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Abstract

BACKGROUND—The regulatory mechanisms underpinning facial development are conserved
between diverse species. Therefore, results from model systems provide insight into the genetic
causes of human craniofacial defects. Previously, we generated a comprehensive dataset
examining gene expression during development and fusion of the mouse facial prominences. Here,
we used this resource to identify genes that have dynamic expression patterns in the facial
prominences, but for which only limited information exists concerning developmental function.

RESULTS—This set of ~80 genes was used for a high throughput functional analysis in the
zebrafish system using Morpholino gene knockdown technology. This screen revealed three
classes of cranial cartilage phenotypes depending upon whether knockdown of the gene affected
the neurocranium, viscerocranium, or both. The targeted genes that produced consistent
phenotypes encoded proteins linked to transcription (meisl, meis2a, tshz2, vgll4l), signaling
(pkdcc, vik, maccl, wu:fh16h09), and extracellular matrix function (smoc2). The majority of these
phenotypes were not altered by reduction of p53 levels, demonstrating that both p53 dependent
and independent mechanisms were involved in the craniofacial abnormalities.

CONCLUSIONS—This Morpholino-based screen highlights new genes involved in development
of the zebrafish craniofacial skeleton with wider relevance to formation of the face in other
species, particularly mouse and human.
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Introduction

Development of the vertebrate face relies on a complex set of molecular, cellular and tissue
interactions making this process highly sensitive to genetic and environmental perturbation.
As such, abnormalities of the head, face or oral tissues are among the most common human
birth defects (Chai and Maxson, 2006; Dixon et al., 2011). Cleft palate (CP), and cleft lip
with or without cleft plate (CL/P), are the most frequent defects, but there are multiple
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additional syndromic or non-syndromic conditions affecting other components of the
craniofacial skeleton. The genetic underpinnings of many such craniofacial abnormalities
remain to be uncovered. Previous studies have demonstrated that the molecular pathways
involved in human craniofacial development are conserved across numerous species,
including mouse, chick, Xenopus, and zebrafish and studies in these model organisms have
complemented human genetic analyses and broadened our understanding of the molecular
pathways involved in craniofacial development (Chai and Maxson, 2006; Schilling and Le
Pabic, 2009; Szabo-Rogers et al., 2010; Curtin et al., 2011; Dixon et al., 2011;Ferretti et al.,
2011; Swartz et al., 2011; Weiner et al., 2012).

The zebrafish (Danio rerio) is one of the more significant experimental systems to study the
environmental and genetic factors influencing craniofacial development, in part due to its
relatively low cost, readily-visualized embryogenesis and ease of manipulation. Thus, this
species has been used in several forward genetic screens using ENU or viral based
mutagenesis methods for the identification of novel craniofacial mutations (Neuhauss et al.,
1996; Piotrowski et al., 1996; Schilling et al., 1996; Amsterdam et al., 1999; Wang et al.,
2007). The possibility of performing reverse genetic studies in zebrafish has also been
accelerated with the use of anti-sense Morpholino, TILLING, Zinc finger nuclease and
TALEN technologies (reviewed in (Lawson and Wolfe, 2011;Moore et al., 2012)).

Recently, we used microarray analysis to identify and catalog transcripts expressed in the
developing mouse face (Feng et al., 2009). Among this dataset we identified numerous
genes that showed high-level or dynamic spatial/temporal expression patterns and were
either completely novel or had no previously known function in craniofacial development.
Such genes included proteins predicted to be involved in cell adhesion, extracellular matrix
composition, transcriptional regulation or cell signaling (Feng et al., 2009). We theorized
that if orthologs of these genes were conserved in both sequence and in expression pattern
between the mouse and zebrafish lineages then these genes might represent important
candidates for conserved regulators of facial development. We tested this hypothesis by
performing an in depth analysis of the function of Vgll2, a gene we had determined was
highly expressed during development of both mouse and zebrafish facial structures. Gene
knockdown of Vgll2 in the zebrafish produced major craniofacial phenotypes and indicated
the utility of this approach for highlighting new genes involved in face formation (Johnson
etal., 2011). Therefore, in the current study, we first identified a set of genes that showed
similar expression in the embryonic head between mouse and zebrafish. We then conducted
a Morpholino-based reverse genetic screen in the zebrafish as a rapid means to assess the
function of this gene set in vertebrate facial development. These studies provide a hew
paradigm to study craniofacial development and demonstrate the power of combining
bioinformatic analysis with reverse genetic analysis.

General Approach

We identified zebrafish orthologs of mouse candidate genes by subjecting mouse gene
sequences to BLAST analysis against zebrafish protein and transcript (RefSeq and EST)
databases. Of the >80 mouse genes we analyzed, ~75% had readily identifiable zebrafish
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orthologs (Table S1). In some cases, continued refinement of the zebrafish genome sequence
led to orthologs being identified after we had concluded our analyses; these were not
included in the Morpholino-based screen (Table S1). Additionally, for some mouse
candidates, we identified two zebrafish orthologs of high sequence homology, presumably
due to a genome duplication associated with the evolution of the teleost lineage (reviewed in
(\Volff, 2005)). In general, the large number of identifiable zebrafish orthologs to our mouse
candidate genes supports the idea that genes expressed in the mouse face during craniofacial
development are conserved across vertebrate species.

To assess the role of candidate genes in craniofacial development, we first analyzed gene
expression patterns in the zebrafish by a combinatorial approach using both in silico and in
situ hybridization techniques. Initially, we searched for data relating to candidate gene
expression in the published literature and on the ZFIN website (Thisse et al., 2001 ). Next,
for those genes with no previously available expression data, in situ hybridization analysis
was performed. Genes that showed expression patterns in the developing head (pharyngeal
arches, neural crest, etc.) between 12 and 48 hours post-fertilization (hpf) were selected for
further functional analysis (Table 1 and Table S2). To determine whether this group of >40
candidate genes were functionally important for zebrafish craniofacial development, gene-
specific Morpholinos (MOs) were designed and injected to 1-cell stage zebrafish embryos.
Morpholino-injected zebrafish embryos were examined at 24 and 48 hpf for gross
morphological defects to determine effective MO dose and to eliminate genes from the
screen that caused widespread early embryonic defects, such as gastrulation failure.
Subsequently, morphant larvae that passed this screening step were fixed at 5 or 6 days post-
fertilization (dpf) and analyzed for craniofacial anomalies. Morphant larvae were compared
to clutch-mates by gross external examination as well as by alcian blue and alizarin red
staining for analysis of cartilage and bone structures. Figure 1 shows representative images
of wild-type larvae both before (Figure 1A) and after (Figure 1B-E) skeletal staining.

The wild-type zebrafish head skeleton has two major components that can be separated by
dissection and examined in isolation: (1) the viscerocranium which is formed by Meckel’s
cartilage and palatoquadrate of the lower jaw, as well as the hyosymplectic, ceratohyal, and
gill-forming ceratobranchial cartilages (Figure 1D); and (2) the neurocranium, consisting of
the base of the skull, including the ethmoid plate, trabeculae and parachordals (Figure 1E).
The entire viscerocranium and the anterior aspect of the neurocranium are derived from
neural-crest cells while the posterior aspect of the neurocranium is mesodermal in origin
(Schilling and Kimmel, 1994; Wada et al., 2005; Eberhart et al., 2006). In addition to
cartilages, we were also able to assess the effect of MO injection on formation of early bone
structures (Figure 1D, arrowheads) and the inner ear ossicles at 5 and 6 dpf (Figure 1E,
arrow). We did not identify any morphants that demonstrated specific bone or pharyngeal
tooth phenotypes, however, we did not examine morphants after 6 dpf to determine whether
any of the gene candidates were involved in later bone development.

From the original set of >40 genes, we chose to concentrate on 8 genes that gave consistent
craniofacial phenotypes (Table 1). Details on the entire gene set we examined are
summarized in Tables S1 and S2. For each of the 8 genes in Table 1, we generally first
employed a translation-blocking MO (ATG or UTR), if an initiator codon was identifiable.
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Next, a splice-blocking MO (SPL; Table 1 and Table S2) was used as a second method of
gene knockdown. In certain instances, for example when no initiator codon was apparent in
the draft zebrafish database sequences, two independent SPL MOs targeting different
regions of the gene were utilized. Since most of the candidate genes were novel or relatively
uncharacterized in zebrafish, there were no immunological reagents to monitor changes in
gene expression at the protein level; however, we assessed the efficacy of the splice
blocking MOs to alter gene expression by examining changes in the RNA transcript (Figure
S1). In the final step of our analysis, we assessed the role of p53-mediated apoptosis in the
craniofacial phenotype by injecting experimental MOs into p53 null zebrafish embryos or
co-injecting a p53-specific MO (Table 1). This was a critical step in our studies as MOs
have been previously shown to elicit craniofacial defects through induction of cell death in
the hindbrain, an important source for cranial neural crest cells (Robu et al., 2007).

For the 8 genes we fully analyzed (Table 1), the craniofacial phenotypes could be segregated
into three groups according to the structures that were primarily altered in the morphants.
These were: (1) genes that were essential for formation of the ventral viscerocranium; (1)
genes that were essential for the development of the anterior neurocranium; and (111) genes
that were critical for general morphogenesis of all neural crest-derived structures, including
those of both the viscerocranium and neurocranium.

Class | Phenotypes—The class | genes were primarily involved in the formation and/or
patterning of the ventral viscerocranial cartilages and comprised three genes: smoc2, meisl,
and meis?a. Expression data for these three genes is included in Supplementary Figure 2 (A-
F).

smoc2—SPARC-related modular calcium-binding protein 2 (Smoc2) encodes an
extracellular matrix protein that is known to modulate cell division, attachment and response
to growth factors (Vannahme et al., 2003; Rocnik et al., 2006; Liu et al., 2008; Maier et al.,
2008; Liu et al., 2009). Expression of mouse Smoc2 increases in all three craniofacial
prominences between E10.5 and E12.5 (Feng et al., 2009) and transcripts can be detected in
the developing face, limbs and somites at E12.5 (Liu et al., 2008). The single zebrafish
smoc2 homolog (Table 1) shows ~67% amino acid identity with the mouse protein sequence
(http://Awww.ncbi.nlm.nih.gov/). In zebrafish embryos, expression of the smoc2 transcript
can first be detected in the branchial arches between 30 and 42hpf and is apparent in the
tooth germs and pharyngeal endoderm later in development (up to 72hpf) ((Thisse et al.,
2001 ; Bloch-Zupan et al., 2011) and see Supplementary Figure 2A, B).

Injection of a translation blocking MO to the 5° UTR of smoc2 induced alterations in the
viscerocranial cartilages in 30% of morphants. Approximately 10% of the affected UTR
morphants (3% of total injected larvae) had a smaller head and eye abnormalities as
compared to uninjected controls (Figure 2A and see Figure 1 throughout for equivalent wild-
type appearance). The remaining UTR morphants completely lacked eyes, had severely
reduced head size (Figure 2A, inset) and lacked all head cartilage (Figure 2D, inset).
Injection of a splice-blocking MO (SPL) targeted to the splice donor site for exon 11 of
smoc2 induced hypoplasia of the head and eye abnormalities in 50-60% of injected fish
(Figure 2B). Skeletal staining showed that, when compared with an uninjected control
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(Figure 2C), the ceratohyals of both the UTR and SPL morphants were flattened or inverted
(Figure 2D, E). In addition, morphant ceratobranchials (CBs) were reduced in both size and
number, with loss of the most posterior CBs. To determine if the SPL MO disrupted
splicing, RNA pools isolated from smoc2 morphants were utilized for RT-PCR analysis
using primers spanning the targeted exons. This analysis indicated that the SPL MO
significantly altered the processing of smoc2 RNA (Figure S1A), strongly suggesting that
the observed craniofacial phenotypes are due to loss of wild-type smoc2 transcripts.

Meis genes—From our array studies, two homeodomain genes, Meisl and Meis2, showed
dynamic expression in the developing mouse face (Feng et al., 2009). In situ hybridization
demonstrates a distinctive expression pattern for both Meisl and Meis2 in the lamboidal
junction (http://embrys.jp/embrys/), a feature of E10.5 mouse embryos in which the
maxillary and nasal prominences meet in a characteristic lambda shape. In zebrafish, we
identified a single Meisl ortholog -meisl, with 95% amino acid identity to the mouse protein
(http://www.ncbi.nlm.nih.gov/). There were two orthologs for Meis2 - meis2a and meis2b
with 88% and 96% identity to the mouse protein, respectively (http://
www.ncbi.nlm.nih.gov/, Table 1 and Table S2). All three of these genes are expressed in the
branchial arches of 48hpf zebrafish embryos ((Thisse and Thisse, 2005) and see
Supplementary Figure 2C-F).

Injection of a translation-blocking MO to meisl induced a reduction in the ventral region of
the zebrafish head at 5dpf (Figure 3A). A comparison of the underlying skeletons of control
(Figure 3B) and morphants (Figure 3C-E) revealed that approximately 50% of meisl
morphants had varying degrees of viscerocranial cartilage fusions and occasionally ectopic
cartilages. Cartilage fusions occurred between skeletal elements derived from the same or
adjacent branchial arches; as shown in Figure 3C and D, the arch 1 derivatives, Meckel’s
and palatoquadrate, were fused together and also fused to the arch 2 derived hyosymplectic
(see also Supplementary Figure 3B). Similarly, the arch 2-derived ceratohyal was fused to
ceratobranchial cartilages derived from the adjacent arch 3 domain (Figure 3C, indicated by
asterisk, and Supplementary Figure 3B) and frequently ceratobranchial cartilages derived
from adjacent arches were also fused to each other (Figure 3E). The cartilages of the
viscerocranium were in some cases misshapen, being broader and misaligned with each
other possibly as a result of fusion. For example, the palatoquadrate sometimes had a flatter
and wider appearance in ventral view suggesting that it had been rotated on its long axis
from its normal position (Figure 3C and Supplementary Figure 3A-C’).

Next, we injected a splice blocking MO targeted to the exonl-intronl boundary of meisl.
When used in isolation, even at the highest dose of 20ng, this reagent did not generate the
facial defects obtained with the ATG MO (Figure 3F). We therefore combined 20ng of the
SPL MO with a sub-optimal dose of the meisl ATG MO (2ng) to determine whether this
combination could evoke a craniofacial phenotype. At these doses, the individual MOs did
not induce cartilage fusions in greater than ~5% of morphants (Figure 3F and data not
shown). However, when injected together, >30% of morphants exhibited the cartilage fusion
phenotype similar to higher doses of the ATG MO alone (Figure 3G). These data
demonstrate that the two MOs can cooperate to inhibit meisl activity and provide further
support for a role for meisl in zebrafish craniofacial development. Moreover, we determined
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that the meisl transcript was not processed appropriately in the presence of the SPL MO and
generated a larger product in which the first intron was retained (Figure S1B). We suspect
that the specific level of gene knockdown we observed was not sufficient to generate a
robust morphant phenotype unless normal protein levels were further reduced by the
addition of small amounts of the ATG MO.

Next, translation blocking MOs were injected against either meis2a or meis2b. Analysis of
morphants indicated that an abnormal phenotype was only produced with meis2a and
therefore further analysis was focused on this gene. The meis2a ATG morphants resembled
meisl morphants in that they had recessed lower jaws as well as fusions of viscerocranial
cartilages and ectopic cartilage (compare Figure 3A to H, and C to I). Similar to meisl, the
cartilages of meis2a morphants were also broadened and misshapen with ectopic cartilages
present usually along the midline (Figure 3J). However, in contrast to the meisl phenotype,
meis2a morphants frequently displayed a full fusion of all arch 1 elements (Meckel’s and
palatoquadrate) with the ceratohyals resulting in the formation of a single “D”-shaped
cartilaginous element (Figure 31 and Supplementary Figure 3D-E). The first ceratobranchial
cartilage was often also fused to this D-shaped cartilage (Figure 31 and Supplementary
Figure 3E). Note that we tested a number of SPL MO targeted to meis?a to provide
independent confirmation of the ATG MO results, but have not yet identified a splice
blocking MO that will interfere with normal meis2a RNA processing. Nevertheless, the
finding that MOs targeting the zebrafish meis gene family produced similar phenotypes
provides strong evidence for a role of these genes in craniofacial morphogenesis.

Class Il phenotypes—Class Il phenotypes encompass those genes that are important for
patterning the anterior neurocranium, including the ethmoid plate and trabeculae. There was
one gene that consistently fell within this classification: wu:fb16h09. This gene is the
zebrafish ortholog of mouse neuron-derived neurotrophic factor (Ndnf, GenelD: 68169;
previously termed A930038C07Rik) with which it shares ~75% amino acid sequence
identity (http://www.ncbi.nlm.nih.gov/). In our mouse microarray screen, A930038C0O7Rik
was identified as an uncharacterized gene that was expressed in the facial prominences,
particularly the maxillary and to a lesser extent the mandibular prominence, as well as along
the neural tube (Feng et al., 2009). Analysis of wu:fb16h09 expression at 24 and 48hpf (Fig
4A-D) indicated that, in common with the mouse ortholog, transcripts derived from this
zebrafish gene could be detected in the ventral CNS (or floorplate), somites at the midline
and the hypochord (Fig4A, B) and around the stomodeum in a region ventral to the eye
(Figure 4C and D). Additional expression of wu:fb16h09 was observed in a region
consistent with the presumptive trigeminal ganglia and posterior cranial ganglia (Figure 4C).

Zebrafish injected with a MO targeted to either the ATG or the intron 3-exon 4 splice
junction (SPL) of wu:fh16h09 produced similar phenotypes. Specifically, both types of
morphants had a reduction of the most rostral aspect of the head (Fig 4E, arrowhead), but
had normal body length and did not appear developmentally delayed as judged by the size
and shape of the yolk. Skeletal staining of control (Figure 4F) and morphant (Figure 4G and
H) larvae at 5dpf demonstrated that the rostral tips of the trabecular cartilages of the
neurocranium were fused in 100% of abnormal fish and the ethmoid plate was reduced or
absent. At higher MO doses the entire neural crest derived neurocranium — both ethmoid
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plate and trabeculae - was absent (data not shown). Additionally, some morphants exhibited
small spurs that protruded laterally from the trabeculae (data not shown, but also see Figure
7A). In ATG morphants, the viscerocranium appeared normal (data not shown, 100%), but
the splice MO did elicit a reduction of the viscerocranial cartilages (Figure 4G). We also
detected alterations in wu:fh16h09 RNA in the SPL morphants, with a clear increase in the
unspliced or abnormally spliced products containing intron 3 sequences (Figure S1C). The
large size of associated intron sequence (9.8Kb) made cloning and sequence analysis of the
mis-spliced products problematic, but nevertheless the SPL morphant clearly disrupts

wu: fb16h09 mRNA processing, consistent with the observed morphant phenotypes.

Class lll phenotypes—MO knockdown of the Class 111 genes caused a shared phenotype
of progressive and dose-dependent loss of the viscerocranium and the neural-crest derived
cartilages of the anterior neurocranium. Four genes belonged to this category - Maccl,
Vgll4l, Tshz2 and Pkdcc - none of which have been extensively studied previously in the
zebrafish system. Data on the expression of these genes is shown in Supplementary Figures
2 and 4.

Maccl (metastasis associated with the colon cancer 1)—Maccl encodes an SH3-
domain containing protein that is predicted to act in signal transduction, stimulating
proliferation and cell migration, although its exact mechanism of action is unclear (Stein et
al., 2009). In E10.5 mouse embryos, we detected Maccl expression in the ectoderm of the
mandibular and maxillary prominences as well as the ectoderm and mesenchyme of the
frontonasal prominences (Figure 5A and data not shown). A BLAST analysis of the
zebrafish genome using the mouse Maccl mRNA sequence yielded a single ortholog with
~45% sequence identity (http://www.ncbi.nlm.nih.gov/ and Table 1). In situ hybridization of
24hpf zebrafish embryos demonstrated that maccl was expressed in the brain, eye, otic
vesicle and pronephros (Supplementary Figure 4A). Otic vesicle expression continued at
48hpf and maccl transcripts became apparent in the developing stomodeum (Figure 5B and
B’, ventral view).

With available sequence data we were unable to design an effective ATG MO, therefore we
focused our efforts on two SPL MOs targeted to two different splice junctions of maccl that
produced identical phenotypes (Table 1). Externally at 5dpf, maccl morphants showed a
collapse of the rostral aspect of the head and eye abnormalities (Figure 5C). Both maccl
SPL MOs altered maccl mRNA splicing as measured by RT-PCR (Figure S1D). The SPL1
MO targeted the intron 2-exon 3 splice acceptor and produced a message that included
intron 2 (Figure S1D top). Injection of SPL2 MO, which targeted the exon 2-intron 2 splice
donor, caused deletion of the 168 nt exon 2 (Figure S1D bottom). This deletion would alter
the N-terminus of the protein, but since this sequence is not as well conserved as more C-
terminal residues between species we suspect this accounts for the lower percentage mutant
phenotype observed with the SPL2 MO. In this respect, for over 120 embryos injected for
each MO, SPL1 and SPL2 produced ~66% and 10% of abnormal larvae, respectively.

Alcian blue staining of control (Figure 5D), maccl SPL1 or SPL2 morphants (Figure 5E and
F) revealed that at lower doses of MO the viscerocranial cartilages were hypoplastic or lost.
This included severe reduction or complete loss of the ceratobranchials (Figure 5E and F,
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asterisk), a flattening or inversion of the angle between the paired ceratohyal cartilages
(Figure 5E and F, arrowhead), and smaller Meckel’s and palatoquadrate cartilages resulting
in a recessed lower jaw (Figure 5E, arrow). In severely affected morphants, the majority of
the viscerocranial cartilages were absent and the ethmoid plate and trabecular cartilages of
the neurocranium were severely reduced or absent (Figure 5E” and F’). Interestingly, the
posterior cartilages of the neurocranium, including the parachordals, were usually present in
maccl morphants, but were malformed in most extreme morphant phenotypes suggesting a
possible interaction between the neural crest and mesoderm-derived tissues (Figure 5E” and
F).

Vgll4l—The mouse vestigial-like ortholog vestigial-like 4 (Vgll4) was identified in our
microarray dataset as expressed in all 3 prominences during craniofacial development (Feng
et al., 2009). Two Vgll4 orthologs occur in zebrafish, vgll4 and vgll4l, which show 68% and
31% sequence identity to the mouse protein, respectively (http://www.ncbi.nlm.nih.gov/,
Table 1 and Table S2). In our initial screens targeting both genes with specific ATG MOs,
vgll4 morphants displayed only a minor craniofacial phenotype at the highest MO doses,
while vgll4l morphants displayed a distinct mutant phenotype (Figure 6A, D, E and data not
shown). Therefore we concentrated on the vgll4l ortholog for further analysis. Previous
analysis has shown that vgll4l is expressed in the developing zebrafish head (Thisse et al.,
2001 ). During early somitogenesis, vgll4l is expressed at the neural plate border, an
important source of neural crest cells that populate the future face (Thisse et al., 2001 ). At
24hpf and 48hpf, vgll4l is found expressed primarily in the endodermally derived
pharyngeal pouches (Supplementary Figure 2G, H and (Thisse et al., 2001 )).

Both ATG and SPL morphants for vgll4l displayed a collapse of the rostral aspect of the
zebrafish head along with a gaping lower jaw (Figure 6A and data not shown). Unlike
maccl, vgll4l morphants did not have any obvious eye abnormality (compare Figure 5C and
6A). The vgll4l SPL MO targeted the splice acceptor site of exon 5 and resulted in
transcripts that included intron 4 (Figure S1E). In comparison to controls (Figure 6B, C)
knockdown of vgll4l produced hypoplasia of the viscerocranium in mild morphant larvae
with flattening or complete inversion of the ceratohyal cartilages and loss or partial loss of
ceratobranchials (Figure 6D and E). The ethmoid plate of mild vgll4l morphants was also
reduced in size (Figure 6D and E). Severe vgll4l morphants displayed complete loss of all
viscerocranial cartilages and anterior neurocranial cartilages were further reduced or were
completely absent (Figure 6D’ and E”), a phenotype similar to that observed for maccl (Fig
5).

Tshz2—All three mouse teashirt homologs, Tshz1-3, show increasing expression levels in
the developing mouse face between E10.5 and E12.5 with Tshz1 more highly expressed in
the mandibular prominence and Tshz2 and Tshz3 expressed at equal levels over all three
prominences (Feng et al., 2009). Mouse knock-outs for Tshz1 and Tshz3 have been
extensively analyzed and display defects in multiple developmental systems including the
face and brain (Core et al., 2007;Caubit et al., 2008; Caubit et al., 2010). Less is known
about Tshz2 in mouse although preliminary analysis of a Tshz2 gene trap termed TM67
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indicated a post-natal growth deficiency of unknown etiology (Horie et al., 2003), and this
led us to focus on the role of Tshz2 in zebrafish craniofacial development.

In zebrafish, we identified a single Tshz2 ortholog, tshz2 (Table 1), which showed 56%
amino acid identity to the mouse protein (http://www.nchi.nlm.nih.gov/). Previous studies
have shown that tshz2 is expressed in the zebrafish branchial arches at 24hpf ((Santos et al.,
2010) and see Supplementary Figure 4). Injection of a translation blocking ATG MO or a
SPL MO targeted to the exon 2 splice acceptor of tshz2, caused collapse of the anterior-most
part of the head as was observed for the other Class 111 genes (Figure 6F and data not
shown). Subsequent alcian blue staining demonstrated that in mild tshzZ2 morphants the
ceratobranchials were typically absent, the ceratohyal was flattened or inverted (Figure 6G
and H) and in some cases the Meckel’s, palatoquadrate and hyosymplectic cartilages were
severely misshapen (Figure 6H). In addition, the ethmoid plate was reduced or absent
(Figure 6G and H). The majority of severe tshz2 morphants displayed a complete loss of the
viscerocranium (Figure 6G’ and H’), but in occasional larvae a small viscerocranial cartilage
could be observed (Figure 6G’, arrowhead). The ethmoid plate of severe tshz2 morphants
was absent with fusion of the trabeculae (Figure 6G’ and H’, asterisk). Although the SPL
MO produced phenotypes that were nearly identical to that of the ATG MO, we were unable
to detect changes in the tshz2 transcript. This may be due to the fact that tshz2 contains only
two exons with an intervening intron of more than 50 kb making identification of mis-
spliced transcripts difficult using standard techniques (http://www.gene-tools.com/).

Pkdcc (AW548124)—In our mouse microarray analysis, we identified AW548124 as a
gene with increasing high level expression in the developing face (Feng et al., 2009). This
gene, now termed Pkdcc but also known as VIk in both mouse and human, encodes a
putative protein kinase (Imuta et al., 2009). In E9.5 mouse embryos, expression of Pkdcc has
been detected in the mesenchyme of the branchial arches, consistent with our previous
findings, as well as in the limb buds (Imuta et al., 2009; Kinoshita et al., 2009). Examination
of the zebrafish databases indicated that there are two Pkdcc orthologs (Tablel and Table
S2), termed vik and LOC565254 which encoded proteins with ~56% and 40% amino acid
identity to mouse Pkdcc, respectively (http://www.ncbi.nlm.nih.gov/). Here we refer to
LOC565254 as zebrafish pkdcc, and we have obtained similar craniofacial defects using two
independent MOs that target this transcript. The ATG morphants showed rostral collapse of
the head along with eye abnormalities and an enlarged yolk possibly indicating a
developmental delay (Figure 61). Alcian blue staining for cartilage defects demonstrated that
mild morphant phenotypes included loss of ceratobranchial cartilages with inversion of the
ceratohyal (Figure 6J). More severe pkdcc ATG morphants lacked all but a few fragments of
the viscerocranial cartilages (Figure 6J°, arrowhead) and had a severely truncated ethmoid
plate. The pkdcc SPL morphants showed similar mild and severe cartilage phenotypes as
ATG morphants (Figure 6K and K”). The SPL MO targeted the exon 4 splice donor and
produced several aberrant transcripts that would be predicted to compromise pkdcc protein
function (Figure S1F) consistent with the occurrence of morphant phenotypes.

We have also employed various MOs to target vik, but to date we have only obtained
consistent craniofacial phenotypes with a SPL MO targeted to the splice donor of exon 3.
Molecular analysis indicated that the SPL MO resulted in aberrant transcripts containing
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>2kb of intron 3 sequence (data not shown). The SPL morphants displayed reduced head
size and cartilage defects similar to other Class Il genes, including reduction of
viscerocranial cartilages in mild phenotypes and complete loss of the viscerocranium with
reduced neurocranium in more severe phenotypes (Supplementary Figure 5). Taken
together, the correlation of the vik SPL MO morphant cartilage defects with disruption of vik
RNA processing provides further evidence that these two zebrafish Pkdcc orthologs may
both regulate facial development.

The Role of p53 in Morphant Phenotypes—Previous studies have demonstrated that
injection of MOs can induce non-specific activation of p53-dependent apoptosis in the
hindbrain (Robu et al., 2007; Gerety and Wilkinson, 2011). Because the hindbrain is a
source of neural crest cells that populate the pharyngeal arches, these off-target effects can
result in loss of neural-crest derived cartilages, reminiscent of the Class 111 phenotypes we
describe in the present study. These observations led us to assess the role of p53-mediated
apoptosis in morphants for all eight genes under analysis. The gene specific MOs were
either injected into p53-mutant zebrafish (Berghmans et al., 2005) or co-injected into wild-
type embryos with a MO targeted to p53 (Robu et al., 2007). The morphant phenotypes for
the majority of the genes analyzed were unaltered by loss or reduction of p53 indicating that
the resulting phenotypes are not related to p53 dependent apoptosis (Table 1, Supplementary
Figure 6, and data not shown). The exceptions were the Class Il gene wu:fb16h09 (Figure
7A, B) and the Class Il gene pkdcc (Figure 7C, D), for which loss of p53 rescued the
craniofacial phenotypes associated with ATG MO injection (Figure 7). These findings
indicate that these two morphant phenotypes are dependent on p53-mediated developmental
mechanisms for their expressivity (see Discussion).

Discussion

We previously generated datasets that investigated the gene expression changes associated
with mouse craniofacial development (Feng et al., 2009). Here, we have chosen mouse
genes with dynamic expression patterns and examined their potential function in craniofacial
development using a reverse genetic approach in the zebrafish. Our MO-based studies
identified a number of genes and gene families that alter zebrafish craniofacial formation.
All told, from an original dataset of >80 mouse genes, we screened ~40 zebrafish genes by
MO-based targeting (summarized in Table S1). In general, our first approach was to screen
each candidate gene with a MO that would be predicted to inhibit translation (Table 1 and
Table S2). Genes that failed to produce a consistent craniofacial morphant phenotype using
this approach were generally not pursued further and included those phenotypes showing
embryonic lethality prior to 48hpf with a reduction or complete loss of somites, no yolk
extension and a shortened body axis. These latter phenotypes have been previously
associated with defects in early embryogenesis and gastrulation (Hammerschmidt et al.,
1996) and in our analysis the genes in this subclass were adapl, ribosomal protein S6 kinase
like (RPS6kal) and 1810019J16Rik (Table S2, Figure S7 and data not shown).

The 11 genes for which a first MO produced a craniofacial defect were then extensively
analyzed using additional MOs that would be predicted to inhibit mMRNA processing. In
general, only those genes that produced affected larvae with both MO approaches were
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included in our final analysis of morphant phenotypes (8 genes, Table 1 and (Johnson et al.,
2011)). We classified these genes into three groups according to craniofacial cartilages that
were altered in morphant larvae — viscerocranium only (Class 1), primarily neurocranium
(Class I1) and all neural crest-derived cartilages (Class Il1).

Class | morphants exhibited defects only in the viscerocranial cartilages- derived from the
pharyngeal arches and were represented by smoc2, meisl and meis2a (Figures 2 and 3).
There are two highly related Sparc related modular calcium binding genes in vertebrates,
Smocl and Smoc2, which encode extracellular matrix proteins that modulate cellular
responses to extracellular signals, particularly BMPs (Vannahme et al., 2003; Rocnik et al.,
2006; Liu et al., 2008). During craniofacial development, signaling molecules, such as FGF,
BMP, Shh and Wnt have critical functions in growth and patterning of the face. As such,
factors that promote or inhibit ligand-receptor interactions or alter receptor signaling also
have a potential regulatory function in craniofacial development. Recently, mutations in
SMOC2 have been associated with developmental defects in dentition of both humans and
zebrafish (Bloch-Zupan et al., 2011). We note that craniofacial defects were apparent in
these previous zebrafish studies, but were not analyzed. Here, we show that inhibition of
smoc2 caused a reduction in head size and alteration in the viscerocranial skeleton of
zebrafish, in addition to eye abnormalities. We did not pursue any dental defects, but note
that alteration of dentition was not a consistent phenotype in our smoc2 morphants. Some
morphants maintain dentition even in the absence of normal ceratobranchial development,
while other morphants lack larval teeth at 5dpf (Figure 2). Intriguingly, the related human
gene SMOCI1 has been linked to Waardenburg anophthalmia syndrome in humans
(Abouzeid et al., 2011; Okada et al., 2011). Like Smoc2, Smocl is also expressed in the
developing mouse face and gene targeting of Smocl in mice resulted in coloboma and
microphthalmia as well as a significant incidence of cleft secondary palate (Okada et al.,
2011; Rainger et al., 2011). Previously, smocl morphants have also been generated in
zebrafish and found to have microphthalmia and gross defects in craniofacial morphology,
but the latter alterations were not investigated in detail (Abouzeid et al., 2011). The
observation that inhibition of either of these two zebrafish smoc genes results in craniofacial
defects suggests wider roles for these two genes in regulating vertebrate facial development.
In the future it will be interesting to determine whether compound mutants reveal a
redundant or combinatorial function in craniofacial development as well as investigating a
possible role for SMOC2 in additional cases of human Waardenburg anophthalmia
syndrome that do not map to SMIOCL.

Meis genes are members of the TALE homeodomain family and interact with the Pbx DNA
binding co-factors to modulate the expression of Hox target genes (Moens and Selleri,
2006). All told, we targeted the expression of five members of this gene family that are
expressed in the zebrafish neural crest and branchial arches (Thisse and Thisse, 2005).
Meisl and meis2a morphants shared similar craniofacial phenotypes, whereas the MOs we
targeted to meis2b, meis3, and meis4 did not affect the developing face (Figure 3 and data
not shown). Meisl and meis2a morphants were typified by fusions of cartilages from
adjacent arches suggesting failed separation of migrating neural crest cell streams. These
phenotypes are reminiscent of those caused by loss of Pbx1 in mouse or pbx4 (lazarus) in
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zebrafish, which include absence of hindbrain segmentation as well as fusions and
transformations of the neural crest-derived cranial cartilages (Popperl et al., 2000; Selleri et
al., 2001; Ferretti et al., 2011). To date, analyses of mouse Meis gene function have not
included extensive craniofacial analysis, however, human genetic mapping studies have
indicated a potential link between MEIS? and craniofacial clefting (Crowley et al., 2010).
Therefore, further studies of the role of this gene family in vertebrate development, as well
as any potential genetic interactions with Pbx partners, appears warranted.

We also determined that lix1l, a relatively uncharacterized gene, could be also be
provisionally placed into Class | (Table S2 and Supplementary Figures 4 and 5A). Zebrafish
treated with a lixll ATG MO exhibited loss of ceratobranchials and an inversion of the
ceratohyal, a phenotype unaltered by loss of p53 (data not shown). While we were unable to
identify a second Morpholino that phenocopied the ATG MO, the preliminary expression
data and morphant phenotypes suggest that lix1l can function in craniofacial development.

Class 11 genes affected primarily the neurocranium and we studied one such gene in detail,
wu:fb16h09 (Figure 4). In addition, preliminary studies indicate that pcdh19 may also fit
into this category based on the results obtained using an ATG MO, although we have not
been able to identify a second MO that recapitulates these findings (Table S2 and
Supplementary Figure 5). The phenotypes associated with these class Il morphants are
similar to a subclass of zebrafish ENU-induced mutants that have mid-line defects. A
number of these ENU mutants have been mapped to components of the sonic hedgehog
(shh) and wingless (wnt) signaling pathways. In particular, the you-too (yot) mutation in
gli2a and the silberblick (slb) mutation in wnt11 have trabecular fusions and truncation or
aplasia of the ethmoid plate that phenocopy the class 11 phenotypes observed in our screen
(Brand et al., 1996; Kimmel et al., 2001; Eberhart et al., 2006). The craniofacial defects
associated with the midline group may not result from a defect in cartilage forming cells, but
instead may be caused by changes in the neurectoderm or prechordal plate (Kimmel et al.,
2001). Additional studies in chick and mouse have also indicated that factors produced
within the CNS, including Shh, can also act directly on facial patterning (Hu and Marcucio,
2009). Interestingly, the class Il genes we analyzed are expressed in the developing
zebrafish brain (Figure 4 and Supplementary Figure 4) and we hypothesize that the
neurocranial defects may be secondary to a brain patterning defect. Indeed, in zebrafish,
previous MO-targeting of pcdh19 indicated that it was required for neurulation via its
interactions with N-cadherin (Emond et al., 2009; Biswas et al., 2010). Similarly, the human
ortholog of wu:fb16h09, previously known as clorf31, has been renamed NDNF based on a
possible function as a neurotrophic factor in the CNS (Kuang et al., 2010).

In zebrafish, the neurocranium not only supports the brain as the base of the skull, but also
acts as the upper jaw (Figure 1) and is derived from neural crest cells that migrate anterior to
the eye. In contrast, the mammalian upper jaw forms from the fusion of the paired maxillary
prominences with the nasal prominences. Recent studies now show that at least some of the
genetic programs that govern palatogenesis in mice are conserved in zebrafish suggesting
that the upper jaw of mammals may be homologous to the anterior neurocranium of
zebrafish (Eberhart et al., 2008; Swartz et al., 2011). Therefore, one prediction is that the
class Il genes may influence development of the maxillary prominences and palatal shelves
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in the mouse model. In this respect, expression of the mouse homologue of wu:fb16h09,
Ndnf (A930038C07Rik), is high in the maxillary prominence (Feng et al., 2009) suggesting a
role in upper jaw development.

Knockdown of the Class Il genes maccl, vgll4l, tshz2, pkdcc and vik produced the third
group of morphant phenotypes, a progressive and MO-dose dependent loss of neural crest
derived cartilages (Table 1, Figures 5, 6, Supplementary Figure 5C, and Table S2). The loss
of primarily neural crest-derived cartilages suggests an important role for Class Il genes in
this cell type since zebrafish mutants in genes important for neural crest cell specification
and survival, such as sox9, also have similar phenotypes (Yan et al., 2005). Studies on an
additional class 111 gene, vgll2, that served as the prototype for our screening strategy
supports this conjecture as we determined that it was required for endodermal pouch
morphogenesis and neural crest survival (Johnson et al., 2011). Additionally, mice deficient
in Pkdcc exhibit palatal clefting possibly as a result of deficiencies in neural crest-derived
mesenchymal cells (Imuta et al., 2009; Kinoshita et al., 2009). Moreover, loss of mouse
Tshzl results in clefting of the secondary palate and malformations of other neural crest
derived structures of the middle ear supporting a conserved role for the Tshz family in neural
crest function (Core et al., 2007). We also note that mice carrying a transposon-tagged Tshz2
insert have been described although the effect of the mutation on Tzhz2 function has not
been clarified (Horie et al., 2003). Homozygous mutant mice are significantly smaller than
their wild-type littermates (Horie et al., 2003), and we suggest that further analysis of the
craniofacial organization in these mice would be informative.

Finally, it has been proposed that zebrafish phenotypes similar to the Class Il defects
described here are caused by MO-induced, non-specific upregulation of the p53 apoptotic
pathway. Therefore, we examined if the various morphant phenotypes we had obtained were
altered when p53 levels were reduced. We determined that the majority of the gene
knockdowns were unaffected by p53 status, with the exception of the Class 11 gene
wu:fb16h09 and the Class 111 gene Pkdcc (Figure 7). In these latter two instances, the
morphant phenotype reverted to a more wild-type condition upon inhibition of p53,
suggesting that the phenotype was dependent upon p53-mediated apoptosis. However, two
lines of evidence argue against the morphant phenotypes we describe being caused by non-
specific effects of the MOs. First, wu: fb16h09 knockdown induced defects in the
neurocranium, and the source for these cartilages are neural crest cells migrating anteriorly
from the midbrain (Wada et al., 2005; Eberhart et al., 2006). Such cells have not been
reported to undergo apoptosis in response to MO injection nor has a Class I1-type midline
defect been reported in association with MO artifacts (Robu et al., 2007; Gerety and
Wilkinson, 2011). Second, during the course of our screen, mouse mutants for Pkdcc were
reported and these animals were associated with cleft secondary palate, clearly providing
further evidence for a function for these genes in craniofacial development (Imuta et al.,
2009; Kinoshita et al., 2009). We also note that studies in mouse have indicated that the
genetic or pharmacological lowering of p53 levels can ameliorate craniofacial phenotypes
caused by mutations in Tcof or Twsg (Jones et al., 2008; Billington et al., 2011). These
findings, together with our data, indicate that there are particular craniofacial phenotypes
that require the presence of functional p53 protein. In support of this idea, the Drosophila
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ortholog of wu:fb16h09, nord, has been shown to interact with p53 (Lunardi et al., 2010). In
the future, based on our zebrafish findings, it would be of interest to determine if the clefting
present in the Pkdcc knockout mouse model was similarly altered by a reduction of p53.

In summary, this MO-based screen has highlighted a set of conserved genes and gene
families that influence the development and patterning of the zebrafish craniofacial skeleton.
The function of these genes warrants further analysis that should extend beyond the
zebrafish system, potentially including the reexamination of craniofacial development in
existing mouse models.

Experimental Procedures

BLAST Analysis

To identify zebrafish orthologs, mouse candidate gene transcript and protein sequences were
subjected to BLAST analysis (http://blast.nchi.nim.nih.gov/Blast.cgi) using the zebrafish
RefSeq mRNA and protein databases. In some cases zebrafish genes were not readily
identifiable. Here, we attempted to use a bootstrapping approach by identifying orthologs in
other species using the Takifugu rubripes, Xenopus laevisand X. tropicalis databases
followed by BLAST analysis of the zebrafish databases. This approach did not yield any
additional hits than those already identified using a direct BLAST analysis of either the
Danio rerio nucleotide or protein databases.

Zebrafish strains and Morpholino injections

Morpholinos were designed by Gene-Tools (Philomath, OR) based on the gene structure
information we provided. Morpholinos (MOs) were resuspended in water prior to pressure
injection into one-cell stage Zebrafish (Danio rerio) embryos. Initial injections were
performed using a Morpholino dose range from 5-20ng with 2.5% tetramethylrhodamine
dextran (#D1817, Invitrogen) as a tracer. Embryos were then raised at 28.5°C until 5 days
post-fertilization (dpf) when they were fixed, photographed and processed for skeletal
staining. The phenotypes of between 50-100 embryos were scored for each MO injected.
The initial analysis of each Morpholino was performed in the wild-type TAB strain.
Subsequent analysis of selected Morpholinos employed the p53 mutant fish line, tp53M214K
maintained on an AB background (Berghmans et al., 2005). Alternatively, experimental
MOs were co-injected with a p53-specific MO (5"-GAC CTC CTC TCC ACT AAA CTA
CGA T-3") which was present at doses 2-fold higher than the MO targeted to the gene of
interest (Robu et al., 2007).

RNA isolation, cDNA synthesis, RT-PCR and in situ hybridization

Whole embryo RNA pools were isolated from zebrafish at 24 and 48hpf using TRIzol
extraction (Invitrogen, #15596-026; Carlshad, CA) followed by a purification step using a
Qiagen RNeasy RNA purification kit (#74104; Valencia, CA) both per manufacturer’s
protocols. cDNA pools were synthesized from whole embryo RNA using the Superscript 111
First-Strand Synthesis System (Invitrogen, #18080-051; Carlsbad, CA).

Dev Dyn. Author manuscript; available in PMC 2014 July 01.


http://blast.ncbi.nlm.nih.gov/Blast.cgi

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Melvin et al.

Page 15

To detect changes in mRNA transcripts in morphant embryos, PCR was performed on
cDNA pools using gene-specific primers that span the MO-targeted exon-intron boundaries.
Primers were as follows: smoc2 forward 5'-CCA GTG TGT TGG ACG CAT TAT CC-3’
and reverse 5'-GCG GGA ACA ATT ATA GCT CCC ACT TTA GCC-3’; meisl forward
5-GAC TAA AGG AAG ACG AGG GAG TGT G-3” and reverse 5-CCT TC TCT GTC
GTC TAT AAC CAAG TC-3"; wu:fb16h09 forward 5°-GCA TCG TGC AGT TGT ACC
CCG CCA GAA TGG GCC-3” and reverse 5'-GCT CAG AGC TCT GTT GGT GGT GAG
-3”; maccl forward 5’ -GTT CGC TGA AAG ACT GAG TAG AGA AAC-3’ and either
reverse R15"-GGA TTT GAC CTG CCC AGC TGA TTC C-3’ or reverse R2 5"-GAT
GAG CTA CTA GCC CTT GAG CAT CCA TC-3’; pkdcc forward 5'- GGT CTG TCA
AGA GGA CTC TGA CTG CCT GCT GCA G -3’ and reverse 5'- CAC ACA ACC CTG
CTG TCT GTA CGA CGG CCA GCA TCG G -3’; vgll4l forward 5'- CCA GTC ATG
GAC GAG CCT CTG G -3” and reverse 5'- CGT CTA CAG ACA CGC TGA TGG AC
-3’; B-actin forward 5"-CGA GCT GTC TTC CCA TCC A-3’, and reverse 5'-TCA CCA
ACG TAG CTG TCT TTC TG-3’. PCR products were analyzed by agarose gel
electrophoresis, then subcloned using the TOPO-blunt PCR cloning kit (Invitrogen
#K2800-20) prior to sequencing using T7 and SP6 primers to identify specific transcript
changes.

In situ hybridization (ISH) probe sequences were generated for wu:fb16h09, maccl, vik,
pkdcc, tshz2, pcdhl9, and lix1l using PCR amplification from cDNA pools (see
Supplementary Figure 3 for primer sequences). PCR products were subcloned using the
TOPO-blunt PCR cloning kit (Invitrogen). Plasmids were linearized and antisense RNA
probes synthesized with the appropriate RNA polymerase (see Supplementary Table 3) as
previously described (Reid et al., 2010). A clone for Adapl was obtained from ZFIN (MGC:
92360) and the probe synthesized according to the associated documentation (Thisse 2004).
In situ hybridization was performed on mouse and zebrafish embryos as described (Reid et
al., 2010; Johnson et al., 2011).

Phenotypic Analysis

At 5dpf, zebrafish larvae were fixed in 4% paraformaldehyde in PBS for 2hrs and then
transferred to a 50% ethanol solution and stored at 4°C. Fixed larvae were photographed
prior to skeletal staining to determine gross facial phenotypes using a Leica M420
macroscope and SPOT RT3 camera. Alcian blue and alizarin red staining was performed as
previously described (Walker and Kimmel, 2007). Cranial cartilages were photographed in
whole mount as described above for the fixed larvae. Alternatively, the cartilages of the
neurocranium (NC) and viscerocranium (VC) were separated using 0.005mm tip forceps and
tungsten needles and flat mounted on glass slides in 20% glycerol, 0.25M potassium
hydroxide. Flat mount prepared cartilages were photographed on a Nikon Eclipse E600
microscope and a SPOT RT Slider camera under 10X and 20X magnifications. Adobe
Photoshop CS3 software was used to prepare images for publication.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
External morphology and craniofacial cartilage organization in wild-type 5 day post-

fertilization (dpf) Danio rerio larvae. A, lateral view of a fixed zebrafish larva. B, ventral
view of larval head skeleton. C, lateral view of same fish imaged in B. D, flat-mount of
viscerocranial skeleton after removal of the neurocranium (10X magnification). E, flat-
mount of neurocranium (10X magnification). cb, ceratobranchials; ch, ceratohyal; ep,
ethmoid plate; hs, hyosymplectic; m, Meckel’s; pc, parachordals; pqg, palatoquadrate; and t,
trabecula. Bone and pharyngeal teeth (arrowheads) and otic vesicles (arrow) are also shown.
Scale bars are 500um.
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Defects in the viscerocranium of Class | smoc2 morphants. A, lateral view of 5dpf zebrafish
larva injected with 10ng smoc2 UTR Morpholino; inset more severe smoc2 morphant with
severely reduced head. B, lateral view of 5dpf zebrafish larva injected with 10ng smoc2 SPL
Morpholino. C, ventral view of the craniofacial skeleton of an uninjected larva at 5dpf. D,
ventral view of the cranial skeleton of a smoc2 UTR morphant at 5dpf; inset shows lack of

discrete craniofacial cartilages in severe smoc2 UTR morphant. E, ventral view of the

cranial skeleton of a smoc2 SPL morphant. Asterisk denotes flattened or inverted ceratohyal

and arrowhead indicates the presence of pharyngeal teeth in some smoc2 morphants.

Abbreviations as in Figure 1.

Dev Dyn. Author manuscript; available in PMC 2014 July 01.



1duosnue Joyny vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

Melvin et al.

Page 22

meis1 ‘ B (o
4 chch
3 ol o
m
Pq he 2
meis1 atg e uninjected meis1 atg
D E o F G
-
pq y® 7. %
= [
m hs A1 ‘ - &
meis1 spl meis1 spl + meis1 atg

‘ meis2a

meis2a atg meis2a atg

meis2a atg

Figure 3.
Defects in cranial development in Class | meis morphants. A, lateral view of a 5dpf larva

injected with 5ng meisl ATG Morpholino. B, ventral view of the craniofacial skeleton of an
uninjected larva at 5dpf. C, ventral view of a meisl ATG morphant showing a fusion
between the Meckel’s and palatoquadrate cartilages and the ceratohyal and first
ceratobranchial (asterisk). Ectopic cartilage is indicated by an arrowhead. D, lateral view of
a flat mount showing a fused Meckel’s and palatoquadrate cartilage and the hyosymplectic.
E, ventral view of flat mount showing ectopic cartilage (arrowhead) and fused
ceratobranchials (asterisk). F, ventral view of a larval skeleton 5 days after injection with
20ng meisl SPL Morpholino. G, ventral view of a larval skeleton after co-injection with
20ng meisl SPL Morpholino and 2ng meisl ATG Morpholino. Ectopic cartilage is indicated
by an arrowhead and the fusion between Meckel’s and the palatoquadrate is indicated by the
asterisk. H, lateral view of a 5dpf larva injected with 10ng meis2a Morpholino. I, ventral
view of the skeleton of a meis2a ATG morphant. J, flat mount of a meis2a morphant (5ng
ATG MO) indicating a fusion between Meckel’s and palatoquadrate (asterisk) and ectopic
cartilage (arrowhead). Abbreviations as in Figure 1.
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Figure4.
Neurocranium defects elicited by knock-down of wu:fb16h09. A-D, in situ hybridization for

expression of wu:fb16h09. A, lateral view and B, dorsal view of a 24hpf embryo showing
expression of wu:fh16h09 in neural tissues of the head (g; ganglia) and trunk hypochord,
middle of the somite and ventral spinal cord (arrow). C, lateral view and D, ventral view of a
48hpf zebrafish showing expression of wu:fbh16h09 in the forebrain (f), trigeminal and other
cranial ganglion (g) and regions flanking the presumptive mouth (s, stomodeum). E, lateral
view of a 5dpf larva after injection with 10ng wu:fb16h09 Morpholino. Arrowhead indicates
collapse of the head rostral to the eye. F, ventral view of the craniofacial skeleton of an
uninjected larva at 5dpf. G, ventral view of 5dpf skeleton of a wu:fb16h09 SPL morphant
showing loss of the ethmoid plate and fusion of the trabeculae. (Note that we do not observe
cartilage fusions in the viscerocranium with this Morpholino). H, flat mount of the
neurocranium of wu:fb16h09 ATG morphant after injection with 10ng ATG Morpholino.
Asterisk indicates reduced/absent ethmoid plate and fused trabeculae. Other abbreviations as
in Figure 1.
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Figureb.
Analysis of maccl expression and function in the larval zebrafish head. A, Microarray

analysis of Maccl expression in the embryonic mouse face. Expression increases in the
mandibular (MdP), maxillary (MxP) and frontonasal (FNP) prominences between E10.5 to
E12.5. The x-axis represents the five time points for each prominence. The y-axis shows the
relative expression level on a log, scale — i.e. every integer represents a doubling in the level
of expression from the preceding number. The dashed black line indicates the average
expression level for all probes. B, In situ hybridization for maccl at 48hpf. Lateral view
shows maccl expression in the otic vesicle (ov) and developing mouth (s). B’, ventral view
after removal of the yolk to more clearly show maccl expression in the roof of the
stomodeum (s). C, lateral view of 5dpf zebrafish after injection of 7.5ng maccl SPL1. The
head and eyes of maccl morphants are hypoplastic. D, ventral view of the craniofacial
skeleton of an uninjected larva at 5dpf. E, ventral view of mild phenotypes associated with
injection of 5ng maccl SPL1 Morpholino. E’, ventral view of severe phenotypes associated
with injection of 10ng SPL1 maccl Morpholino. F, ventral view of mild phenotypes
associated with injection of 10ng maccl SPL2 Morpholino. F’, ventral view of severe
phenotypes associated with injection of 20ng SPL2 maccl Morpholino. Defects in the
ceratobranchials (asterisk), the ceratohyals (arrowhead), and Meckel’s and palatoquadrate
cartilages resulting in a recessed lower jaw (arrow) are indicated. Other abbreviations as in
Figure 1.
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Progressive and dose-dependent loss of the neural crest-derived cranial skeleton in Class 111
morphants. A, D-E’, vgll4l morphants. F-H’, tshz2 morphants, I-K’, pkdcc morphants. A, F,
1, lateral view of 5dpf zebrafish after injection with gene-specific Morpholino. B and C,
ventral view of uninjected larva at 5dpf. D, E, G, H, J, and K, ventral view of mild morphant
phenotypes at 5dpf. D’, E’, G’, H’, J’, and K’, ventral view of severe morphant phenotypes.
Lower panels are magnified images of craniofacial skeletons. Dose and Morpholino are

indicated in the figure. The arrowheads in G’, J’ and K’ indicate the remnants of the

viscerocranial cartilages. Asterisk indicates fused trabecula and reduction of the ethmoid
plate. Scale bars are 500pum in A, B, and C. Abbreviations as in Figure 1.
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Figure7.
Absence of p53 alleviates the cartilage phenotypes present in wu:fb16h09 and pkdcc

morphants. A, flat-mounted neurocranium of wu:fb16h09 morphant in wildtype zebrafish
after injection of 10ng ATG Morpholino. B, flat-mounted neurocranium of wu: fb16h09
morphant in p53 null zebrafish after injection of 10ng ATG Morpholino. (Note that the
wu:fb16h09 ATG Morpholino only generates neurocranial defects and so we were not able
to assess the influence of p53 on viscerocranial defects in this experiment). C, flat-mounted
cranial cartilages of pkdcc morphant in wildtype zebrafish after injection of 20ng ATG
Morpholino. D, flat-mounted cranial cartilages of pkdcc morphant in p53 null zebrafish after
injection of 20ng ATG Morpholino. Abbreviations as in Figure 1.
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