of several
other fish species, with many incomplete transcripts aligning
within this genomic region.

Sequencing of cDNAs from 48 hpf wild-type (AB) embryos
and from embryos homozygous for fro'27¢ or fro?3, a second
ENU-induced mutant allele isolated on the basis of its non-
complementation of fro°27¢ (see Materials and Methods),
identified lesions in the transcribed region of myo18b in both
mutant alleles (Figure 3, A and B). The corresponding single-
base substitutions were detected in the genomic DNA from
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Figure 1 frozen mutants have
disorganized fast-twitch skeletal
muscle fibers. (A-D) Brightfield
(A and C) and polarized (B and
D) illumination images of the
trunk region of wild-type (WT)
(A and B) and frot27¢ mutant
(C and D) embryos at 36 hpf
(hours postfertilization), showing
loss of birefringence in the mu-
tant. Bar, 50 wm. (E-H) Distribu-
tion of a-actinin (red) or myosin
heavy chain (mAb310; green) in
the fast-twitch muscle fibers of
48 hpf wild-type (E and F) and
frot27< (G and H) embryos; note
the absence of striated myofibrils
and the amorphous accumula-
tion of both sarcomeric proteins
in the mutant embryos. Nuclei
are stained blue (DAPI). Scale bar
in all panels, 50 um. (L) Trans-
mission electron micrographs of
transverse and sagittal sections of
skeletal muscle fibers from the
trunk region of wild-type (I and J)
and fro°27¢ mutant (K and L) em-
bryos fixed at 48 hpf. Transverse
sections show the ordered arrays
of thick and thin filaments in a
wild-type muscle fiber (I); the
regular lattice-like arrangement
of thin filaments surrounding each
thick filament is shown at higher
magnification in the inset. This

organization was largely absent from mutant muscles although some residual filaments could be detected in some fibers (arrowheads) (K). Sagittal
sections reveal the typical sarcomeric organization of a wild-type muscle fiber (J) with its characteristic Z-lines (Z) and M-lines (M). This organization is
absent from frot©27¢ mutant muscle (L), which is characterized instead by abnormally enlarged mitochondria. The enlarged mitochondria are more than
twice the diameter of those in normal wild-types. (M and O) Distribution of a-actinin (red) in the intermandibularis anterior (IMA), Intermandibularis
posterior (IMP), interhyoideus inferior (IH), and hyohyoideus inferior (HI) muscles in 5 dpf (days postfertilization) wild-type (M) and fro27¢ (O) mutant
larvae; note the loss of striations and globular accumulation of a-actinin in many of the fibers in each muscle except the IMA, which is predominantly
slow-twitch. (N and P) Distribution of a-actinin (red) in the slow-twitch muscle fibers of wild-type (N) and fro®27< (P) embryos showing well-defined
striations in the mutant. Nuclei are stained blue (DAPI). Scale bar in all light micrographs, 50 wm. Scale bars in transmission electron microscopy images
as indicated; panel (K) is the same magnification as panel (I). All panels show single confocal planes except for (N) and (P), which are composed of stacks

of 4 X 0.7 um optical sections.

each mutant: fro'°”¢ is an A-G mutation in codon 1632 (Fig-
ure 3C) that falls within the coiled-coil tail domain of the
protein (Figure 3B); it disrupts a splice acceptor site causing
a deletion of 26 bp from exon 32 (Figure 3A). Primer pairs
that amplify a 1.2 kb region of myo18b transcripts, including
the frot*27¢ mutation site, identified several shorter species in
the ¢cDNA from frot©27¢ homozygous embryos (72 hpf), while
in samples from heterozygous embryos the original band was
also amplified (data not shown). These bands were not ob-
served in ¢cDNA from fro*?3¢ homozygotes or heterozygotes.
Genomic sequence analysis confirmed that fro?3° is a G-A
point mutation in codon 698 (Figure 3D) that lies within the
motor head domain of the protein (Figure 3B). Two splice
forms of myo18b were identified when ¢cDNA from fro230
mutant was compared to wild-type, one with an inclusion
of 118 bp from the intronic region and the other with 33 bp
deletion from the exon. This results in a frameshift in case of

the former, while the latter may form a truncated protein
(data not shown).

To test whether complete loss-of-function of the myo18b
gene is causative of the fro phenotype, the locus was tar-
geted using CRISPR/Cas9-mediated mutagenesis (Hwang
et al. 2013). Two alleles, designated fro®’% and froi3!?,
encoding a 2 bp deletion and 7 bp deletion in exon 3, re-
spectively, were isolated (Figure S4), both of which when
homozygous resulted in motility defects similar to frot27¢
and fro*?3° and failed to complement the immotile pheno-
type in trans to frot©27¢. Like the ENU-induced alleles, these
CRISPR-induced alleles were found to be fully penetrant
(Table 1); the expressivity of the myofibril phenotype in
the froi23° and fro®’'was slightly weaker than that of
the other two alleles, both displaying evidence of limited
myofibrillar organization in a small proportion of their
fast-twitch fibers (Figure S4).
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Figure 2 Mapping of the frozen locus. (A) Genetic map around fro on chromosome 10. The genetic distance on the MGH (Massachusetts General
Hospital) genetic map Knapic et al. (1998) is shown in centimorgan, along with the number of recombinants in 1774 meioses obtained with flanking
markers and the estimated distance between the closest flanking markers (red). The physical distance and position of the flanking markers on the latest
genome assembly GRCz10 is shown in green. (B) The region of the GRCz10 genome assembly containing two fragments of the myo78B gene,
LOC100537963 and LOC10033206, outlined in orange. (C) Comparative synteny of the region flanked by mef2ca and camk2b2 in zebrafish and
four other fish species. The myo18b gene is located immediately adjacent to the adrbk2 locus in tilapia, medaka, and pufferfish (Tetraodon and Fugu), a
relationship that is conserved in mammals, including human (not shown). Yellow horizontal lines indicate regions that are inverted relative to the
arrangement in the majority of the fish species shown. Chr, chromosome.

myo18b is expressed in fast-twitch muscles of the
developing zebrafish embryo

Expression of myo18b was first detected by RT-PCR at the
14 somite stage (Figure 4A), increasing in levels up to 5 dpf.
Two probes complementary to the 5’ or 3’ end of the tran-
script were used for WISH analysis, such that most alterna-
tive splice forms would be detected. The 5’ probe that
includes 40 bp from the UTR and the first 1200 bases of
the transcript, and the 3’ probe that includes 368 bp of the
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3'-UTR region, revealed identical patterns of expression at all
embryonic stages. Consistent with the PCR analysis, expres-
sion was first observed in 10-14 somite stage embryos prior
to the onset of muscle fiber differentiation, exclusively in the
developing myotome (Figure 4B). High levels of myo18b
transcript persisted in the muscles from 24 to 72 hpf, with
transcripts localized preferentially to the somite bound-
aries. Transverse sections of Tg(smyhcl:gfp)i’%4 animals,
which express GFP in their slow-twitch muscle fibers,
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Figure 3 The fro™27¢ and fro’?39 mutant alleles disrupt the Myo18B protein. (A) Aligning the full-length myo18b complementary DNA to the human
MYO18B coding sequence identified 37 exons (blue) that generate a transcript (black) 6303 bp after splicing. The frot?7< mutation lies in codon
1632 while the fro”23% mutation is located in codon 698. The frot©27< and fro’23° mutations may result in splicing defects (region marked by red) that in
turn may lead to truncation of the mutant transcripts. (B) Myo18B has a typical myosin head domain (red) at its N-terminus, a coiled-coil tail domain
(green), and a NLS at the C-terminal end. Colored boxes signify the binding sites for proteins or motifs as labeled. Solid black bars indicate the location of
the mutated residues in the fro alleles. (C and D) DNA chromatograms showing the mutated sequences in frot27¢ and fro23% homozygotes and the
sequences of the same regions in wild-type and heterozygous siblings. The frot27< allele has an A-G transition mutation and the fro”23° allele, a G-A
transition mutation. ERM, ezrin/radixin/moesin; 1Q, calmodulin binding motif; NLS, nuclear localization signal.

hybridized with fluorescently-labeled myol8b probe
revealed that the myo18b transcript accumulates exclusively
in the fast-twitch fibers (Figure 4, D, F, and H). Expression of
myo18b was detected in the developing heart tube at 24 hpf
(Figure 4M), persisting at 48 hpf, when the heart develops
into the two-lobed atrium and ventricle structure (Figure
4N). By 72 hpf, many jaw muscles and the optic muscle also
showed robust myo18b expression (Figure 4L). Additionally,
transcript was visible in the pectoral fin and hypaxial muscle,
initially at 48 hpf (Figure 4K) and becoming well-defined by
72 hpf (Figure 4L).

The expression of myo18b was analyzed in frot°27¢ and
frot?39 homozygous mutant embryos by WISH. In both
cases, the preferential accumulation of transcript at the
somite boundaries typical of wild-type was absent, while

transcript levels appeared lower in fro°27¢ homozygotes than
in fro®?3° homozygotes or fro?3%/frot°27¢ transheterozygotes
(Figure S5). This suggests that the frot°2”¢ mutant transcript
may be less stable than the wild-type form.

Myofibril assembly is blocked in fro mutants

To determine when during myofibrillogenesis Myo18B function
is required, we compared the dynamics of myofibril assembly in
wild-type and fro'°?7¢ mutant embryos. To highlight actin fila-
ments in individual muscle fibers, newly fertilized eggs were
injected with a plasmid encoding Lifeact under the control of
the sox6 promoter, which drives expression in fast-twitch fibers
(Wang et al. 2011), and the resulting embryos were fixed at
various time-points and stained with anti-a-actinin antibody. As
previously described (Kim and Ingham 2009), small punctate
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Figure 4 Expression of myo18b messenger RNA during embryonic development. (A) RT-PCR analysis of the myo78b transcript and efla reference
control was performed on a range of developmental stages from fertilization to 3 months. Expression begins at 14 somite stage (ss) and increases up to
5 dpf (days postfertilization). (B-O) Detection of myo78b transcript by in situ hybridization. Transcript is first clearly detected at the 14 ss (B) and is
restricted to the developing myotome. Transcript continues to accumulate in the myotome at the 20 ss (C). (D) Transverse sections through 24 hpf (hours
postfertilization) Tg(smyhc1:gfp) embryos hybridized with fluorescently-labeled myo78b probe (red) show expression is restricted to the fast-twitch
muscle fibers (nuclei are stained blue, DAPI); by this stage, there is increased accumulation of transcript at the somite boundaries (E). Transcript persists in
fast-twitch fibers through 48 and 72 hpf (F-). Transcript is first detectable in the pectoral fin and hypaxial muscle at 48 hpf (K) and is well-defined at
72 hpf (L). Transcript is detectable in the developing rudimentary heart tube by 24 hpf (M) and persists through 48 hpf (N) and 72 hpf (O). At 48 hpf, a
few jaw muscles also accumulate transcript (K) and by 72 hpf transcript is present in more jaw and eye muscles (L and O).

beads of a-actinin were visible in regular arrays along the sar-
colemma of fast-twitch myotubes in wild-type embryos at
24 hpf, when regular arrays of Z-line a-actinin were already
visible along the medially located, slow-twitch muscle pioneer
fibers (Figure 5, A and A). In fro®?7¢ embryos at the same stage,
a-actinin also accumulates in puncta but these are irregularly
distributed in fast-twitch fibers (Figure 5, D and D). In wild-type
embryos, the regular punctate distribution of a-actinin along
the sarcolemma was transformed into a regular repeating array
of thin stripes, representing the Z-lines of the nascent myofibrils
by 32 hpf (Figure 5B). By contrast, in fro'?”* embryos at the
same stage, the distribution of a-actinin was relatively diffuse,
accumulating throughout the cytoplasm of the muscle fibers
(Figure 5E). By 48 hpf, the Z-lines extended linearly into wider
bands that delineate each sarcomere in wild-type embryos (Fig-
ure 5C), interdigitating with the M-lines (Figure 5C’). In frot27¢
mutants, by contrast, a-actinin accumulated throughout the
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myotubes and showed no evidence of sarcomeric organization
(Figure 5F). Individual fibers highlighted by the Lifeact labeling
could be seen to span the full width of the somite in frot°27¢
mutant embryos, showing no evidence of detachment from
the vertical myoseptum. Consistent with this, the organiza-
tion of the vertical myosepta, as revealed by the distribution
of laminin, dystrophin, and thrombospondin 4b (Figure 6),
appeared unaffected in fro®©27¢ mutant embryos.

Discussion

Reverse genetic analysis in the mouse suggested a require-
ment for Myo18B in the organization of cardiomyocyte myo-
fibrils, but a function in skeletal muscle, although anticipated
based on the analysis of its expression in C2C12 myoblasts
(Ajima et al. 2008), has not previously been described. The
recent identification of MYOI18B mutations in patients



wild type fro

Figure 5 Disruption of myofibrillogenesis in fro mutant embryos is first
apparent at 24 hfp (hours postfertilization). (A-C) Lateral views of single
somites of wild-type embryos transiently expressing Lifeact (green) in
individual fast-twitch muscle fibers at successive developmental stages.
(A) The accumulation of a-actinin (red) in discrete, regularly spaced
puncta along the sarcolemma is first obvious at 24 hpf, as shown in
detail in the zoom image (A’); these puncta then expand over the next
24 hr to form the Z-lines (B and C). By 48 hpf, the sarcomeric organi-
zation of actin filaments is clearly visible in the zoom image (C’) with the
darker M-lines (arrowheads) regularly distributed between the Z-lines.
(D) In frot27¢ mutants, a-actinin accumulates in irregularly distributed
puncta at 24 hpf as shown in the zoom image (D). At 32 hpf, there is
no evidence of Z-lines forming, the a-actinin instead being distributed
throughout the cytoplasm (E). This contrasts with the striated distribu-
tion in a slow muscle fiber at the bottom of this image. This diffuse
distribution persists at 48 hpf with no signs of Z-line formation (F).
Similarly, actin is distributed diffusely throughout the fiber with no
evidence of sarcomeric organization, as shown in the zoom image
(F). Note that the fibers extend across the width of the somite in
the fro®©27¢ mutant embryos. All images are single confocal planes.
Bar, 10 pm.

exhibiting symptoms of nemaline myopathy has, however,
provided circumstantial evidence for a role of MYO18B in
skeletal myogenesis; consistent with this, muscle biopsy anal-
yses revealed defects in sarcomeric organization (Alazami
et al. 2015; Malfatti et al. 2015) reminiscent of those seen
in the cardiomyocytes of Myol18B mutant mice (Ajima et al.
2008).

Our genetic mapping of the zebrafish fro mutant to
the myo18b locus, together with CRISPR/Cas9-mediated
targeted mutation of the zebrafish myo18b gene, has pro-
vided the first definitive evidence of a role for this uncon-
ventional myosin in skeletal muscle development and,
specifically, in the assembly of the sarcomeres. It is notable
that the skeletal muscle phenotype of fro mutants appears
much stronger than that of the KFA patient muscle, the
latter retaining some semblance of sarcomeric organiza-
tion that is completely lost from the majority of fast-twitch
muscle fibers in fish mutant for all four fro mutant alleles
described here. On the other hand, we found no evidence of
the nemaline rods observed in the human patient biopsies
and that have previously been described in zebrafish models
of nemaline myopathy (Sztal et al. 2015). Our analysis has
also shown that loss of Myo18B protein results in cardiac
defects, arguing against the suggestion that cardiomyop-
athy associated with the human MYOI18B mutation is
caused by a toxic effect of the truncated mutant protein
(Malfatti et al. 2015). The effects of fro on heart development
seem relatively mild compared to the skeletal muscle pheno-
type: the striated a-actinin distribution suggests some degree
of sarcomeric organization and cardiac function, as measured
by heart rate appearing to be unaffected. The defects in
cardiomyocytes of Myo18B mutant mice are similarly mild,
sarcomeres of normal length with structures of intercalated
disks and Z-lines still being distinguishable (Ajima et al.
2008). Sarcomere assembly appeared unaffected in the
slow-twitch fibers of fro mutants; this is perhaps less sur-
prising given that myo18b is not expressed in the slow-
twitch muscle lineage. It follows that, although dependent
on Myo18B in fast-twitch fibers, sarcomere assembly per se
does not absolutely require Myo18B function. Whether an-
other unconventional myosin fulfills a similar role to
Myo18B in slow-twitch fibers or indeed in cardiomyocytes
remains to be determined.

Assembly of sarcomeric units is a complex process that is
still not fully understood. One model envisages the polymer-
ization of myosin thick filaments and actin thin filaments in
separate multi-protein complexes that subsequently interdig-
itate to form the sarcomeres (Holtzer et al. 1997; Ehler et al.
1999). An alternative view is that the process is initiated by
the accumulation of a-actinin along the plasma membrane, at
integrin-based adhesion sites termed protocostameres, that
serves to nucleate the formation of premyofibrils containing
nonmuscle myosin II. These premyofibrils subsequently ex-
change their nonmuscle myosin II for muscle myosin II and
extend throughout the fiber (Sparrow and Schock 2009). A
recent study in Drosophila has highlighted the importance of
mechanical tension, generated through the attachment of the
growing muscle fibers to tendons, in the assembly of sarco-
meres (Weitkunat et al. 2014). We see no evidence of defects
in the vertical myosepta to which skeletal muscle fibers attach,
nor of a failure of attachment of the fast-twitch fibers, arguing
against this being a primary cause of myofibrillogenesis failure
in fro mutants.
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Whereas the formation and attachment of myotubes
appears unaffected in fro mutants, the accumulation of
a-actinin that marks the onset of myofibrillogenesis in wild-
type muscle fibers is disrupted from an early stage. In contrast
to the regular punctate localization of a-actinin within pre-
cursor z-bodies typical of wild-type fast fibers at 24 hpf (Kim
and Ingham 2009), a-actinin accumulates in irregularly dis-
tributed puncta in fro fibers. By 32 hpf, when the z-lines are
already well-defined in wild-type fibers, a-actinin is diffusely
distributed throughout the cytoplasm of mutant fibers. These
findings point to an early role for Myo18B in the assembly of
the sarcomeres, but given the paucity of knowledge of the
biochemical function of Myo18B, the exact nature of this role
remains a matter of speculation. The localization of Myo18B
protein to the nucleus of differentiating C2C12 cells has led to
the suggestion that it may regulate transcription (Salamon
et al. 2003; Redowicz 2007); however, its ability to suppress
anchorage-independent growth when restored to tumor
cells, together with its localization around membrane protu-
berances and stress fibers (Ajima et al. 2007), point rather to
a role in regulation of the actin cytoskeleton. Interestingly,
the related MYO18A protein, has been implicated in the ret-
rograde flow of the actomyosin network in lamellipodia
through its formation of a tripartite complex with LRAP35a
and MRCK. In this context, MYO18A is thought to act as an
adaptor protein that recruits MRCK, facilitating its phosphor-
ylation of the myosin regulatory light chain (Tan et al. 2008).
It is tempting to speculate that MYO18B might play a similar
role, recruiting other kinases such as ROCK or MLCK, the
latter being required for myofibril assembly in cardiomyocytes
(Seguchi et al. 2007). Further analysis of the fro mutant will
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Figure 6 The integrity of the ver-
tical myosepta is unaffected in fro
mutants. (A-C) Accumulation of
laminin (A: green), dystrophin (B:
red), and thrombospondin 4b (C;
green) marks the vertical myosepta
to which muscle fibers, visualized
by «-actinin (red) staining in (A)
and (C), attach. (D-F) similar images
of fro®27¢ mutant embryos show-
ing that the integrity of the vertical
myosepta is unaffected by the loss
of Myo18B. All images are single
confocal planes of embryos fixed
at 48 hpf (hours postfertilization).
Bar, 50 pwm.

Thrombospondin 4b

help shed light on the mechanism of action of this interesting
unconventional myosin.
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