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Abstract

Background: The basic helix-loop-helix (bHLH) transcription factor atonal homologue 8 (Atoh8) has been implicated in various de-
velopmental and physiological processes by means of transient knockdown and conditional knockout approaches in zebrafish, chick and
mouse. Despite its demonstrated involvement in multiple tissues, the role of Atoh8 remains elusive in zebrafish. A recent permanent
knockout study in zebrafish investigated the role of Atoh8 on the background of previous morpholino studies which demonstrated various
developmental defects but could not find any of the morpholino-based effects in the mutant. In mice, a knockout study demonstrated
involvement of the transcription factor in skeletal development, showing that disruption of the atoh8 gene results in reduction of skeletal
size. We investigated a mutant fish line generated using clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-
associated protein 9 (Cas9) (CRISPR/Cas9)-technology for possible phenotypic effects on zebrafish skeletogenesis. Methods: Here,
we present a CRISPR/Cas9-generated afoh8 permanent zebrafish mutant and investigate the phenotypic effects of the knockout on the
developing zebrafish craniofacial and axial skeleton. We investigated the expression pattern of the gene in wildtype and conducted de-
tailed morphometric analysis for a variety of bone and cartilage elements of the developing skeleton at 12 days post fertilisation (dpf) in
zebrafish siblings from a heterozygous mating using detailed morphometric measurements and statistical analysis of the results. Results:
Homozygous mutants are viable into late adulthood and show no overt morphological phenotype. Despite the prominent appearance
of atoh8 signal in various embryonic and larval craniofacial and axial skeletal structures, detailed morphometric analysis revealed only
subtle phenotypic effects of the mutation on skeletal development in zebrafish. We found the formation of the orbital cartilages of the
developing neurocranium and the progress of chordacentra mineralisation to be negatively affected by loss of the transcription factor.
Conclusions: Despite the very subtle phenotypic effect of our mutation, we were able to show involvement of afoh$ in the skeletal
development of zebrafish. We attribute the mild phenotype to a compensatory mechanism induced by nonsense-mediated degradation of
messenger ribonucleic acid (mMRNA) as suggested in the recent literature. The effect of atoh8-disruption on zebrafish skeletal develop-
ment suggests that the loss of afoh8 cannot be compensated for at interfaces where more than one embryonic cell lineage contributes to
bone and cartilage formation.
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1. Introduction are furthermore reflected by the high degree of conservation
at the molecular level, with mammals and teleosts sharing
the same key regulatory genes and signalling pathways of
skeletal development [17-22]. Importantly, the zebrafish
genome shares over 70% of the human genes [23], includ-
ing orthologs of skeletogenesis-related genes. In addition,
zebrafish offers many advantages as alternative to other ver-
tebrate models. For example, external fertilisation and de-
velopment allows for easy genetic manipulation, the effects
of which can be readily observed in the transparent embryos
and larvae. Furthermore, the high fecundity of the fish al-
lows for a large sample size, making zebrafish an attractive
and powerful model for large-scale investigations of skele-

atoh8 has been shown to be expressed in many em-
bryonic and adult tissues where it regulates a wide range
of physiological processes [1-9]. More recent studies have
shown expression of the transcription factor in tissues of
the developing and adult skeleton in mice, demonstrating
the effect of A70h8 mutation on proliferation and differen-
tiation of skeletal cells [10,11]. Based on these findings
and on our own previous expression study [12], we inves-
tigated a possible role of atoh8 in skeletal development of
zebrafish.

The skeleton of the zebrafish consists, like in all verte-
brates, of cranial, axial and appendicular elements [13,14].

In many aspects, zebrafish and mammalian skeletogenesis
encompass the same cellular and morphological processes
of bone and cartilage formation [15,16]. The similarities

tal development and disorders.

The first skeletal components to develop in zebrafish
are the bone and cartilage elements of the head. Craniofa-
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cial development is considered one of the most complex se-
quences of morphological and molecular events in embryol-
ogy and encompasses the contribution of cells derived from
all three embryonic germ layers and its finely tuned regu-
lation by signalling pathways [17,18,20,21,24]. Its com-
plexity is mirrored in the enormous interspecies diversity
in morphology of the adult face and skull. Despite the great
variety in the final outcome, however, the underlying sig-
nalling pathways have been highly conserved in vertebrates
from fish to man, as supported by studies of normal and
disrupted signalling in craniofacial development in model
organisms and their definitive association with human con-
ditions [18,19,24].

Like in their higher vertebrate counterparts, the em-
bryonic precursor of the zebrafish craniofacial skeleton
consists of two different units: the viscerocranium formed
by the embryonic branchial arches and giving rise to the
facial elements, and the neurocranium, the embryonic pre-
cursor of the protective braincase. As in higher vertebrates,
the zebrafish craniofacial skeletal components are of dual
mesenchymal origin: some derive solely from neural crest,
others are derived entirely from mesoderm or a mixture of
the two cell lineages [25-28]. Most of the current knowl-
edge on the development of the craniofacial skeleton is de-
rived from studies on mouse and chick, and, from these
studies, it is generally acknowledged that the viscerocranial
elements are derived from the migratory neural crest, while
the neurocranial elements are either of mixed neural crest
and mesoderm origin or entirely derived from mesoderm
[25,29-36].

Unlike in higher vertebrates, vertebral centra forma-
tion in the axial skeleton of teleosts, including zebrafish,
starts in absence of cartilage anlagen through segmented
mineralisation of the notochord by chordoblasts [37—41].
These initial chordacentra are then surrounded by somitic
mesoderm-derived osteoblasts, which deposit bone matrix
to form the autocentrum [37,42—46].

In zebrafish, the head skeleton is composed of 74
bones, of which 43 are derived from a cartilage template
and 31 form by direct ossification [14]. While many of the
bones in zebrafish, particularly those forming the cranial
vaults, develop late after the embryonic period in compari-
son to their mammalian counterparts, the skeletal elements
derived from the branchial arches, associated with feeding
and breathing, form as cartilage templates very early from
2 days post fertilisation (dpf) [26,27,47-51]. By approx-
imately 5 dpf, the zebrafish larva has acquired the ability
to feed independently, owing to the formation of cartilage
components of the feeding apparatus. At about this stage,
first signs of ossification become apparent in the cerato-
branchial cartilage (cb) 5 of the viscerocranium [14]; in
contrast, the last bones to develop are the calvariae, the
bony plates of the skull vault, progressively forming via
dermal ossification during the second month of life [ 14,52—
54]. By 10 to 12 dpf, all the cartilage components have de-

veloped, and the beginning of ossification is well underway
in the larval zebrafish head (Fig. 1).

Given the recent findings of a role of A70h8 in mouse
skeletogenesis [10], we aimed in this study at exploring a
possible contribution of atoh8 in zebrafish skeletogenesis.
We present a detailed morphometric and statistical analy-
sis of craniofacial and axial structures of the developing
zebrafish skeleton and propose that the transcription factor
subtly participates in the formation of the orbital cartilages
in the zebrafish cranium and modulates chordacentra for-
mation in the developing zebrafish vertebral column.

2. Materials and Methods
2.1 Zebrafish Husbandry and Care

In-house bred zebrafish (Danio rerio) adults and larvae
were maintained at 26.5 °C on a 14 h light/10 h dark cycle
and fed daily with flakes and artemia salina. Embryos were
collected and raised to the desired stages at 28.5 °C in E3
medium supplemented with 0.01% methylene blue for in
situ hybridisation.

2.2 Mutagenesis of the atoh8 Gene

Mutagenesis was performed on wildtype AB ze-
brafish lines. atoh8-mutant zebrafish were generated
using clustered regularly interspaced short palindromic
repeats (CRISPR)/CRISPR-associated protein 9 (Cas9)
(CRISPR/Cas9) genome editing as described by Hwang et
al. [55,56]. Additional data on the procedure can be found
in Supplementary Tables 1,2 and Supplementary Figs.
1,2.

2.2.1 Target Site Selection

Suitable CRISPR target sites in the first coding exon
were selected and potential off-targets minimized using the
ZiFiT tool [57]. The corresponding DNA-oligos for syn-
thesis of guide RNA (gRNA) were purchased from IDT
(Integrated DNA Technologies, Leuven, Belgium). For
each target site, optimised flanking primers of 20-22 bases
were selected with Primer 3 free online software (https:
//primer3.ut.ee/) generating an 80—120 bp polymerase chain
reaction (PCR) product for High Resolution Melt Analysis
(HRMA) and a 200—400 bp amplicon for DNA sequencing.
Primer oligos were bought from MWG Eurofins (Wolver-
hampton, UK).

2.2.2 Synthesis of gRNA and Cas9-mRNA

Single stranded gRNA oligos were annealed and
ligated into Bsal-digested pDR274 (Addgene, Water-
town, MA, USA). XL-1 Blue cells (Stratagene, La Jolla,
CA, USA) were transformed with the ligation reaction and
single colonies were selected for growth of bacterial cul-
tures. Plasmids were isolated using the QIAprep Spin
Miniprep Kit (QIAGEN, Manchester, UK) according to
the manufacturer’s instructions. Purified plasmids were se-
quenced and confirmed positive clones were digested with
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Abbreviations:
bone
aa angoarticular
bsr2-3 branchiostegal rays 2-3
chb ceratohyal bone
cb5 ceratobranchial 5
cc chorda centra
cl cleithrum
d dentary
en entopterygoid
eoc exoccipital
hm hyomandibula
mx maxilla
mpf metapterygoid
iop interoperculum
op operclum
pht pharyngeal teeth
ps parasphenoid
q quadrate
ra retroarticular
cartilage
abc anterior basicapsular commissure
apc anterior parachordal
bh basihyal
cb1-5 ceratobranchial 1-5
ch ceratohyal
csc coraco-scapular
ep ethmoid plate
hm hyomandibula
hsl hyosymplectic
M Meckel’s cartilage
pbc posterior basicapsular commissure
i pqa palatoquadrate
.41 t trabecula
L A tc trabecula communis
tma taenia marginalis anterior
mx tmp taenia marginalis posterior
¢ sb
other
200 pm I lapillus
— nc notochord
pf pectoral fin
sb swim bladder
Colour Key:
. cartilage
. bone
200 pm

Fig. 1. Bone and cartilage structures of the larval zebrafish cranium. Alizarin Red and Alcian Blue staining of bone and cartilage
structures in larvae at 12 dpf. The different level of ossification in the two larvae shown reflects the intrastrain variation in the progression
of ossification. Anterior to the left, dorsal up. (A,D) Lateral view. (B,C,E) Ventral views of dissected skull (B) and jaw (C) and undissected
head (E). Scale bars: 200 um.
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Dral. The 284 bp fragment was gel-purified and used to
synthesise gRNA with T7 RiboMAX large scale RNA pro-
duction kit (Promega, Southampton, UK) and the product
was purified with NORGEN BIOTEK microRNA Purifica-
tion Kit (Thorold, Ontario, Canada) and quantified by Nan-
odrop® (Thermo Fisher Scientific, Carlsbad, CA, USA).

For synthesis of cas9 messenger ribonucleic acid
(mRNA), pCS2-Cas9 (Addgene, Watertown, MA, USA)
was Notl linearised (Promega, Southampton, UK), purified
(Wizard® SV Gel and PCR Clean-Up System, Promega,
Southampton, UK) and transcribed using the mMessage
mMachine SP6 kit (Ambion, Huntingdon, UK). Synthe-
sised Cas9-mRNA was purified using the MEGAclear™ kit
(Ambion, Huntingdon, UK).

2.2.3 Microinjection of gRNA and Cas9-mRNA

1 nL gRNA and Cas9-mRNA solution containing phe-
nol red (0.05%) and rhodamine dextran (0.05%) were co-
injected into fertilised zebrafish embryos at the one cell
stage using a microinjector. RNA-solutions were of the
following concentrations: 64 ng/pL Cas9-mRNA and 25
ng/uL and 29 ng/uLL gRNA for target site 1 and 2, respec-
tively, Embryos were transferred into Petri dishes contain-
ing E3 medium supplemented with methylene blue, kept at
28.5 °C and checked daily for fluorescence and signs of ill
health and malformations. Non-fluorescent, dead and mal-
formed embryos were removed, and medium was replaced.
Non-injected wildtype embryos served as control. At 2 dpf,
8 normally developed embryos per target site were collected
for genomic DNA extraction and subsequent HRMA.

2.2.4 High Resolution Melt Analysis and Sequence
Determination

To verify mutagenesis, total genomic DNA was ex-
tracted from single embryos at 48 hours post fertilisation
(hpf) and incubated in 50 pL of alkaline lysis solution (125
pL 25 mM NaOH + 20 uL 0.2 mM EDTA in 50 mL dH50)
at 95 °C for | hour. Lysis of the embryos was inactivated
by adding 50 pL neutralisation buffer (2 mL 1 M Tris-HCI,
pH 8, + 48 mL dH,0). For HRMA, 1 pL of DNA lysate
was mixed with 2 x MeltDoctor HRM mix (Thermo Fisher
Scientific, Carlsbad, CA, USA), forward and reverse HRM
primers and loaded in duplicate wells on a MicroAmp Opti-
cal 384-well plate (Thermo Fisher Scientific, Carlsbad, CA,
USA). FO siblings of the injected AB wildtype were grown
to adulthood and backcrossed F1 progeny was analysed for
germline transmission by HRMA. Mutant loci of F1s were
sequenced to identify transmitting mutations of interest and
F1 siblings were grown to adulthood. Subsequent genera-
tions were bred by outcross to AB wildtype. To generate
homozygous mutants, heterozygotes were in-crossed to ob-
tain F3 progeny in which 25% of fish were homozygous for
the gene.

In addition to HRM- and DNA-sequence analysis, the
individual mutation types in the Fl-embryos were deter-

mined by alignment of wildtype and mutated sequences us-
ing the free online Kalign sequence alignment tool (http
s://'www.ebi.ac.uk/jdispatcher/msa/kalign?stype=dna) [58]
and the mutated DNA sequence was translated into the
corresponding AA-sequence with the free online ExPASy
translation tool (Swiss Institute for Bioinformatics; http:
/Iweb.expasy.org/translate/).

2.2.5 Agarose Gel Electrophoresis

Total genomic DNA was extracted as described above.
For genotyping, we used a method after Bhattacharya and
Van Meir [59], which allows small CRISPR/Cas9 induced
indels as small as 3 base pairs to be detected via gel elec-
trophoresis. Briefly, in a first step, PCR was performed
and 5 pL of sample were loaded onto a 3% agarose gel.
Gel electrophoresis was performed for approximately 1.5
h at 100 mV. The results were visualised. For the sec-
ond step 5 pL of those samples yielding a single band after
electrophoresis were selected for hybridisation with known
control wildtype samples. The hybridisation procedure in-
volved one single step of denaturation of the mixed sam-
ples at 95 °C for 5 minutes in a thermal cycler and subse-
quent renaturation by lowering the temperature to 20 °C in
at arate of 0.5 °C/sec. The hybridised samples were loaded
onto an agarose gel (3%) and the gel was run for 1 h at 100
mV. Those samples containing mutant and wildtype DNA
produced heteroduplexes generating two distinct bands on
the gel, whereas samples containing wildtype only DNA
formed homoduplexes yielding one single band.

2.3 Staging

Embryonic developmental stages were determined ac-
cording to Kimmel et al. [60]. For larvae older than 3
dpf staging was performed according to external anatomi-
cal traits after Parichy et al. [61]. We chose standard length
(SL) in pm, which is defined as the distance from the an-
terior end of the jaw to the posterior tip of the notochord
[13,14,61].

2.4 Nomenclature

Anatomical terms used in this study are based upon
terminology of Cubbage and Mabee [14]. Detailed al-
location of the anatomical structures was performed us-
ing the FishFace Atlas, accessible at the following web-
site: https://www.facebase.org/resources/zebrafish/fishfac
e/home/ [62,63].

2.5 Bone and Cartilage Staining

Zebrafish larvae were euthanised on ice, fixed in 4%
paraformaldehyde in phosphate-buffered saline (PFA/PBS)
and processed following the protocol of Walker and Kim-
mel [64] for bone and cartilage staining. Briefly, after fix-
ation in 4% PFA/PBS for 2 hours at room temperature on a
shaker, specimens were dehydrated in 50% ethanol, stained
gently shaking overnight at room temperature with Alizarin
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red and/or Alcian blue, bleached and cleared according to
the protocol. Storage in 50% glycerol/0.1% KOH (as sug-
gested in the original protocol) was omitted, instead, sam-
ples were stored in 100% glycerol at 4 °C to avoid rapid
loss of Alizarin red staining before image acquisition.

2.6 Whole Mount in Situ Hybridisation (WISH)

Wholemount in situ hybridisation steps were carried
out as previously described [12,65] for embryos and early
larvae. For larvae older than 4 dpf we followed the pro-
tocol of Vauti et al. [66]. Briefly, embryos were manu-
ally dechorionated and fixed in 4% PFA/PBS overnight at
4 °C. Following dehydration in 50% and 100% methanol
in PBS the embryos were stored at —20 °C until further
use. For WISH, embryos were rehydrated and post-fixed
in 4% PFA/PBST for 20 minutes at room temperature (RT).
Proteinase K (Sigma-Aldrich, Darmstadt, Germamy) digest
(10 pg/mL in PBST) was performed for the duration ap-
propriate to the stages of the embryos and stopped with
0.2 M glycine in PBS. Embryos were again post-fixed in
4% PFA/PBST for 20 minutes at RT, and then washed
3 times for 5 minutes in PBST at RT, followed by pre-
hybridisation at 60 °C in the hybridisation oven (HO) for
2 hours. Hybridisation with digoxigenin (DIG)-labelled
atoh8 and myoD probes (1 pg/mL for each probe) was per-
formed overnight (HO). After successive washes in 1:1 for-
mamide in 2 X saline-sodium citrate (SSC), 0.1% tween-20
and in 0.2x SSC, 0.1% tween-20 for 20 minutes (HO), em-
bryos were incubated in blocking solultion for at least 4
hours at RT. Embryos were incubated in anti-digoxigenin-
AP-Fab-fragments (Sigma-Aldrich, Darmstadt, Germamy)
in blocking solution (1:5000) overnight at 4 °C. The em-
bryos were subsequently washed in PBS (2x 10 minutes,
RT) and fixed in 4% PFA for storage. Embryos selected for
imaging were incubated overnight in 100% glycerol at4 °C.
For older larvae we performed the protocol after Vauti and
colleagues [66], which replaces the proteinase K digestion
with acetone treatment, and adjusts the incubation times ac-
cording to the developmental stages and size of the larvae.

2.7 RNA Isolation, Reverse Transcription, and
Quantitative Real-Time PCR

Fifty embryos were collected in 1 mL of TRI reagent®
(Sigma-Aldrich, Darmstadt, Germamy) for RNA isolation.
RNA was isolated according to manufacturer’s instruction.
After RNA isolation, complementary DNA (cDNA) was
synthesized using M-MLYV reverse transcriptase, follow-
ing manufacturer’s instructions (Promega - M170A). Quan-
titative real time (qRT) PCR was performed using Go-
Taq® RT-qPCR system, following manufacturer’s instruc-
tion (Promega - A6001). Six replicates were used to quan-
tify the target region. Following qRT-PCR, data was anal-
ysed following Livak’s method [67]. The data presented in
the graphs are (209D)). The expression levels are relative
to actb2. Primer sequences were as follows:
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atoh8 5'-GCCATTCAGCAGACTCGGA-3'; 5'-
CTGCCCATAAGAGTAGCAGGG-3/;

actb? 5'-AAGGCCAACAGGGAAAAGAT-3'; 5'-
AGGGCGTAACCCTCGTAGAT-3'.

2.8 Microscopy and Imaging

After bone and cartilage staining and whole mount in
situ hybridisation, embryos and larvae were observed un-
der the Leica M165 FC microscope (Wetzlar, Germany) at
x 12, and dissecting microscope at x 10, and x2 magnifi-
cation and photographed using a Leica DFC420 C digital
camera (Wetzlar, Germany). The photos were further pro-
cessed using Adobe Photoshop (San José, CA, USA) ver-
sion 21.1.3.

2.9 Assessment of Level of Ossification

Alizarin red stained larvae were analysed under the
microscope for the progression of ossification in 19 differ-
ent craniofacial structures and the vertebrae. The level of
craniofacial ossification was determined in each larva for
each stained structure, with a score of 0 for absent, 1 for
starting, 2 present, 3 for advanced. For every larva, the
sum of the single scores for each structure was calculated.
From the sum of the scores for the single larvae, an average
score (mean value) was calculated. The mean values for
the single larvae were sorted according to genotype and for
each genotype, the resulting mean value was statistically
analysed for significance. Progress of ossification in the
vertebrae was assessed by simple counting the number of
forming vertebrae as indicated by alizarin red staining.

2.10 Morphometric Studies

Morphometric studies and statistical analysis were
performed on siblings (n = 157) of the progeny of a
atoh8""%¢!!7 in_cross.

2.10.1 Standard Length Measurements in Whole Embryos
and Larvae

Stained embryos and larvae were placed in a drop of
100% glycerol on a micrometre stage ruler, and standard
length (SL) was measured from images acquired at x 2 mag-
nification on a dissecting microscope.

2.10.2 Head Length and width Measurements

As a substitute for whole head, the chondrification pat-
tern of the basicranium (including ethmoid plate, trabeculae
and basal plates) was used. Larvae were dissected to sepa-
rate the viscerocranium from the neurocranium. In images
taken from the ventral aspect of the neurocranium, head
length was measured bilaterally as the distance from the tip
ofthe ethmoid plate to the posterior end of the parachordals.
The mean value of the two measurements for each embryo
was entered into the statistical analysis. For head width, the
same images were used and 1 measurement per larva was
taken from the lateral-most tips of the basal plate.


https://www.imrpress.com

2.10.3 Meckel’s-Palatoquadrate (M-PQ) Angle,
Ceratohyal (CH) Angle and Ceratohyal Length

M-PQ and CH angles were used to determine differ-
ences in morphology of the viscerocranium between wild-
type and mutants (one measurement each per larva).

The length of the ceratohyal was determined by mea-
suring bilaterally the distance from the anterior to the pos-
terior tip of the cartilage structure. The mean value of both
measurements per larva was statistically analysed for sig-
nificance.

2.10.4 Area Anterior Parachordals and Orbital Cartilages

The area of the anterior parachordals was measured by
encircling the area between the posterior end of the struc-
ture and the region of the polar cartilages on both sides of
the chondrocranium. A mean value was calculated from
the two measurements per larva and statistical analysis was
performed.

In all larvae, the area occupied by orbital cartilages
was calculated on both sides of the neurocranium. The
mean values from these two measurements per larva were
analysed for statistical significance.

2.11 Statistical Analysis

Raw data was processed in Excel (Microsoft Corpora-
tion, Redmond, WA, USA), and statistical analysis was per-
formed using GraphPad prism version 8 for Windows (La
Jolla, CA, USA). p-values were determined by unpaired,
two-tailed student’s #-test comparing the mean values of
several skeletal bone and cartilage structures (as described
below) of mutant and wildtype siblings raised under identi-
cal conditions at the stated days post-fertilisation. p-values
< 0.05 were considered statistically significant. All data is
presented as dot plots, showing the original values, maxi-
mum and minimum levels and median.

3. Results
3.1 Zebrafish atoh8 Mutagenesis

Two sites in the atoh8 coding sequence were cho-
sen for CRISPR/Cas9 targeted mutagenesis (Fig. 2A). Our
method introduced a double strand break, which was re-
paired by activation of the non-homologus-end-joining
(NHEJ) mechanism. As a result, we yielded several dif-
ferent mutations in FO which were confirmed by HRMA.
These mutations were intended to result ultimately either in
destruction of the nascent mRNA by introduction of a pre-
mature stop codon, or in the production of a protein with an
amino acid sequence which greatly diverged from the wild
type.

Most double strand breaks repaired via NHEJ resulted
in a shift in the open reading frame. In silico analysis of
the mutated DNA sequences predicted to generate a prema-
ture stop codon in the sequence either by deletion, insertion,
or both. In consequence, this nonsense mutation should
cause a degradation of the transcribed mRNA (nonsense-

mediated decay) leading to no production of protein at all
[68-70]. Of the many resulting mutated zebrafish strains,
two with germline transmission of optimal mutations for
each target site were chosen for further breeding in subse-
quent generations. For our experiments, we used the mu-
tant strain carrying a 7 bp deletion in the first CRISPR/Cas9
target site (allele atoh8*¢'!7; Fig. 2B). In silico, this muta-
tion introduced a premature stop codon at residue 89 of the
amino acid sequence (Fig. 2B).

The subsequent generations of fish developed with-
out any overt phenotype. However, sequence analysis con-
firmed the 7 bp deletion in the atoh8"¢!!” allele (Fig. 2C).
All pairwise matings resulted in the distribution of geno-
types according to the expected Mendelian ratio (Fig. 2D).
Quantitative real-time PCR revealed the absence of mRNA
(Fig. 2E) in homozygous mutants.

3.2 atoh8 is Expressed in Developing Structures of the
Zebrafish Skeleton at Embryonic and Early Larval Stages
and does not Overlap with Expression of myoD

In our previous study [12], we demonstrated expres-
sion of the transcription factor atoh8 in the sclerotome com-
partment of the embryonic zebrafish somite. We also no-
ticed atohs8 signal in the embryonic zebrafish head and as-
sumed part of this expression to be in cells of the meso-
dermal lineage. Because of the possibility that afoh8 tran-
scripts might label cells of mesodermal origin contributing
to elements of the craniofacial skeleton, we investigated
later stages of zebrafish development. At 2 dpf (Fig. 3A),
we detected atoh§ transcripts, as with the previous study,
in the hindbrain and cerebellum. We found expression in
the anlagen of the basicranium, the pectoral fin and, inter-
estingly, in the branchial arches. We previously suggested
that there was no overlap in the expression domains of atoh8
as a marker of sclerotome and myoD as a marker of muscle
precursor tissue, therefore, we compared the craniofacial
expression domains of atoh8 to those of myoD. As in our
previous study, we found the two domains to locate in vicin-
ity to each other without any overlap. We briefly investi-
gated and compared the expression pattern of myoD in wild
type and mutant zebrafish but did not find any differences
(Supplementary Fig. 3A). The separation of the afoh8 and
myoD domains was apparent already at 2 dpf (Fig. 3A,B)
and became most obvious in the 3—4 dpflarvae (Fig. 3C,D).
Here, atoh8 signal was still detectable in the cerebellum.
More importantly, at this stage afoh8 transcripts occurred in
regions of beginning cartilage and bone formation, namely,
the trabecula communis, the trabeculae cranii, the parasphe-
noid, the basal plates, the cleithrum and the pectoral fin gir-
dle. myoD signal appeared in locations of muscle precursor
tissue associated with the developing viscerocranial struc-
tures and eyes (Fig. 3D). At 5-6 dpf, signal for atoh8 in
the cerebellum was still present, albeit very faintly. The
trabecula communis, trabeculae cranii and the parasphe-
noid remained atoh8-positive (Fig. 3E), as did some of the
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Exonl CRISPR Target Site 1 PAM CRISPR Target Site 1
481 TeacacrorC Gecoo ISNSRIGRBSNIRRNEE ~»2C | | AGAAACGACGTTTTGAATACEGCC O NERONENEGRNIGRGE A  TCCAGCAGAA
72 D--V--L G2 I--T | | AGAAACGACGTTT! GGCC ACCAIFNICTGCAGCAGAA

V-1 — 1 T

541 TGCAGC x ACAGCAA |-G —L-—T——P-—%--L--Q--0--K
= 5 ==
601 AATAGTTCAGGCAAGTCCTCAAGTGTC! ‘GCTCCGC CTTTGGA
112 --I--V--Q Q--V--F--P--L--E atoh8ke117

ac TCAGCGC TCTCAGGCGCCTGCAGGC! %)
::; ~—s--o . oA ! upper rows WT allele

CRISPR Target Site 2 lower rows kgll7 allele
721 GGAGTCGCCTAGGANACEEGCTEEAGAGEEGTCTGGCGTCGTCACGGAGATCARAGCCAT | | WT amino acid sequence
152 T--E--T I i
- fe PAM sequenc_:e underlined and -
781 TCAGCAGACT! TACTGGCGAACGCGCGC GeeceTacacaccarcac | | 7 bp deletion -------
172 --Q--Q--T L T==8
EXON 2 frame shift

841 CGCAGCCTTCGAGGCGCTCAGAAAGCAGGTACCCTGCTACTCTTATGGGCAGAAGCTTTC | | ZG-—J,——T--p-—%- missense amino acids and WY codon
192 Q Q--K--L--S

atohBWl/Wt GAAACGACG TTTTGAATACCG CCG TAG ACATG AG G AT TA
g o

‘c‘ i

atoh8Wkg117 GAAACGACGT TTTGAATACC GCCGTAGAA TGAC GAT TAA

atoh8k9117/k9117 G AAACG ACG TTTTGAATACG GCCG TAGGATTAACAC CATAA

D Observed Mendelian Ratio E Relative Gene Expression
27-(AACT)

39 0.0025-
0.0020-

0.0015-
46%

0.0010

e 0.0005-

0.0000 . SOOTTo—
n =157 wt ko

Fig. 2. CRISPR/Cas9-mediated mutagenesis. (A) Nucleotide and amino acid sequences showing the intended target sites for
CRISPR/Cas9-mediated editing. Highlighted in light blue is the beginning of the functional bHLH domain, which is coded for partly in
exonl (black letters) and exon2 (blue letters) of the atoh8 gene. (B) Sequencing results in F1 progeny for the atoh8*s!” allele. The nu-
cleotide deletion is highlighted in yellow in the DNA sequence and in red in the amino acid sequence of the protein. (C) Trace sequences
for wildtype, heterozygous and homozygous siblings in the allele atoh8*!"”. To the left: wildtype, heterozygous and homozygous sibling
larvae shown in lateral (above) and dorsal (below) view. (D) The observed Mendelian Ratio is in very close correspondence with the
expected Mendelian Ratio of 25% for wildtype (shown in lilac), 50% heterozygous mutants (green) and 25% for homozygous mutants
(orange). The grey portion represents the percentage of larvae for which the genotype could not be determined. n = 157 sibling embryos
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ofaatoh in-cross were used for genotyping and all subsequent analysis. (E) Relative gene expression in wildtype and homozygous

mutant. Scale bars in (C): 1 mm. bHLH, basic helix-loop-helix; PAM, protospacer adjacent motif; gRNA, guide RNA; wt, wildtype;

CRISPR/Cas9, clustered regularly interspaced short palindromic repeats/CRISPR-associated protein 9; ko, atoh8€!717 .
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| atoh8 N myoD |

| in situ Hybridisation |

| | 2dpf |

3 dpf

. atoh8 A atoh8

5 dpf

tv 1-5*

6 dpf

\ Cartilage Staining after in situ Hybridisation

Fig. 3. atoh8 expression in larval skeletal elements. /1 situ mRNA hybridisation for atoh8 and myoD mRNA in wild type zebrafish at
the indicated late embryonic and early larval stages. (A,B) At 2 dpf, the expression pattern is distinctly different for each gene. atoh8
mRNA is largely expressed in precursor cells of the cartilage anlagen including the branchial arches (white arrowheads) and in the
developing cerebellum (cb), hindbrain (hb) and pectoral fin primordium (pfp), whereas myoD mRNA labels undifferentiated myogenic
precursors of cranial (white arrowhead, cm) and anterior hypaxial muscle (black arrowhead, ahm). (C,D) afoh8 mRNA is detected in
the branchial arches and marks craniofacial skeletal anlagen, whereas myoD mRNA persists in skeletal muscle precursors. (E,F) atoh8
mRNA in craniofacial elements; dorsally: trabecula (t), anterior parachordal (apc), hyomandibular (hm), cleithrum (cl) and the pectoral
girdle (arrowhead, pg), ventrally: trabecula (t), cleithrum (cl), pectoral girdle, and ceratobranchials (cb) 1-5 (asterisks). (G) atoh§ mRNA
in derivatives of the branchial arches, labelling a population of cells associated with ceratobranchial cartilages 1-5 (arrowheads). (H)
myoD expression goes on in myogenic precursor cells. (G’,H”) atoh8 and myoD expression, respectively, on Alcian Blue stained larvae,
showing that atoh8 and myoD labelled cells associated with the ceratobranchials occupying different locations; myoD in (H’) labels the
transversus ventralis (tv) muscles 1-5; *the most anteriorly located tv 1 is not labelled. All except (E,F): anterior to the left, dorsal up;

(E) dorsal view, (F): ventral view. Scale bars: 200 um.
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pharyngeal arch structures: the ceratohyal and the cerato-
branchials 1-5 (Fig. 3F,G,H). Transcripts were also detected
in the cleithrum and the coraco-scapular bone. As a further
skeletal structure, the tip of the notochord labelled positive
for atoh8 at this stage. We confirmed the association of
atoh8 and myoD expression with the cartilage structures of
the developing cranium at 5 dpf by applying cartilage stain-
ing after in situ hybridisation. We found atoh$ to be ex-
pressed in cells residing on the pharyngeal cartilage struc-
tures whereas myoD expressing muscle precursor cells were
found to be located adjacent to, but not on the pharyngeal
structures (Fig. 3G’,H’). Taken together, these results sug-
gest that the spatiotemporal expression of afoh8 parallels
the spatiotemporal pattern of ongoing bone and cartilage de-
velopment in the zebrafish cranium [14]. However, we did
not expect finding atoh8-transcripts in association with the
pharyngeal arch structures (ceratohyal and ceratobranchials
1-5), since both cartilage and bone precursor cells in these
structures are generally considered as entirely neural crest-
derived. Transcripts were also located ventrally and dor-
sally to the notochord (Supplementary Fig. 3B). We as-
sume the labelled cells to be osteoblast precursor cells, later
contributing to the development of the vertebral autocentra
and the neural and haemal arches of the vertebral column.

3.3 atoh8 Mutants and Wild Type do not Differ in Mean
Standard Length (SL)

We have previously identified the sclerotome and head
mesoderm as regions of atoh8 expression in early embry-
onic zebrafish development and we assumed the transcrip-
tion factor might contribute to the formation of skeletal el-
ements in the developing wildtype zebrafish [12]. In this
study, we found expression at later stages in areas and struc-
tures possibly contributing to the developing head and axial
skeleton. Furthermore, a previous study had demonstrated
arole of atoh8 in chondrocyte proliferation and differentia-
tion, resulting in the reduced size of limb skeletal elements
in mice and in reduced overall body size [10]. Based on the
results obtained in their study and on the expression pattern
observed for atoh8 in our studies, we decided to investi-
gate general parameters of growth and development in our
mutant zebrafish. In contrast to mouse and chick, the ax-
ial and limb skeleton of the zebrafish develops relatively
late, however, the notochord, as a supporting structure and
precursor of the axial skeleton, is present from earliest em-
bryonic stages, and, together with the developing cartilagi-
nous head structures, can be used to measure growth and
general developmental progress [13,14,61]. We measured
and analysed SL in two sets of Alcian blue-stained larvae
from experiments performed under identical conditions for
the two different mutation types and evaluated statistically
SL for each mutation type. Statistical analysis of the mea-
surements did not reveal significant differences in SL be-
tween the wildtype, heterozygous and homozygous mutant
siblings (Fig. 4A).
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We noticed subtle differences in head morphology be-
tween wildtype and mutant in 1 dpf embryos inspected un-
der the microscope via brightfield optics (Supplementary
Fig. 3C). When focussing on the otic vesicle of the 1 dpf
embryos, we noticed that the brain morphology in the mu-
tants deviated from that in the wildtype. For example, the
developing cerebellum occurred less defined, and the brain
vesicles appeared wider in the mutant. Since the devel-
opment and morphology of tissues strongly influence each
other, we inspected these differences in the older embryos
and larvae by investigating whether the altered brain mor-
phology was a consequence of altered head morphology.
Because head morphology in transparent embryos and early
larvae is difficult to evaluate, we measured morphometri-
cally several cranial elements in Alcian blue-stained lar-
vae. The distance between the anterior tip of the ethmoid
plate and the posterior end of the parachordals serves as a
good proxy for head length (Fig. 4B). Statistical analysis
revealed no significant difference between wildtype, het-
erozygous and homozygous mutants in head length in the
embryos/larvae. We also measured the width of the carti-
laginous basicranium (Fig. 4C) as a further possible indi-
cator of altered head morphology but found no statistically
significant differences between the genotypes.

3.4 The Viscerocranium Develops Normally in
atoh8-mutants

In toxicology studies, the effects of exposure to po-
tentially harmful compounds on zebrafish skeletal devel-
opment are often investigated using a set of parameters as-
sessing craniofacial morphology. Meckel’s-palatoquadrate
(M-PQ) angle is one such frequently used parameter and
serves as an indicator of subtle craniofacial malformations
[71,72]. We used this parameter to assess a possible devi-
ation from normal viscerocranial morphology in the atoh§-
depleted mutant. We detected no statistically significant
differences between the M-PQ angle of wildtype, heterozy-
gotes and homozygotes (Fig. SA).

To confirm these first findings of unaltered head mor-
phology in our mutants, we investigated further morphome-
tric parameters of craniofacial development: First we mea-
sured the ceratohyal (CH) angle and found the CH angle of
the mutants not to be statistically different from that of the
wildtype (Fig. 5B). We then measured the length and area
of the CH cartilage. The statistical analysis did not reveal a
difference in these two parameters in mutants compared to
wildtype (Fig. 5C,D).

3.5 Development of the Basicranium is not Compromised
in atoh8 Mutants

The cartilaginous structures of the zebrafish cranium
include elements of the viscerocranium and the basicra-
nium. While the viscerocranial elements originate from
neural crest, the basicranial structures are composed of cells
derived from neural crest, mesoderm or both [25,30,32,33,
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Fig. 4. Morphometric analysis of Standard length (SL) and head length and width. Comparison of Alcian Blue stained wild type
versus mutant larvae at 12 dpf. (A) SL in mm was determined using a microscopic ruler implementing 100 pm increments. Anterior
to the left, lateral view and dorsal up. Head length (B) and width (C) in all larvae was measured, as depicted in the schematics, from
images of the basal neurocranium using imageJ software (version 1.51h; National Institutes of Health, Bethesda, MD, USA). n = All:
anterior to the left. (A) lateral view; (B,C) ventral view. Abbreviations: ns, not significant; wt, wildtype; mut, homozygous mutant; het,
heterozygous mutant. Scale bars: 200 um, except in (A): 1000 um.

49]. Since we detected atoh8 signal in some of the com- laginous elements of the basicranium are the ethmoid plate,
ponents of the basicranium, we investigated a possible ef- trabecula communis, trabeculae cranii and the basal plate
fect of the mutation on structures of the basicranium. Carti- [14,27]. We measured the area of the anterior parachordals,
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which have been shown to be of mainly mesoderm origin
[25,73]. Flanking the anterior tip of the notochord, they
form the anterior half of the basal plate. We found no sig-
nificant differences in the mean area of the anterior para-
chordals (Fig. 6A,B).

3.6 atoh8-depletion Impairs Development of the Orbital
Cartilages and Epiphyseal Bar

The earliest cartilaginous precursors of the
neurocranium—the epiphyseal bar and the taeniae
marginales posterior and anterior—start forming from
about 5 dpf in the wildtype. The epiphyseal bar initially
appears as a triangular accumulation of chondroblasts, and
from the medial corner of this triangle, chondrification
continues medially, eventually joining both extensions
in the midline of the skull vault. The lateral corners of
the initial triangle expand anteriorly and posteriorly. The
anterior extension progresses towards and eventually joins
the lateral edges of the ethmoid plate—giving rise to the
taenia marginalis anterior. The posterior extension expands
posteriorly to join with the anterior extension of the audi-
tory capsule—thus forming the taenia marginalis posterior.
Together, anterior and posterior taeniae constitute the
orbital cartilage components of the skull. While the taenia
marginalis anterior has been shown to be of neural crest
origin, the taenia marginalis posterior is considered to be
of mesoderm origin; the cell lineage of the epiphyseal bar
cartilage appears to be a mixture of the cell lineages [25].
Thus, we investigated a possible effect of afoh8 depletion
on these structures. We measured the area occupied by
the triangular accumulation and its anterior, posterior and
medial extensions according to the extension of Alcian
Blue staining. Statistical analysis revealed the area occu-
pied by the developing orbital cartilages to be significantly
smaller in the heterozygotes compared to their wildtype
siblings (p = 0.0213) and even highly significantly smaller
(p < 0.0001) in the homozygous mutants compared to
the wildtype and heterozygous mutants (Fig. 6C,D). The
smaller area of the TM and the fainter staining suggest
that proliferation and possibly differentiation of the
chondrocytes are affected in the mutants.

3.7 Ossification of Craniofacial Skeleton Progresses
Normally in atoh8 Mutants

The cartilaginous components of the zebrafish head
start forming from already 2 dpf[26] and, using Alcian blue
staining, become visible from 3 dpf onwards. On the other
hand, the process of ossification cannot be visualised be-
fore 5 dpf, when the secretion of bone matrix by mature os-
teoblasts allows for staining of the mineralised matrix with
Alizarin red. The pattern of ossification follows a sequence
which is invariable for most of the developing bone struc-
tures [14]. We investigated the ossification pattern of skele-
tal structures of the zebrafish head in our mutant larvae and
compared it to the pattern observed in wildtype. We found

12

no difference in the sequence of ossification as described by
Cubbage and Mabee [14]. To determine a possible statisti-
cal significance, we developed a scoring system assessing
the level of ossification for each of 19 skeletal structures. In
this system, absent ossification indicated by absent Alizarin
red staining was scored 0, onset of ossification observed as
first faint appearance of staining was scored 1, progressing
ossification represented by stronger staining was scored 2
and advanced ossification visible by intense labelling was
scored 3. Using this scoring system, we calculated for each
developmental stage first the average score for each single
larva. The average score for each larva was grouped ac-
cording to genotype to calculate and statistically analyse the
mean values for the wild type and mutant sets of fish. Ac-
cording to our statistical analysis, there were no differences
between mutant and wildtype siblings (Fig. 7A).

3.8 atoh8 is Involved in Ossification of the Zebrafish
Vertebral Column

The axial skeleton of zebrafish comprises 30-33 verte-
brae and is regionalised in Weberian, precaudal, caudal and
caudal fin vertebrae. In the simplest terms, each vertebra is
composed of a body, also called centrum, which develops
around the notochord, and haemal and neural arches extend-
ing ventrally and dorsally from the body, respectively. Os-
sification becomes evident with the formation of the chor-
dacentra by deposition of bone matrix around the noto-
chord. Two centres of ossification appear in zebrafish, first
anteriorly in the Weberian region and later posteriorly in the
caudal fin region. With progressing development, chorda-
centra are added bilaterally along the anterior-posterior axis
to these initial regions of ossification [13]. In the Weberian
region, centra 3 and 4 are the first to ossify simultaneously,
followed first by centra 1 and 2 and later by the centra pos-
terior to 4.

In wildtype zebrafish, centra 3 and 4 formation be-
comes first apparent as bone matrix encircling the noto-
chord at a standard length of approximately 3.5 mm [13],
corresponding in terms of age to 6 dpf in our wildtype. In
our previous study [12] we did not detect atoh8 signal in
cells encircling the notochord. However, at 2 dpf in this
study we found cells positive for atoh8 located directly be-
neath the notochord. We observed the development of the
centra and assessed the pattern and progression of their for-
mation. In the mutants as in the wildtype, the development
followed the pattern described by Bird and Mabee (2003)
[13], however, we found a statistically significant differ-
ence between wildtype and homozygous mutants in the av-
erage number of mineralising centra (wt: 3.1, mut: 2.2; p
= 0.0154; Fig. 7B, upper panel). No differences were de-
tected between wildtype and heterozygous mutants and be-
tween homozygous and heterozygous mutants. We inves-
tigated whether this difference was based on the onset of
ossification or on the rate of progression of bone minerali-
sation. By distinguishing between the presence of fully cir-
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Fig. 6. Statistical analysis of elements of the neurocranium. (A) Shown is the area of the anterior parachordals (APC) measured and
statistically analysed for wild type and mutants. Statistical analysis reveals no significant differences in the area of these cartilaginous
neurocranial structures between the genotypes. (B) Schematic (upper image) indicating the measured area of the basicranium (lower
image). On the other hand, as shown in (C), the combined area of the triangle, taenia marginalis anterior, taenia marginalis posterior and
the epiphyseal bar is of highly statistically difference between wild type and mutant genotypes. (D) Schematic (upper image) indicating
the measured area of the taenia marginalis posterior in whole larval heads (lower images) All: anterior to the left, (B) Ventral view,
(D) dorsal view. Abbreviations: ns, not significant; * significant; **** highly significant; wt, wildtype; mut, homozygous mutant; het,
heterozygous mutant; TMP, taenia marginalis posterior. Scale bars: 200 pm.
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Fig. 7. General progress of ossification in craniofacial and axial skeletal elements. (A) Ossification pattern and progress shows no
statistically significant differences between Alizarin Red stained larvae of the three genotypes. The images show homozygous mutants
(mut) and wildtype (wt) viewed from laterally and ventrally. (B) Formation of chordacentra in the zebrafish column. The overall number
of vertebrae is without any statistically significant differences, indicating that the onset of chordacentra ossification is not affected by the
mutation. Ossification seems to progress faster in wildtype larvae, as confirmed by statistical analysis. Anterior to the left, dorsal up.
Abbreviations: ns, not significant; * significant; wt, wildtype; mut, homozygous mutant; het, heterozygous mutant. Black circles and
triangles indicate developed and developing vertebrae, respectively. Scale bars: 50 pm in (A), 500 um in (B).
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cular (“developed vertebrae”—black circles in Fig. 7B), in-
dicative for the progression rate, versus incompletely circu-
lar chordacentra (“developing vertebrae”—black triangles
in Fig. 7B), indicative for the onset, we were able to deter-
mine that the onset of mineralisation did not differ whereas
the progression rate of mineralisation did, being faster in
the wildtype than in the homozygous mutants (wt: 2.1, mut:
1.5; p=0.0408; Fig. 7B, upper panel). This phenotype sug-
gests a possible role of atoh8 in chordacentra mineralisation
of the zebrafish vertebral column.

4. Discussion

In agreement with the only other atoh8 knockout study
in zebrafish [74], we found no phenotype recapitulating any
of the morphant phenotypes reported by previous knock-
down studies [8,75]. Although the expression pattern of
atoh8 in this and in our previous study [12] clearly indi-
cates a role of this transcription factor in the development
of mesodermally derived skeletal components, our findings
could not substantiate this first assumption of a general in-
volvement of afoh8 in zebrafish skeletal development.

An implication of afoh8 in bone and cartilage develop-
ment was demonstrated by Schroeder and colleagues [10]
who provided experimental evidence of the effects of an
atoh8 knockout on skeletal development of the mouse in
vivo and in vitro. According to their study, ubiquitous as
well as conditional depletion of atoh8 in mice results in vi-
able mutants whose phenotypic manifestation of the knock-
out is a reduced skeletal size. Their study demonstrated a
regulatory role of atohd in proliferation and differentiation
of chondrocytes from embryonic stages onwards. Our study
of atoh8 depletion demonstrated no such striking effect on
cartilage and bone structures of the developing zebrafish
craniofacial and axial skeleton. However, statistically sig-
nificant differences were detected in a small neurocranial
structure of the larval skull, namely the taenia marginalis
posterior, and, albeit subtle, in the rate of mineralisation of
the chordacentra in the vertebral column.

The finding that ubiquitous and permanent depletion
of atoh8 message in zebrafish has no gross phenotypic ef-
fect does not necessarily imply the absence of function of
this gene in developmental processes, including skeletoge-
nesis. We believe that the expression of a gene of interest
is a strong indicator of functional involvement of the gene
product in the tissues displaying transcription of the gene.

We propose that the lack of a striking phenotype in
our mutants is due to a possible compensatory effect of
gene(s) taking over the task of the disrupted gene of inter-
est. One of the biggest surprises arising from the increas-
ing use of permanent genome editing techniques such as
CRISPR/Cas in zebrafish was the phenotypic discrepancy
between the morphants generated by transient knockdown
of a gene and the mutants generated by permanent knock-
out. For atoh8, this discrepancy was demonstrated by the
knockout study of Place and Smith [74], looking at diverse
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developmental processes in which knockdown and expres-
sion studies had implicated the gene in zebrafish develop-
ment. One of the most extensive studies performed on the
correlation between morphant and mutant phenotypes was
performed by Kok and colleagues [76]. The group com-
pared the outcomes of permanent gene knockout and tran-
sient gene knockdown and found no correlation between
the phenotypic outcomes of the two methods. Kok and col-
leagues [76] argued the discrepancy arises mainly from off-
target effects of the morpholinos, inducing widespread pro-
grammed cell death. However, even when eliminating ad-
verse effects under strict adherence to published guidelines
[77], other studies have revealed the same inconsistent find-
ings between knockdown and knockout approaches [78,79].
These and above mentioned studies have investigated pos-
sible mechanisms underlying the phenotypic differences,
showing that transcriptional activation of genes coding for
proteins with (or without) sequence similarity in functional
domains, compensates for disruption of the target gene,
consequently leading to the lack of phenotype in mutants.
This genetic compensation by transcriptional adaptation is
induced upstream of the protein level and seems to require
the degradation of aberrant mRNA produced by the faulty
gene. Thus, the adaptational response does not occur in
mutants lacking the entire gene, hence not producing any
mRNA, or in morphants, where the interference is at the
mature mRNA level, where the gene has been transcribed
but its product cannot be translated into protein [80—82].
The exact mechanisms are still under investigation, but in
the recent years factors of the nonsense-mediated degra-
dation/decay (NMD) pathway have emerged as mediators
of transcriptional adaptation response, in particular mem-
bers of the up-frameshift proteins [80,83]. Interestingly,
the compensatory mechanism is induced by the presence
of a premature stop codon: the one feature promising the
generation of null mutants now turns out to activate a com-
pensatory mechanism which guarantees the symptom-less
survival of the affected individuals. Which factors could
be compensating for the mutation of the atoh8 gene? At
this stage of our investigation, we can only offer speculative
general suggestions. Since the disruption of afoh8 results
in a decrease of proliferation and mineralisation rate, our
idea is that we should investigate compensatory expression
of transcription factors positively involved in chondroblast
proliferation and bone mineralisation.

It appears, however, that the compensation mecha-
nism does not apply to all structures and processes of skele-
tal development. The taenia marginalis posterior, the trian-
gle and the epiphyseal bar are affected by the loss of atohs.
These transient structures of the developing zebrafish scull
have been scarcely investigated, hence only limited infor-
mation on the embryonic origin of the cells is available.
Kague and colleagues [25] consider the taenia marginalis
anterior, belonging to the anterior frontal bone, as neural
crest derived, and the triangle, epiphyseal bar and the tae-
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nia marginalis posterior, belonging to the posterior frontal
bone, as mesoderm derived. Our expression study was lim-
ited to stages up to 6 dpf, and because of the faintness of the
signal we might have missed expression in the whole mount
for this structure. Alternatively, appearance of signal might
occur only at later developmental stages, which we did not
include in our expression study. We do know that the trian-
gle is formed at about 5 dpfin the AB wildtype (our own ob-
servation), but if development is delayed and/or morphol-
ogy altered before 12 dpf or thereafter in the mutant remains
to be investigated. The smaller size of the taenia marginalis
posterior, triangle and epiphyseal bar in the mutant is in-
dicative for a decrease in the proliferation rate of the con-
stituent chondrocytes, a phenotype consistent with studies
implicating afoh8 as an activator of proliferation [1,4,9,84].
Given the known involvement of bone morphogenetic pro-
teins (BMPs) in zebrafish craniofacial and skeletal devel-
opment [85—-88], and the transcription factor’s known func-
tional association with BMPs [10,11,53,88], the phenotype
of our mutants implicates atoh8 as a likely participant in
BMP-mediated bone and cartilage formation. This associ-
ation, however, is still missing in our work and needs to be
addressed in future studies.

In addition to the subtle negative impact on the car-
tilaginous developmental program of the head skeleton,
atoh8-knockout in zebrafish appears to lead to decelera-
tion of the ossification program in the axial skeleton. The
slower progression of chorda centra mineralisation points
toward a regulatory role for atoh8 in ossification of the ver-
tebral bodies, at least in zebrafish. In teleosts, the formation
of the spine is initiated not by the classical osteoblasts of
the sclerotome but by epithelial cells of the notochord—
the chordoblasts. These cells first produce the cartilagi-
nous extracellular matrix (ECM)—the notochord sheath—
and later mineralise it in reiterative, ring-shaped sections to
form the precursors of the vertebral bodies. Sclerotomal os-
teoblasts subsequently add the outer autocentra and the ver-
tebral arches. Mineralisation of the notochord sheath is di-
rected by the interaction of two signalling molecules known
to play essential roles in vertebrate skeletogenesis [89-92]:
retinoic acid (RA) and BMPs. In zebrafish, BMP signalling
has been shown to be indispensable for the mineralisation of
the notochord sheath by guiding the chordoblasts through a
transitory stage of matrix-producing to matrix-mineralising
cells [93]. Given the proximity of atoh8 to chordoblasts
in the ventrally and dorsally to the notochord positioned
sclerotomal domains and the fact that the transcription fac-
tor has been implicated in a multitude of BMP signalling-
directed processes, as reviewed in [2], we propose a subtle
regulatory role for atoh8 in chordacentra mineralisation.

The most surprising finding in our study of atoh8 in
zebrafish is the detection of atohé signal in skeletal struc-
tures of the viscerocranium. The generally accepted view
is that, in zebrafish, skeletal structures developing from the
branchial arches form as cartilage precursors first, later be-
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ing replaced by bone, and that the two contributing cell
types, i.e., cartilage as well as bone precursor cells, both
are of neural crest origin [25]. The head mesoderm, on
the other hand, seems to play a role only in contributing
to muscle components of the viscerocranium [26,27]. Thus,
our results finding atoh8 expression in regions where neural
crest cells only should contribute to the formation of skele-
tal elements seem to contradict our assumption that atoh8
labels cells of mesodermal origin. We cannot provide a
definitive explanation for this observation at this stage of
our investigations. Our previous study [12] revealed an ex-
pression pattern for afoh8 that does not relate to that for
the pan-neural crest marker as described by Luo and col-
leagues [94], except, possibly, for a small population of
cells located in the region around the otic vesicle. crestin
expression does not persist beyond 72 hpf, a stage at which
almost all neural crest-derived cells have overtly differen-
tiated. Thus, there is a small possibility that atoh8 is also
being expressed in an as yet unidentified subpopulation of
neural crest cells. A valid alternative, still, would be that, at
the interface where the cells of the two different embryonic
lineages contribute to skeletogenesis, atoh8-positive, meso-
derm derived cells might interact with neural crest derived
cells. This interaction might also apply to skeletogenesis of
the vertebrae centra between chordoblasts of the notochord
and osteoblasts of the sclerotome.

5. Conclusions

Research relating atoh8 to developmental and or func-
tional aspects of skeletogenesis is just beginning to emerge.
Apart from our studies ([12] and this), there are no other
publications investigating atoh8 in zebrafish skeletal devel-
opment so far. Only a few studies exist in mice [10,11]
demonstrating a role of A¢oh8 in skeletal development in
vivo and in vitro. On the other hand, this transcription factor
has been implicated in a multitude of developmental, phys-
iological and tumour related processes, as reviewed in [2].
Existing developmental studies display a common theme
regarding the general function of this transcription factor:
Atoh8 seems to be coming into play in processes where the
action of other factors regulating cell fate determination and
differentiation needs to be finely tuned [1,4,8—11,75,84,95].
Thus, the transcription factor appears to act as a subtle reg-
ulator of cell and tissue fate determination. The results ob-
tained in this study demonstrate that afoh8 is expressed in
skeletal precursor tissues in the zebrafish head and trunk. A
possible compensatory mechanism leads to a very subtle,
nevertheless statistically significant phenotype. The mild
effect of atoh8-disruption observed in the craniofacial and
axial skeleton indicates that this mechanism cannot com-
pensate for the loss of atoh8 at interfaces where more than
one embryonic cell lineage contributes to bone and cartilage
formation. Potential future studies include the investigation
of how atoh$8 interacts with known skeletogenic signalling
pathways.
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