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The vertebrate peripheral nervous system (PNS) is an intricate network that conveys sensory and motor infor-
mation throughout the body. During development, extracellular cues direct the migration of axons and glia
through peripheral tissues. Currently, the suite of molecules that govern PNS axon-glial patterning is incompletely
understood. To elucidate factors that are critical for peripheral nerve development, we characterized the novel
zebrafish mutant, stl159, that exhibits abnormalities in PNS patterning. In these mutants, motor and sensory
nerves that develop adjacent to axial muscle fail to extend normally, and neuromasts in the posterior lateral line
system, as well as neural crest-derived melanocytes, are incorrectly positioned. The stl159 genetic lesion lies in the
basic helix-loop-helix (bHLH) transcription factor tcfl15, which has been previously implicated in proper devel-
opment of axial muscles. We find that targeted loss of tcf15 via CRISPR-Cas9 genome editing results in the PNS
patterning abnormalities observed in stl159 mutants. Because tcf15 is expressed in developing muscle prior to
nerve extension, rather than in neurons or glia, we predict that tcf15 non-cell-autonomously promotes peripheral
nerve patterning in zebrafish through regulation of extracellular patterning cues. Our work underscores the
importance of muscle-derived factors in PNS development.

1. Introduction

The patterning of the peripheral nervous system (PNS) is a precisely
regulated developmental process that is essential for proper nervous
system functioning. PNS axons must extend to specific sites of innerva-
tion so that sensory and motor cues can travel throughout the entirety of
the body. Schwann cells, a class of myelinating glia that are essential for
peripheral neuron survival and operation, undergo a distinct and com-
plex developmental process to enwrap the axons of the PNS in myelin
(Jessen and Mirsky, 2005; Muppirala et al., 2021). Early in development,
Schwann cell precursors migrate from their neural crest origin in close
proximity to the extending peripheral axons that they will eventually
myelinate. Previous research has established the importance of a variety
of intracellular and extracellular signaling molecules for proper
patterning of peripheral axons and glia (Muppirala et al., 2021). How-
ever, the mechanisms that drive this process are incompletely

understood.

Zebrafish have become a premier model to study the development of
peripheral nerves. Previous work in zebrafish demonstrated that axons
and Schwann cells have an interdependent signaling relationship to
migrate into the periphery and stabilize myelinated axons (Gilmour et al.,
2004; Lyons et al., 2005). Additionally, signaling molecules in the
environment, including those expressed in muscle, are also crucial for
directing axons and Schwann cell precursors to their final sites of
innervation. For instance, Semaphorin/Neuropilin and Eph/Ephrin in-
teractions are established cues for guiding axons through the surrounding
environment (Bonanomi and Pfaff, 2010; Munoz et al., 2005), and these
critical migratory cues are also required by neural crest cells from which
Schwann cells are derived (Banerjee et al., 2011; Gammill and
Roffers-Agarwal, 2010). In zebrafish and mammals, the close proximity
of muscle tissue to developing peripheral nerves means that specification
of muscle cells and controlled expression of muscle-derived extracellular
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cues play an important role in nervous system patterning (Isaacman-Beck
et al., 2015; Jing et al., 2009; Zhang et al., 2004). For instance, zebrafish
larvae in which the muscle transcription factor foxc1 is disrupted exhibit
defects in motor axon patterning; Foxcl appears to regulate the expres-
sion of muscle-derived cues that are essential for motor axon migration
(Banerjee et al., 2015). Similarly, zebrafish sensory axons rely upon local
environmental cues for proper patterning of the posterior lateral line
nerves, which co-develop with the lateral line primordia (Gallardo et al.,
2010). Thus, PNS patterning is the result of complex interactions be-
tween numerous signaling molecules, both expressed in neural tissue
(axons and glia) and the surrounding environment.

The transcription factor Tcfl5 (sometimes referred to as paraxis) is a
member of the basic helix-loop-helix (bHLH) transcription factor family
and is expressed in a rostrocaudal gradient in the paraxial mesoderm
prior to somite formation (Burgess et al., 1995, 1996; Lee et al., 2009;
Topczewska et al., 2001). Tcf15 encodes a transcriptional activator that
contains a binding domain for E-boxes in DNA as well as a ligand binding
domain for dimerization (Wilson-Rawls et al., 2004). Tcf15 induces the
expression of genes that promote the mesenchymal to epithelial transi-
tion that takes place during somitogenesis to form organized adhesive
muscle blocks (Sdnchez and Sanchez, 2015). Tcf15-negative mice exhibit
altered expression of genes that are involved in cell-cell and cell-ECM
adhesion, including Eph and Ephrin (Johnson et al., 2001; Rowton
et al., 2013).

In this study, we identified tcfl5 as a crucial regulator of PNS
patterning via a forward genetic screen in zebrafish. The novel zebrafish
mutant stl159 exhibits abnormal axon patterning and reduced glial
development in the posterior lateral line nerve (PLLn) as well as its target
sensory organs, neuromasts. Whole genome sequencing of the stl159
mutant reveals a premature stop codon in the tcf15 gene. Previous studies
examining similar mutations in tcf15 have demonstrated that truncating
protein synthesis prematurely compromises the DNA binding ability of
the protein (Wilson-Rawls et al., 2004). It is therefore likely that gene
expression normally regulated by tcf15 is disrupted in the muscle cells of
stl159 mutant zebrafish, resulting in reduced expression of genes
involved in cell-cell and cell-ECM adhesion and disorganized muscle
ultrastructure. We hypothesize that a consequence of the tcf1 5159 my-
tation is reduced expression of muscle-derived cues that drive PNS
patterning, resulting in the PNS hypomyelination and patterning ab-
normalities that characterize the stl159 mutant.

2. Methods
2.1. Zebrafish strains and husbandry

Zebrafish were maintained in accordance with Kenyon College
IACUC-approved protocols and standards. The stl159 mutant was origi-
nally isolated in a large-scale genetic screen at Washington University in
St. Louis (Sanchez et al., 2017). stl159 homozygous mutants are viable to
adulthood when separated from wild-type siblings, but they are infertile;
therefore, all experiments with stl159 mutants were performed by
crossing heterozygous stl159 parents in pairs or harems to generate +/+
and +/stl159 siblings (“wild-type”) and homozygous stl159 mutants.
Embryos were raised at 28.5 °C in egg water (Kimmel et al., 1995) in
Petri dishes or, for time course data (Figs. 3-5), individually in 24-well
plates with daily water changes. In addition to stl159, the following
strains were used in this study: AB* as CRISPR/Cas9 control (Fig. S2),
Tg(nbt:dsRed) (Peri and Niisslein-Volhard, 2008), Tg(sox10:megfp) (Smith
etal., 2014). stl159/+ mutants were crossed into transgenic backgrounds
for analysis.

2.2. Identification and classification of stl159 phenotype
A traditional large-scale 3-generation forward genetic screen was

used to identify mutants with defects in myelination (Sanchez et al.,
2017). Myelin development was assessed using whole-mount in situ
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hybridization for myelin basic protein (mbp) using standard protocols and
a previously described riboprobe (Cunningham and Monk, 2018; Lyons
et al., 2005; Thisse and Thisse, 2008). mbp in situ hybridization of sibling
larvae from stl159 carrier parents was scored along both the ALLn and
PLLn as follows: First, presence of mbp along the nerve trajectory was
categorized as “full” (mbp present along entire ALLn or along PLLn
beyond yolk extension), “partial” (mbp beyond halfway but not full
length of ALLn or between ganglion and yolk extension for PLLn), or
“absent” (no mbp observed along nerve trajectory). Second, we qualita-
tively binned mbp intensity as “normal” (staining as intense as CNS mbp),
“reduced” (less staining specifically in ALLn or PLLn relative to CNS), or
“absent” (no mbp staining observed along nerve trajectory). stl159 was
identified on the basis of both reduced mbp expression (either along
nerve trajectory or staining intensity) and improper PLLn patterning, as
well as aberrant pigment patterning in larvae and adults. Mutants were
back-crossed to AB* >2 times before further analyses, and clutches with
improper pigment patterning were raised to maintain the stl159 strain.

2.3. Identification of stl159 lesion and genotyping

Siblings from stl159/+ heterozygous in-crosses were sorted on the
basis of pigment patterning, wild-type or stl159, and DNA was extracted
from pooled fresh tissue for whole genome sequencing at the Genome
Technology Access Center at Washington University in St. Louis.
Sequenced DNA was aligned to Zv9 as the reference genome. Wild-type
to mutant allele ratio was determined with a previously established
bioinformatics pipeline (Sanchez et al., 2017) to identify linkage to
chromosome 8. SNPs were filtered for non-synonymous mutations and
tcf15 was pursued as the strongest lesion. To amplify the tcf15 locus from
larvae and adult tissue for all subsequent analyses, the following primers
were used: F 5 GTGATGGCATTTGCCATGIT 3’ and R 5
GCGCGGCTGTTTTCCTCCAC 3’ to yield a 450 bp product. Amplified
DNA was purified and Sanger sequenced to identify the C-to-T mutation
and identify carriers for future experiments.

2.4. CRISPR/Cas9 gene knockout

CRISPR sgRNA sequences were designed with a combination of
analysis using CHOPCHOP (Labun et al., 2021) and the gRNA design
tools from Integrated DNA Technologies (IDT). sgRNA sequences with
high scores using both tools were selected with PAM sites in the 5° UTR,
adjacent to the tcf15 start site, and adjacent to the stl159 lesion. sgRNA
and Cas9 protein were obtained from IDT (Alt-R® S.p. Cas9 Nuclease V3,
Catalog #1081058, Lot Number: 0000434091). Embryos were injected
at the 1-4 cell stage with 1 ng Cas9 protein and 50 pg each tcf15 sgRNA
(100 pg total for combination). Uninjected and control-injected (no
sgRNA) embryos were indistinguishable and thus pooled into a single
“control” group. Lesions were identified with sequencing of individual
injected larvae to compare control/uninjected larvae as described above.

2.5. Nerve imaging and analysis

High-resolution sox10:megfp PLLn imaging (Fig. 1) was obtained by
embedding living 3 dpf larvae in low-melt agarose and imaging with a
Zeiss Axio Observer with Apotome and ZEN software. For all other live
imaging (nbt:dsRed, sox10:megfp, DASPEI and brightfield), larvae were
imaged in glass multiwell dishes with a Zeiss Discovery.V8 stereoscope
and Axiocam 305 color camera. Measurements (counting, length, angle)
were taken in ImageJ using static images. Immunostaining was per-
formed as previously described (Cunningham and Monk, 2018) on
clutches of tcf15“”5 °/+ in-cross progeny using 1:1000 mouse
anti-acetylated tubulin (Sigma) and 1:2000 goat Alexa 488-conjugated
anti-mouse IgG2b (Invitrogen).
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Fig. 1. stl159 mutants have mispatterned neural crest cell derivatives. (A-B) mbp expression in sibling (sib, A) and mutant (B) 5 dpf larvae stained via whole-
mount in situ hybridization. Arrows indicate region of magnification for PLLn (A’-B’); arrowheads for ALLn (A”-B”). (C-D) Quantification of mbp phenotype among
larval progeny of carrier in-cross. Bracket indicates stl159 PLLn-specific mutant phenotype in ~25% of larvae. *p < 0.05, ***p < 0.001, Fisher's Exact test, normal
(blue) vs. mutant (gray) phenotypes. Categorical definitions are reported in Methods. (C) Presence of mbp staining along ALLn and PLLn trajectory (full, partial, or
absent) at 3 and 5 dpf. (D) Intensity of mbp staining along ALLn and PLLn trajectory (normal, reduced, or absent) at 3 and 5 dpf. (E-F) sox10:megfp labels neurons and
glia including Schwann cells and precursors in the PLLn in sibling (E) and mutant (F) 3 dpf larvae. Arrows represent regions of magnification in the anterior (E'-F') and
more posterior, near the end of the yolk extension (E”-F”); scale bar, 20 pm. High-resolution imaging in E”-F” shows individual glial cells on the PLLn marked with
arrowheads. Dotted line in st{l159 mutant (F”) indicates a non-PLLn GFP-labeled cell; asterisk marks a pigment cell obscuring PLLn fluorescence. Scale bar represents
100 pm in E-F, 20 pm in E'-F’ and E"-F”. (G) Quantification of sox10:megfp cells in the PLLn at 3 dpf along muscle segments 9-11. ****p < 0.0001, Student's t-test. (H-I)
Brightfield imaging showing melanocyte patterning in sibling (H) and mutant (I) 5 dpf larvae. Arrowheads indicate region of magnification just posterior to the ear;
arrows for lateral body wall.

2.6. Neuromast labeling 2.7. Transmission electron microscopy (TEM)

DASPEI stock solution was prepared with 40 mg of DASPEI dissolved TEM was performed according to standard techniques (Czopka and
in 50 mL of distilled water and stored at 4 °C without light exposure until Lyons, 2011) on larval progeny of tcf1 5594 in-crosses at 5 dpf. Larvae
use (Cunningham et al., 2018). Larvae were anesthetized using standard were transected at muscle segment 5-6 and posterior halves processed
protocols and incubated in 1:25 dilution of DASPEI stock:egg water for for TEM. Samples were viewed with a Jeol JEM-1400 microscope (Jeol
20 min at room temperature prior to visualization. A GFP filter was used USA) and imaged with an AMT V601 digital camera (Advanced Micro-
to visualize DASPEI-stained neuromasts. Neuromasts were counted and scopy Techniques Corp). PLLn were identified based on position and
position was quantified by measuring the shortest distance, typically at a typical structure in sibling larvae. In mutants, landmarks were disorga-
right angle. Neuromasts located anterior to the ganglia were not included nized; thus both typical PLLn position and medial body wall muscle were
in distance measurements. In mutants with no visible PLLn, only spinal scanned for presence of axons and glial cells.

cord measurements were taken.
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2.8. Data handling and statistical analyses

For all experiments, data are pooled across at least two technical
replicates with observer blind to genotype. Data were analyzed with
GraphPad Prism. Fisher's Exact test was used to compare percentages in
the CRISPR enhancement experiment.

3. Results

3.1. The novel stl159 zebrafish mutant has developmental defects in neural
crest derivatives

A recent large-scale forward genetic screen to identify regulators of
myelination revealed the stl159 mutant, which has reduced mbp
expression in the PLLn as visualized by whole-mount in situ hybridiza-
tion. By 5 days post-fertilization (dpf), wild-type siblings show prominent
mbp staining in the PLLn along the horizontal myoseptum and in the
anterior lateral line nerve (ALLn) encircling the eye (Fig. 1A-A”). In
contrast, stl159 mutants have reduced mbp expression along the PLLn,
which is not restricted to the horizontal myoseptum (Fig. 1B-B’). We
quantified mbp staining in clutches of larvae from stl159 carriers by
scoring presence of mbp along nerve trajectory at both 3 and 5 dpf.
Approximately one-quarter of larvae showed truncated mbp expression
along typical PLLn length at both 3 dpf (7/29 larvae, 24.1%, p < 0.05)
and 5 dpf (16/55, 29.1%, p < 0.001), with a subset having no mbp along
the PLLn (3/29 at 3 dpf and 7/55 at 5 dpf, Fig. 1C). Furthermore, when
mbp was present, the prominence of mbp staining was concomitantly
reduced in these same larvae at both timepoints (6/29 larvae at 3 dpf, p
< 0.05; 15/55 at 5 dpf, p < 0.001, Fig. 1D). Thus, stl159 mutants had
mispositioned nerves with reduced mbp staining both spatially and in
intensity. Interestingly, stl159 mutants have normal patterning and mbp
expression in the ALLn compared to siblings (Fig. 1A”-B”, C-D). Taken
together, these data suggest that stl159 is a recessive allele that results in
a reduction of mbp(+) myelinating glia specifically along the PLLn.

Schwann cells are derived from sox10(+) neural crest lineage cells
and express mbp upon terminal differentiation (Brosamle and Halpern,
2002; Jessen and Mirsky, 2005). To determine whether reduced mbp
expression in stl159 is a consequence of earlier defects in Schwann cell
precursor development, we examined sox10:megfp expression in stl159
mutants and siblings. sox10:megfp labels multiple cell types in the pe-
ripheral and central nervous systems (Smith et al., 2014), so we focused
on the presumptive PLLn. Sibling larvae at 3 dpf have sox10:megfp(+) glia
throughout the length of the PLLn (Fig. 1E-E”) in the expected position.
We scored a defined region of the PLLn (dorsal to yolk extension along
muscle segments 9-11) and found 7.7 + 1.6 sox10:megfp(+) cells in
wild-type siblings (Fig. 1G, n = 11 larvae). In contrast, the PLLn in stl159
mutants is incorrectly positioned (Fig. 1F-F”) and populated with fewer
sox10:megfp(+) cells (3.4 + 0.8, n = 10 larvae, p < 0.0001) (Fig. 1F-F”,
1G). Thus, the reduction of mbp in the PLLn of st1159 mutants could be a
result of fewer myelinating glial cells along the nerve, rather than a
specific disruption to the myelination program in PLLn Schwann cells.

Mispatterning of neural crest-derived glial precursors was accompa-
nied by migration and morphology defects in melanocytes, which share
an early developmental lineage with Schwann cells. In wild-type larvae,
melanocytes migrate posteriorly along the horizontal myoseptum adja-
cent to the PLLn, where they adopt an elongated morphology on the
anterior-posterior axis (Fig. 1H, Fig. S1A-D, I-J). stl159 melanocytes
instead persistently cluster adjacent to the PLL ganglion posterior to the
ear at larval stages, and those that migrate posteriorly are not restricted
to the horizontal myoseptum (Fig. 11, Fig. S1A-D, H-J). These early de-
fects persist to adulthood, disrupting the characteristic stripe pattern
(Figs. SIE-F). This phenotype is also fully penetrant and coincident with
PLLn patterning defects, suggesting that stl159 disrupts a gene that is
broadly necessary for neural crest-derived tissue patterning.
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3.2. The muscle transcription factor tcf15 is truncated in stl159 mutants

To identify the lesion causative for the stl159 phenotype, we per-
formed whole-genome sequencing on sibling and mutant stl159 larvae
and compared single nucleotide polymorphisms (SNPs) to identify re-
gions of linkage to the stl159 phenotype. Using a previously established
pipeline (Sanchez et al., 2017), we identified candidate SNPs in anno-
tated genes on chromosome 8 between 26 and 32 Mb (Fig. 2A-B). Most
SNPs produced synonymous or weak non-synonymous amino acid
changes; therefore, we focused our study on the nonsense allele in tcf15.
Tcf15 encodes a bHLH transcription factor that cell-autonomously pro-
motes muscle patterning in Xenopus and mouse (Burgess et al., 1996;
Sanchez and Sanchez, 2015). stl159 contains a cytosine to thymine base
pair substitution that produces an early stop codon. This mutation is
predicted to truncate the wild-type 183 amino acid (aa) Tcf15 protein to
77 aa and presumably removes domains for dimerization and DNA
binding (Fig. 2C-D). All assayed stl159 mutants with PLLn and melano-
cyte patterning defects possess this lesion, and all adults heterozygous for
this lesion produce 25% stl159 phenotypic larvae when in-crossed.
Together, these data suggest that the stl159 phenotype is a result of a
recessive loss-of-function allele of tcf15.

To test whether loss of tcfl5 is sufficient to produce the stl159
phenotype, we generated multiple CRISPR sgRNA that target tcf15. Two
sgRNA, labeled A and B, target the TATA box and start codon for tcf15,
respectively. A third sgRNA, C, is adjacent but upstream to the stl159
lesion (Fig. 2E). We validated the efficacy of CRISPR sgRNA-C with
Sanger sequencing of FO-injected wild-type larvae and observed mosaic
disruption of tcf15 adjacent to the PAM target site (Fig. S2). Disruption is
distinct from the lesion in stl159 mutants and was observed in 75% of
sequenced injected larvae (12/16). Injection of each sgRNA with Cas9
protein produced a phenotype only rarely in homozygous wild-type
larvae; therefore, we injected sgRNA-A and B in combination, or
sgRNA-C alone, with Cas9 protein into clutches of stl159/+ in-cross
progeny to test for enhancement of the stl159 phenotype in this sensi-
tized background (Fig. 2F). As expected, we observed a Mendelian ratio
(58/248, 23.4%) of stl159 phenotypic larvae in control conditions.
Larvae injected with sgRNA-C alone, however, had a higher percentage
of st1159 phenotype (140/332, 42.2%, p < 0.0001 vs. control). We tested
a combination of sgRNA-A and sgRNA-B with Cas9 protein and found
similar enhancement of heterozygous stl159/+ progeny (34/173 or
19.7% in control vs. 77/230 or 33.5% in multiple-injected larvae; p <
0.005). We conclude that disruption of tcf15 is causative for the mbp and
pigment patterning defects observed in stl159 mutants and henceforth
refer to this mutant as tcf15" %%,

3.3. tcf15 is required for sensory axon patterning

We next tested whether the mbp phenotype observed in tcf1 555 4
consequence of mispatterned axons or strictly a glial defect. PLLn axons
visualized at 5 dpf via immunostaining for acetylated tubulin (AcTub)
have normal fasciculation and trajectory in siblings (Fig. 3A). In contrast,
axon elongation and bundling fails in tcf1 559 pI 10 axons (Fig. 3B). We
quantified the axon extension defects in tcfl 5159 with a transgenic
neuronal fluorescent reporter, nbt:dsRed (Peri and Niisslein-Volhard,
2008) and counted the number of muscle segments over which the nerve
extends by 72 hours post-fertilization (hpf, Fig. 3C). Wild-type siblings
have full PLLn extension by 72 hpf over 29.7 + 1.3 muscle segments (n =
57 nerves). We binned tcf153t1159 PLLn into two phenotypic categories:
those that extend posteriorly partway down the body (17/29, 58.6%) and
those that fail to extend a PLLn (12/29, 41.4%). In tcf1 55159 myutants that
extend a PLLn, nbt:dsRed + axons never extend the full body length,
routing incorrectly through the embryo and stalling anteriorly (over 8.4
+ 3.5 muscle segments, n = 17, p < 0.0001). We conclude that tcf15"1>°
inhibits proper PLLn axon elongation; furthermore, reduced PLLn sox10+
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Fig. 2. Mutation in tcf15 is causative for the stl159 phenotype. (A) Whole genome sequencing reveals highest mutant/WT allele ratio on chromosome 8 (red box).
Only SNP ratios >0.85 are shown on graph. (B) SNPs within region of strongest linkage are shown with wild-type in black and mutant SNP in red. Only tcf15 (bold)
contains a nonsense allele. (C) Map of predicted unspliced tcf15 transcript is shown 5’ to 3’ with two introns marked in blue. The C to T substitution occurs at position
232 and produces a TAA stop codon that truncates the protein from 183 to 77 amino acids (aa). (D) Representative Sanger sequencing electropherograms of wild-type,
stl159/+, and homozygous stl159 mutants in the tcf15 locus. Note transition of C (blue) in wild-type to T (red) in stl159. (E) Map of tcf15 transcript shown 5’ to 3’ with
sgRNA targets sites marked in boxed A-C. sgRNA-A is in 5 UTR 266 nucleotides upstream of the start site, while sgRNA-B and C both lie within the first intron (blue) at
+21 and + 181. The stl159 C to T transition is marked for reference. (F) Quantification of tcf15 CRISPR enhancement of stl159 based on pigment phenotype. **p <
0.01, ****p < 0.0001, Fisher's exact test wild-type vs. stl{159 mutant pigment phenotype.

and mbp expression in tcf15*1°? is likely at least partially due to axon

mispatterning and coincidently fewer myelinating Schwann cells along
the PLLn.

To test whether axonal defects observed at 3-5 dpf are due to failed
axon extension or instability following outgrowth, we observed the PLLn
outgrowth in individual larvae over time early in development. Sibling
larvae have PLLn extension along the horizontal myoseptum over 30-36
hpf, and axons remain fasciculated through 72 hpf (Fig. 3D-F). PLLn of
tcf15““59 larvae, however, have initial outgrowth defects that persist
over time. At 36 hpf, tcf15*"'%? PLLn extension is delayed relative to
siblings (Fig. 3G). Though axon growth may continue, the trajectory of
the axon is misplaced by 48 hpf and the defect persists at 72 hpf (Fig. 3H-
D. In tcf15"1% mutants that fail to extend the PLLn by 36 hpf (Fig. 3J), no
PLLn is observed later (Fig. 1K-L). We quantified these results by map-
ping PLLn extension in individual larvae at 2 and 4 dpf. While wild-type
sibling larvae have stable PLLn outgrowth between 2 and 4 dpf (p > 0.1,

41

2 vs. 4 dpf extension, n = 12 larvae), tcf15°"°° PLLn defects present early
and persist over time (p > 0.1, 2 vs. 4 dpf extension, n = 12 larvae,
Fig. 3M-N). Neither wild-type nor tcf15*"%° mutants have significant
changes in PLLn extension between 2 and 4 dpf (difference of 0.2 + 0.6
segments in wild-type and 0.4 + 2.2 segments in tcf15°7%, p > 0.05).
Thus, tcfl5 is required for stable PLLn axon outgrowth early in
development.

3.4. Lateral line neuromasts are mispatterned in tcf1 559 mutants

The PLLn contains sensory organs known as neuromasts at periodic
intervals along the length of the PLLn, which are deposited by a
migrating primordium during nervous system development. The pri-
mordium migrates in an anterior to posterior direction, directly preced-
ing the migrating sensory axons and glial precursors. Neuromasts contain
hair cells that detect vibrations in the surrounding water, and PLLn
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Fig. 3. tcfl15 is required for proper PLLn extension. (A) Immunostaining for acetylated tubulin (AcTub) in sibling (sib, A) and tcf15°11%? (B) larvae at 5 dpf,
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are divided into two categories, those in which a PLLn extended posteriorly from the ganglion (“extend”) and those in which a PLLn was not observed along the lateral
body wall posterior to the ganglion (“stall/anterior”). All groups are significantly different from each other, p < 0.0001, 1-way ANOVA with Tukey test. (D-L)
nbt:dsRed expression in the same PLLn of individual larvae at 36, 48, and 72 hpf. All images were taken at the same magnification immediately posterior to the PLL
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larva is represented in a different color and 2-4 dpf data points are connected with a line. (N) Representation of change in farthest PLLn position from 2 to 4 dpf for the
sibling and tcf15°1' larvae shown in M; there is no significant difference between groups (p > 0.05, Student's t-test).

sensory axons innervate neuromasts to relay this information to the rate (1.8 £+ 0.8 in wild-type vs. 1.1 £ 1.0 in tcf1 5159 at 2 dpf, p > 0.2;
central nervous system (Ghysen and Dambly-Chaudiere, 2004). Given 6.7 + 1.2 in wild-type vs. 6.8 & 0.8 in tcf15"">° at 3 dpf, p > 0.9, 12.1 +
the aberrant migration of PLLn axons, we questioned whether neuro- 0.5 in wild-type vs. 12.2 + 0.6 in tcf15"7°° at 4 dpf, p > 0.9, Fig. 4F).

masts were deposited correctly in tcf15"°° mutants by visualizing These findings are consistent with our original discovery that mbp is
neuromasts with DASPEI staining. By 4 dpf, wild-type larvae consistently normal in tcf1 559 ATln at 5 dpf and that tcf15 is dispensable for ALLn
have DASPEI-stained neuromasts, evenly spaced from anterior to poste- development. However, tcf15“1159 mutant PLLn neuromasts are reduced

rior and in close apposition to the PLLn and horizontal myoseptum in number at each timepoint and are deposited more slowly relative to
(16/16 wild-type siblings, Fig. 4A, G). In contrast, tcf15“u59 mutants wild-type siblings (4.5 £ 0.7 in wild-type vs. 0.4 + 0.5 in tcf15“1159 at 2
display similar stalled depositions of neuromasts, with 9/16 or 56.2% dpf, p < 0.0001; 6.9 + 0.9 in wild-type vs. 2.4 + 1.5 in tcf15"1>° at 3 dpf,
larvae showing fewer neuromasts (Fig. 4B, G) and 7/16 or 43.8% p < 0.0001, 8.7 + 0.8 in wild-type vs. 4.2 + 1.4 in tcf155ﬂ159 at4dpf,p <

showing no PLLn neuromasts posterior to the ganglia (Fig. 4C, G). 0.0001, Fig. 4G). Interestingly, neuromasts are deposited over time even
Importantly, we found no difference in ALLn neuromast development in tcf15“1159 mutants, unlike PLLn axonal defects that appear relatively
(Fig. 4D-F). Together, these data suggest that tcf15 is required only for stable. This suggests that neuromast development may be less affected by
PLLn, and not ALLn, sensory organ deposition. loss of tcf15, as development partially continues in its absence.

We next investigated whether neuromast deposition in tcf15°%° In addition to fewer neuromasts in tcf15****? mutants, we measured
mutants followed similar patterns to axon extension defects. To charac- neuromast position to demonstrate that developing neuromasts are
terize neuromast deposition in tcfl 559 mutants, we quantified neuro- misplaced over time in tcf1 515 mutants relative to wild-type. At both 3
masts in individual larvae over time (n = 12 larvae per genotype) from 2 and 4 dpf, neuromasts are positioned farther from the main branch of the

to 4 dpf. We found that ALLn neuromasts are deposited normally in both PLLn (5.7 + 3.8 pm for wild-type neuromasts vs. 29.2 + 12 pm in
wild-type and tcf15"1> siblings, increasing over time and at the same tcf15"1%% at 3 dpf, p < 0.0001; 11.0 + 8.4 pm for wild-type neuromasts
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Fig. 4. tcf15 is required for neuromast development. (A-C) DASPEI stain (green) marks neuromasts in nbt:dsRed-expressing (red) sibling (sib, A) and tcf15“”59
larvae at 4 dpf. Fraction in bottom right indicates number of larvae (of 16 siblings and 16 mutants) with each phenotype, normal (A), reduced extension (B), or stalled/
failed to extend posteriorly (C). Arrows in A-C mark most posterior neuromast. Scale bar, 100 pm. Dotted boxes indicate high-magnification images, for DASPEI (A'-B),
PLLn marked with nbt:dsRed and arrow (A”-B"), and merge (A”’-B""); scale bar, 100 pm. Arrowheads mark small PLLn processes that extend to the neuromast. Distance
from neuromast to PLLn is bracketed in yellow; distance from neuromast to ventral spinal cord is bracketed in white. (D-E) DASPEI staining (green) of ALLn neu-
romasts shows no difference in sibling (sib, A) and tcf1 551159 1arvae. (F) Quantification of ALLn neuromasts on the left side of individual larvae imaged at 2, 3, and 4
dpf. No significant differences are observed between genotypes at each timepoint (p > 0.05, 1-way ANOVA with Tukey test). (G) Quantification of PLLn neuromasts on
the left side of individual larvae imaged at 2, 3, and 4 dpf. At each timepoint, fewer neuromasts have developed in tcf]S“usg larvae, ****p < 0.0001, 1-way ANOVA
with Tukey test. (H-I) Quantification of shortest distance from individual neuromasts to main fascicle of PLLn (H) or ventral boundary of spinal cord (I) at 3 and 4 dpf.
Neuromasts are more distant from the PLLn (****p < 0.0001, 1-way ANOVA with Tukey test) and more ventral and distant from the spinal cord (****p < 0.0001, 1-
way ANOVA with Tukey test) in tcf151% relative to siblings.

vs. 38.6 + 22.8 ym in tcf15°11% at 4 dpf, p < 0.0001; Fig. 4A”-B", yellow larvae continue to develop (Sapede et al., 2002). Altogether, tcf1 55159

bracketed line, 4H). However, we noted that while the PLLn was often mutants show severe patterning defects throughout the lateral line sys-
rerouted to the ventral side of the body, the neuromasts tended to stay tem, with misplaced sensory organs, reduced innervation based on axon
closer to their lateral position near the horizontal myoseptum. To char- position, and hypomyelination of PLLn axons based on mbp expression.
acterize position within the body, we measured distance from neuro-

masts to spinal cord and found that they were positioned more ventrally 3.5. Motor nerves are directly mispatterned in tcf15*1°° mutants

in many, but not all, cases (39.5 + 10.4 pm for wild-type neuromasts vs.

77.8 + 32.6 ym in tcf15""° at 3 dpf, p < 0.0001; 46.7 & 14.3 pm for PLLn axon and glial development has been previously shown to

wild-type neuromasts vs. 84.6 & 26.0 pm in tcf15""%% at 4 dpf, p < follow the migration of the primordium (Gilmour et al., 2002, 2004).
0.0001; Fig. 4A™-B", white bracketed line, Fig. 41). The increased vari- Therefore, the PLLn patterning defects observed in tcf15*"%? larvae could
ation in distance from the PLLn and spinal cord at 4 dpf is likely because be a secondary consequence of aberrant primordium migration, rather
neuromasts deposited early in development migrate ventrally as the than a direct effect of environment on the nerve itself. We therefore
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Fig. 5. tcf15 is required for motor nerve extension and fasciculation. (A-D) Motor nerves in nbt:dsRed-expressing (red) at 36 (A-B) and 72 (C-D) hpf in sibling
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marked with gray arrows (C); arrowheads mark minor branches of motor nerves at 72 hpf (C-D). (E) Quantification of motor nerves on one side of 72 hpf larvae. There
are slightly but significantly fewer motor nerves in tcf15°**° relative to siblings, ****p < 0.0001, 1-way ANOVA with Tukey test. (F) Quantification of motor nerve
length in sibling and tcf15°/1% larvae at 36 and 72 hpf. At both timepoints tcf15*/>? have shorter motor nerves, ****p < 0.0001, 1-way ANOVA with Tukey test. Dots
represent individual motor nerves. (G) Schematic for counting motor nerve branches; both main and minor branches are counted equally. (H) Quantification of
branches in motor nerves and tcf15°41% larvae at 72 hpf. Tcf15°1' have more branches motor nerves, ****p < 0.0001, 1-way ANOVA with Tukey test. Dots represent

individual motor nerves.

investigated the development of motor nerves, which are comprised of
axons emerging from the spinal cord and migrating along and inner-
vating body wall muscle. nbt:dsRed labeled motor neurons were assayed
in individual larvae at 36 and 72 hpf to characterize motor nerve
development over time. In both wild-type and tcf15*"""> larvae, motor
axons have exited the spinal cord and are migrating down muscle seg-
ments by 36 hpf (Fig. 5A-B). However, motor nerve length is shorter in
tcf15°1%9 larvae relative to wild-type siblings (82.0 + 20.6 pm in
wild-type vs. 60.4 + 11.1 pm in tcf15*>° p < 0.0001, Fig. 5A-B
bracketed lines, 5F). By 72 hpf, both wild-type and tcf15“”59 siblings
have elongated motor nerves (p < 0.0001 vs. 36 hpf timepoints), but
motor nerves in t¢f15"%? remain shorter than wild-type overall (149.3
+ 12.7 pm in wild-type vs. 105.5 + 10.2 pm in tcf15"7%°, p < 0.0001,
Fig. 5C-D bracketed lines, 5F). We also found slightly fewer motor nerves
overall in tcf15“”59 larvae (Fig. 5E, 28.8 + 1.2 motor nerves in n = 24
siblings vs. 26.4 + 1.0 in n = 10 mutants, p < 0.0001). Because motor
nerves interact directly with muscle during elongation, we suspect that
tcf15 is generally required for axon elongation in the peripheral nervous
system.

In addition to extension defects, we observed that motor nerves in
tcf1 5159 mutants were disorganized relative to wild-type siblings. By 72
hpf, wild-type motor nerves are neatly bundled and uniformly extended
along the middle of the muscle segment, with few spurious processes
(Fig. 5C, arrowheads). This patterning is disrupted in tcf15*"%° mutants,
with multiple processes appearing to emerge from the spinal cord as well
as processes extending off main branches. We quantified this defect by
counting terminal branches, as our approach could not distinguish motor
axons that were defasciculated vs. additional branches of a single motor

axon (Fig. 5G). With this approach, we found excess terminal branches in
tcf15"159 mutants relative to wild-type siblings at 3 dpf (Fig. 5H, 2.3 +
0.8 branches in wild-type vs. 3.3 £ 1.3 in tcf15“”59, p < 0.0001). This
motor nerve phenotype is reminiscent of the mis-routed PLLn sensory
nerve phenotype and suggests that tcf15 is broadly required both for
proper nerve position as well as nerve elongation throughout the pe-
ripheral nervous system.

3.6. tcfl5 is expressed in muscle cells prior to peripheral nerve patterning

Given the necessity of tcf15 across tissue types for proper develop-
ment, we next questioned where tcf15 is expressed to have this broad role
in development. Expression of tcfI5 has been previously established
across multiple systems as a critical regulator for muscle patterning
(Burgess et al., 1995; Lee et al., 2009; Sanchez and Sanchez, 2015). We
therefore examined the spatiotemporal expression of tcfl5 using an
established tcf15 probe (Topczewska et al., 2001) for in situ hybridization
in wild-type larvae at 12 and 24 hpf, prior to nerve extension, and at 3 dpf
when axons continue to elongate and premyelinating Schwann cells
populate the PLLn. Consistent with previous reports, we found robust
tcfl5 expression in presomitic mesoderm at 12 hpf that becomes
restricted to the posterior by 24 hpf (Fig. 6A-B), distal from the devel-
oping PLLn and motor nerves. Furthermore, tcf15 expression was not
detected at 3 dpf or later (Fig. 6C), and notably was never detected in
PLLn Schwann cells nor the ganglion from which PLLn axons extend.
These data suggest that the role of tcf15 in nerve patterning is likely
non-cell-autonomous and results from its transcriptional function in
muscle that sets up the proper environment for nerve development,
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myoseptum is prominent in sibling (J, arrow) and absent in mutant. Magnified regions of interest (J'-K’) are noted with a dotted box. In sibling larva (J'), there are
numerous myelinated axons (pseudocolored green) with neighboring Schwann cells (sc) and muscle (m). Unmyelinated bundles of axons (a, white arrowhead) are
present at this stage. The mutant larva (K') has disorganized muscle (m) with unidentified adjacent cells, potentially Schwann cells (*). (L-M) Ultrastructure of medial
body wall muscle (m) is organized in sibling (L), but has aberrant ultrastructure in mutants with small bundle of unmyelinated axons (a, arrowhead) in mutants (M).
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rather than functioning directly in neurons or glia.

We next examined body wall muscle development in tcf1 5159 my-
tants at both gross anatomical and ultrastructural levels. At 72 hpf, both
wild-type and stl159 siblings have chevron-shaped muscle segments with
distinct boundaries (Fig. 6D-E). We counted muscle segments and found
no differences between wild-type and tcf15“1159 siblings in segment
number (Fig. 6F, 29 + 0.9 in wild-type vs. 28.5 + 1.1 in tcf15"1°° at 72
hpf, p > 0.5; 29.4 & 0.9 in wild-type vs. 29.5 & 1.1 in tcf15°"%% at 5 dpf, p
> 0.9). Furthermore, segments are the same size based on similarity of
overall body length (Fig. 6G, 2.8 + 0.1 pm in wild-type vs. 2.8 + 0.1 pm
in tcf15°15 at 72 hpf, p > 0.99; 2.9 + 0.1 pm in wild-type vs. 3.0 + 0.1
pm in tcf15"1°? at 5 dpf, p > 0.1). The only slight difference observed was
angle of apposition between muscle segments, with wild-type muscle
boundaries forming a steeper angle compared to tcf1 5159 mutants at 72
hpf (Fig. 6H, 42 + 4° in wild-type vs. 53 + 6° in tcf15*"%%, p < 0.0001).
The difference is reduced, though still persists, at 5 dpf (45 + 5° in wild-
type vs. 50 + 6° in tcf15*11%%, p < 0.0001). We concluded that gross
muscle organization is largely normal in tcf155t1159 mutants, with mild
patterning defects relative to the severe disorganization of the peripheral
nervous system.

Because muscle serves as the substrate for peripheral nerve devel-
opment, we wanted to visualize the interface of PLLn development with
body wall muscle. We therefore performed transmission electron mi-
croscopy (TEM) on cross-sections of stl159 sibling and mutant larvae at 5
dpf (Fig. 6I). In these cross sections, the PLLn can be located as a lateral
superficial sensory nerve nestled between the skin and muscle at the
junction of the horizontal myoseptum. PLLn development appeared
normal in siblings (N = 3), with correctly positioned axons and normal
myelinating Schwann cells (Fig. 6J-J'). Muscle patterning was also
normal, with a prominent horizontal myoseptum (Fig. 6J) and dense
skeletal muscle (Fig. 6J°, L). However, both nerve and muscle showed
ultrastructural defects in tcf15*"*° mutants. PLLn axons were not visible
in the expected lateral position in any tcf1 5159 mutants (N = 3), though
some unidentified cells resembling migrating Schwann cells were located
in a lateral position near skeletal muscle (Fig. 6K-K’). In addition, muscle
ultrastructure was disorganized in tcf15"4>° mutants, with no apparent
horizontal myoseptum and fewer intact skeletal muscle myocytes
(Fig. 6K). A small bundle of small-calibre axons was found in a more
medial position, adjacent to muscle but without myelin or presumptive
Schwann cells (Fig. 6M). These defects were restricted to the periphery,
as axons and myelin appear normal in the spinal cord of tcf15“”59 mu-
tants (Fig. S3). Thus, while gross anatomy of muscle is normal in
tcf155t”59 mutants, defects in the cellular substrate produce aberrant
peripheral nerve migration and development. Taken together, our results
suggest that early tcf15 expression in muscle is largely dispensable for
gross muscle architecture, but is required for correct migration and dif-
ferentiation of peripheral nerves and other neural crest-derived tissues.

4. Discussion

The bHLH transcription factor tcf15 has established roles in the
development of paraxial mesoderm in vertebrates (Burgess et al., 1996;
Sanchez and Sanchez, 2015; Topczewska et al., 2001). Formerly named
paraxis, tcf15 expression is itself induced by surrounding tissues (Sosi¢
et al., 1997) during development of the axial muscle. While tcf15 is not
necessary for somite segmentation, in tcf15 mutants, somites fail to un-
dergo mesenchymal-to-epithelial transition (Rowton et al., 2013; Taka-
hashi et al.,, 2007) and as a result, lack normal patterning of surface
markers including cell adhesion molecules and signaling cues on an
epithelialized muscle surface. Furthermore, gene expression analysis in
Paraxis—/— mice demonstrated loss of several cell adhesion molecules
and classical guidance factors. Misexpression of these factors suggests
that nerves, Schwann cells, and other developing neural crest-derived
tissues would be disrupted in tcf15 mutant zebrafish.

Here, we identify a novel tcf15 mutant in zebrafish and demonstrate
that tcf15 is necessary for the development of peripheral nerves and
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sensory organs. Though tcf15 is conserved and expressed in zebrafish
muscle, mutant analysis had not been previously performed in zebrafish,
and the role of tcf15 in development of myelinated peripheral nerves has
not been explored via mutant analysis in any system. Using a combina-
tion of genomic and transgenic studies in zebrafish, we demonstrate that
a novel tcfl15 mutant has deficits in axon outgrowth and fasciculation
alongside misplaced neural crest derivatives. We predict that these
neural development defects are due to the incorrectly patterned muscle
surface, resulting in a loss of appropriate guidance cues for peripheral
nervous system patterning.

4.1. Axon outgrowth deviates from sensory and motor targets in the
absence of tcf15

Previous work has demonstrated that axons of the PLLn typically
follow the collectively migrating cells of lateral line primordia, with
Schwann cell precursors migrating in close proximity. Genetic and
transplantation experiments revealed that the lateral line primordium
provides cues that are sufficient for axon extension (Gilmour et al., 2002,
2004). Primordium migration is itself dependent upon sdf-1 and cxcr4 as
well as glypican4 that modulates Fgf/Wnt signaling (Dalle Nogare et al.,
2014; Li et al., 2004; Venero Galanternik et al., 2016). Glypican4 and
Sdf-1 are expressed by the developing muscle surrounding the lateral
line. Additionally, the receptor tyrosine kinase Met and its ligand Hgf
(hepatocyte growth factor) are necessary for proper muscle development
as well as for proper neuromast deposition in a mechanism independent
from sdf-1/cxcr4 (Haines et al., 2004). Altogether, this underscores that
muscle-derived cues are necessary for proper development of the poste-
rior lateral line (PLL) system. Importantly, in our study, we observed that
neuromasts are not only mispatterned in tcf15 mutants, but innervating
axons appear to extend further to innervate their neuromast targets,
suggesting a loss of coordinated migration. Therefore, we predict that
tcf15 is necessary to maintain the association of sensory axons with their
peripheral targets.

Neuromasts in the PLL are misplaced in tcf15 mutants, which is
consistent with prior observations suggesting the importance of muscle
in patterning this system. However, we also observed inappropriate
patterning of motor nerves, which use intrinsic and extrinsic cues that
likely differ from lateral line axon development. Several muscle-derived
factors have been reported for extension and branch patterns of zebrafish
motor nerves during both development and regeneration; critically, the
specification of the muscle is itself necessary for motor axon targeting
(Banerjee et al., 2015; Bremer and Granato, 2016; [saacman-Beck et al.,
2015; Sainath and Granato, 2013; Walker et al., 2021). Given that we
observed mispatterning of motor nerves concurrent with sensory nerve
wandering and hypomyelination, we predict that tcf15 represents a
critical global mediator of peripheral nerve patterning.

4.2. tcfl5 is required for development of peripheral myelinating glia

In the PLLn, axons and glia co-develop as the nerve extends posteri-
orly from the ganglion. Axons are at least partially instructive for glial
migration, as glial cells often follow wandering or stalling axons in mu-
tants. This is likely due to Neuregulin-1 type III (Nrgl) expression on
axons that activates ErbB2/3 receptors on Schwann cells (Lyons et al.,
2005; Perlin et al., 2011). Though PLLn axons can extend normally in the
absence of developing Schwann cells, the PLLn later defasciculates,
suggesting that Schwann cells are necessary for maturation and stabili-
zation of the PLLn (Gilmour et al., 2002; Raphael et al., 2010). In our
tcf15 mutants, we observed fewer Schwann cell precursors, marked by
sox10:gfp along the PLLn, as well as fewer mature myelinating Schwann
cells as indicated by mbp expression and TEM. Altogether, this suggests
that tcf15 is required non-cell-autonomously for the development of
myelinated peripheral nerves, and more generally, that the external
muscle environment can influence the intricate relationship between
developing peripheral axons and their myelinating glia.
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Our data demonstrating muscle influence on development of
myelinated peripheral nerves are in accordance with earlier studies
showing muscle influence on Schwann cell development. Axons of motor
neurons emerge from ventral domains of the spinal cord as Schwann cell
precursors delaminate from the neural crest and migrate along axonal
trajectories (Eisen and Weston, 1993; Pike et al., 1992). Though axons
are instructive for glial migration when mispatterned, glial cells are
patterned correctly when motor axons are ablated, suggesting that axons
are sufficient but not necessary for glial cell migration. Further investi-
gation revealed that muscle-specific kinase (MuSK) serves as a cue for
glial cell guidance, as it limits migration to the central muscle segment in
the absence of axons (Banerjee et al., 2011). Previously, we demonstrated
that expression of ectopic Laminin a2 expressed from adjacent muscle is
sufficient to promote myelination in the PLLn of hypomyelinating
zebrafish mutants (Petersen et al., 2015). In humans, mutations in lama2
can result in merosin-deficient congenital muscular dystrophy, and
absence of Laminin a2 causes disorganized muscle fibers and decreased
muscle tone in animal models and humans (Helbling-Leclerc et al., 1995;
Miyagoe et al., 1997). Additionally, Laminin o2 interacts with integrins
and dystrophin complexes expressed on both Schwann cells and muscle,
and loss of integrin and dystrophin signaling in humans results in
congenital neuromuscular disorders with coincident dysmyelination
(Colognato et al., 1997; McKee et al., 2012; Pellegatta et al., 2013;
Quattrini et al., 1996).

Taken together, the data suggest that glial cells and muscle have
overlapping molecular factors mediating their development, and loss of
these factors can affect glial and muscle development globally. Thus, the
partial uncoupling of axon-glial development observed in mutant tcf15
PLLn presents two intriguing possibilities: first, that migrating Schwann
cell precursors rely upon muscle-derived guidance cues in the absence of
axonal cues, or second, that mispatterned muscle cues have the potential
to supersede axonal cues for glial development. Future work can char-
acterize this system and distinguish between these possibilities.

4.3. A transcriptional program in muscle for peripheral nerve patterning

While our study does not formally address cell autonomy, we predict
that tcf15 exerts indirect effects on nervous system development through
muscle expression. Though tcf15 is a well-established regulator of
musculoskeletal development, bHLH in general, and tcf15 in particular,
can be combined to induce neural reprogramming (Flitsch et al., 2020;
Liu et al., 2018). This suggests that global loss of tcf15 could result in
improper development of neurons and glia in a cell-autonomous fashion.
However, we do not see expression of tcf15 via in situ hybridization in any
peripheral axons or glia at any stage. Expression in larval zebrafish is
restricted to developing muscle as previously described in other systems
(Burgess et al., 1995; Carpio et al., 2004; Shanmugalingam and Wilson,
1998); we do not see expression in the neural tube as reported in Xenopus
(Carpio et al., 2004). Tcf15 expression is also nearly undetected in mouse
sciatic nerves based on the Sciatic Nerve Atlas (Gerber et al., 2021).
Therefore, the most parsimonious model is that tcfl15 directs muscle
development to promote a proper scaffold for neurons and glial devel-
opment, including directed co-migration of axons and glia, stabilization
of axon fasciculation, and maturation of myelinating Schwann cells.

Our data suggest that, in zebrafish, muscle development appears
largely normal with respect to size and number of somites, suggesting
that tcf15 is dispensable for axis elongation and the somitogenic clock,
but instead is necessary for patterning of the muscle as a microenviron-
ment that directs nerve development. Previous work demonstrated that
loss of the transcription factor foxcla in zebrafish pectoral fin muscles
results in misdirected axons, and identification of downstream targets of
foxcla in pectoral muscle revealed another transcription factor impli-
cated in somitogenesis, foxd5, as well as classical guidance factors
(Banerjee et al.,, 2015). Additionally, foxd5 is required for proper
expression of paraxis/tcfl15 and mediates zebrafish somitogenesis (Lee
et al.,, 2009). Taken together, this predicts a transcriptional cascade
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within muscle necessary for peripheral nerve patterning. Furthermore,
because we observe that tcf15 expression precedes posterior axon-glial
outgrowth by ~12 h, we predict that tcfl15 functions early in this
cascade to mediate expression of factors for nerve development.

Given that tcf15 functions primarily as a transcriptional activator,
numerous downstream targets could play a role in directing nerve
development non-cell-autonomously. For example, eighteen genes
encoding cell adhesion molecules, including vascular cell adhesion
molecule 1 (Vcam1) and Neuroliginl, are downregulated in Paraxis—/—
mice (Rowton et al., 2013), suggesting they might function in adhesion
for epithelization during muscle development. Additionally, members of
the A disintegrin and Metalloprotease (ADAM) family, Adaml8 and
Adamtsl3, were downregulated in the absence of tcf15, suggesting alter-
ation of the extracellular environment (Rowton et al., 2013). Disruption
of both intercellular and matrix interactions could prevent formation of
muscle tissue with normal architecture, which is aligned with our find-
ings of aberrant muscle ultrastructure in tcf15*"%? mutant zebrafish. This
altered muscle environment could affect the trajectory of migrating
axons and glia.

Guidance molecules implicated in PNS development are also reduced
in Paraxis—/— mutant mice (Rowton et al., 2013), including Netrin 1 and
Neurotrimin which can both direct neurite extension (Gil et al., 1998;
Serafini et al., 1994). Eph/Ephrin signaling is critical for restricted
migration of neural crest cells (Kuriyama and Mayor, 2008; Robinson
et al., 1997) and axon targeting (Cramer and Miko, 2016; Munoz et al.,
2005). In Paraxis—/— mutant mice, the normal restriction of ephrinB2 to
posterior halves of the somite is disrupted, and EphA3 and EphA7 re-
ceptor expression are reduced throughout somites as well (Johnson et al.,
2001). Finally, although somites appear to form in Paraxis—/— mutants,
Laminin expression is lost at intersomitic boundaries and diffuse along
the muscle surface (Rowton et al., 2013). This is of particular importance
given that Laminins direct multiple stages of Schwann cell development
(Feltri and Wrabetz, 2005; Petersen et al., 2015). Thus, reduced Laminin
levels in Paraxis—/— mutants could disrupt PNS patterning through the
simultaneous disruption of Schwann cell development as well as muscle
architecture.

Taken together, we predict that tcf15 controls a pattern of both
restrictive and permissive or instructive molecules expressed on the
muscle surface that promote peripheral nerve patterning across an intact
skeletal muscle scaffold. Identification of these factors has the potential
to uncover the complex relationships between neurons, glial cells, and
their molecular environment, as well as understand the cause of inherited
neuromuscular disorders.
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