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Abstract

Nonsyndromic cleft lip and palate (NSCLP), a common birth defect, affects 4000 newborns in the
US each year. Previously, we described an association between CR/SPLD2and NSCLP and
showed CrispldZ expression in the murine palate. These results suggested that a perturbation in
CRISPLD?2 activity affects craniofacial development. Here, we describe crisp/d2 expression and
the phenotypic consequence of its loss of function in zebrafish. crisp/d2 was expressed at all
stages of zebrafish morphogenesis examined and localized to the rostral end by 1-day post
fertilization. Morpholino knockdown of crisp/dZ resulted in significant jaw and palatal
abnormalities in a dose dependent manner. Loss of crispld2 caused aberrant patterning of neural
crest cells (NCC) suggesting that crisp/d2is necessary for normal NCC formation. Altogether, we
show that crisp/dZ plays a significant role in the development of the zebrafish craniofacies and
alteration of normal protein levels disturbs palate and jaw formation. These data provide support
for a role of CRISPLD2 in NSCLP.
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Introduction

Craniofacial development is a highly regulated process involving genes and environmental
factors that regulate cell growth, apoptosis, nutrient supply, and the convergence and fusion
of the facial and palatal processes. Disruption of any part of this process in humans may
contribute to birth defects, such as nonsyndromic cleft lip with or without cleft palate
(NSCLP). NSCLP is a common birth defect affecting 135,000 newborns worldwide each
year (Gorlin, 2001; Wyszynski, 2002). Treatment of NSCLP requires surgical, dental and
speech therapies, creating a significant healthcare burden for affected families. Therefore,
identifying the etiologic causes of NSCLP and understanding how these factors contribute to
the clefting phenotype is a high priority.
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Previously, a small number of genes have been associated with NSCLP. These genes,
including interferon regulatory factor 6 (IRF6), contribute to approximately 20% of NSCLP
heritability (Blanton et al., 2005; Jugessur et al., 2008; Park et al., 2007; Scapoli et al., 2005;
Srichomthong et a/., 2005; Vieira et al., 2007; Zucchero et al., 2004). We have shown and
others have confirmed that the CR/ISPLDZ2 gene is associated with NSCLP (Chiquet et al.,
2007; Letra et al., 2010; Shen et al., 2011). Additionally, we have demonstrated that
CrispldZ2is expressed in the developing orofacial region of mouse embryos (Chiquet et al.,
2007). Crispld2, also identified as Lgl1 (late gestation lung 1), is expressed in mouse lung
tissue (Kaplan et af., 1999). Crispld2/Lgl1 null mice are embryonic lethal at E9.5 precluding
analysis of craniofacial structures. Crispld2/Lgl1 heterozygous mice are grossly normal and
no craniofacial defects were reported (Lan et a/., 2009). However, close inspection of the
lungs from Crispld2/Lgl1 heterozygous mice exhibited delayed maturation (Lan et af,
2009). Oyewumi et al. (2003) suggest that CRISPLD2 plays an important role in epithelial -
mesenchymal interactions in lung tissue through its potential role as a secreted glycoprotein
(Oyewumi et al., 2003). Epithelial-mesenchymal interactions have previously been shown to
play an important role in the transition of neuroepithelial cells to neural crest cells (NCCs)
prior to migration and formation of the craniofacies, suggesting a potential role for
CRISPLD?2 in craniofacial development (Berndt ef a/., 2008; Kang and Svoboda, 2005). In
this study, we utilized zebrafish to define the timing and expression of crisp/d2 during
development and to investigate Crispld2 function.

Amino acid alignment of CRISPLD?2 in seven vertebrate species identified homology
between all species (Fig. 1). The zebrafish Crispld2 is 60% identical to human CRISPLD?2 at
the amino acid level. The zebrafish Crispld2 protein is 513 amino acids in length compared
to 458-504 of other species. Crispld2 contains a highly conserved secreted cysteine protein
domain (SCP) as well as two highly conserved LCCL domains (Fig. 1 and 3B). Based on
genomic sequence analysis, both human and zebrafish contain a single CRISPLD2 gene.

As shown in Fig. 2A, crispld2 expression was detected early in development at 3, 4, 27 and
72 hours post fertilization (hpf). Whole mount /n situ hybridization was performed to define
expression at: 5-7 somite stage, 13-15 somite stage, 1dpf, 2dpf, 3dpf, 4dpf and 5dpf using
two antisense probes. As shown in Fig. 2, crisp/d2is ubiquitously expressed during early
development and localizes to the anterior part of the embryo including the craniofacial
region between 1 to 5dpf. These results were confirmed using multiple riboprobes. Sections
of whole mount /n situ hybridizations confirmed ubiquitous expression in craniofacial
regions of the embryo (data not shown). Embryos hybridized to a sense control riboprobe
showed no staining (data not shown).

To define the significance of the loss of Crispld2 function in zebrafish, we tested four
crisplad2 morpholinos (MO); one directed against the exon 3/intron 3 splice site (MO1), a
second directed against the exon 4/intron 4 splice site (MO2), a third directed against the
translation start site (MO3, Fig. 3A) and a mismatch control MO for MO3. Abnormal
splicing in MO1 and MO?2 injected embryos was confirmed by PCR amplification using
primers surrounding exons 3 and 4 mRNA products (data not shown). After sequencing,
these PCR products were found to contain the expected intronic sequences. Inclusion of
these intronic sequences results in premature stop codons that are predicted to generate
truncated protein products shown in Fig. 3B.

MO knockdown embryos had lower survival rates, at 1 and 5 dpf, when compared to
uninjected control embryos. A high percentage of abnormal phenotypes were also found in
these embryos when compared to uninjected control embryos. At 1 dpf, phenotypes included
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failure to develop (Fig. 3D), delayed development (Fig. 3E-F) and grossly normal embryos
(Fig. 3C). At 5 dpf, of those embryos that survived, a range of phenotypes was observed
including severely truncated body (Fig. 3H), shortened and curved tail with cardiac edema
(Fig. 3I) and grossly normal when compared to uninjected control embryos (Fig. 3G).

Alcian blue staining was used to visualize the cartilage structures of the craniofacies in all
MO and uninjected control embryos at 5 and 7 dpf. Numerous anomalies were found in the
injected embryos, with the most severe seen in MO3 injected embryos. For MO1 and MO2,
these include a widening of ceratobranchial cartilages forming the lower jaw and
malformations in the Meckel and palatoquadrate cartilages (Fig. 4B, C, J and K) compared
to uninjected embryos (Fig. 4A and I) and control MO injected embryos (data not shown)
both of which showed no phenotypes. MO3 injected embryos show a complete loss of lower
jaw structures (Fig. 4D, L). In addition, we observed a wide variety of malformations of the
palate in MO injected embryos (Fig 4F-H, N-P), but not in uninjected embryos (Fig 4E and
M) and MO control injected embryos (data not shown). Injection of MO1 and MO2
produced mild abnormalities of the palate, including anterior and posterior clefting of the
ethmoid plate (ep) as well as reduction of the hypophyseal fenestra (hf) (red arrows in Fig.
4F, G, N and O). Injection of MO3 produced more severe abnormalities including the
complete loss of the ethmoid plate and hypophyseal fenestra as well as severe reduction of
the trabeculae (tc) (arrow in Fig. 4 H, P). MO3 knockdown resulted severe phenotypes in
72% of injected embryos compared to MO1 and MO2 that had 2% and 38% severe
phenotypes, respectively (Table 1). Increasing the amount of MO3 injected resulted in more
severe cartilage defects (Fig 5B-D and F-H) while injection of the control MO at similar
concentrations showed no effect, similar to uninjected controls (Fig 5A, 5E and data not
shown). In addition, co-injection of MO3 with a p53 morpholino resulted in similar severe
palatal and jaw phenotypes, confirming that this phenotype is not an artifact of morpholino
induced cell death. (Supplemental Fig. 1) (Robu et al,, 2007). The severe phenotype seen
upon injection of MO3 is fully rescued by co-injection of a full-length zebrafish crispld2
mMRNA, further proving the specificity of MO3 for zebrafish crispld2 (Supplemental Fig. 2).
To determine the effect of MO3 injection on Crispld2 protein levels, we show a decrease of
Crispld2 protein levels in MO3 injected embryos as compared to uninjected controls (UIC)
while levels of a loading control, Gapdh, remain unchanged (Supplemental Fig. 3). The
severity of the phenotype seen with MO3 is likely due to the fact that MO3 should result in
the knockdown of both maternal and zygotic protein while MO1 and MO2 should only
affect the processing of zygotic mRNA resulting in the truncated mRNAs described in Fig.
3B. Maternal mRNA should not be affected in MO1 and MO?2 injected embryos. In addition,
the truncated proteins translated from truncated mRNAs in MO1 and MO?2 injected embryos
might retain some residual activity. Analysis of the different crisp/d2 protein products as
well as extent of Crispld2 protein loss, are on-going.

NCCs originate in the hindbrain and migrate into the craniofacial region to form the
maxillary and mandibular jaw structures (Graham, 2002). Several genes were used as
markers for different stages of NCC development. sna/i/1band sox9b mark NCCs at
premigratory stages (Barrallo-Gimeno and Nieto, 2005; Montero-Balaguer et a/., 2006).
crestin marks premigratory and migrating NCCs (Rubinstein et al., 2000) while dix2, wntba
and hoxa2 mark migrating NCCs (Akimenko et al., 1994; Ellies et al., 1997; Rauch et al.,
1997; Schilling et al., 2001). As shown in Fig. 6, knockdown of crisp/dZ2 altered the pattern
of dix2expression compared to uninjected control embryos at 1 dpf. Four distinct clusters of
NCCs are seen in uninjected control embryos at 1dpf (Fig 6A). In MO3 injected embryos,
alx2 expression appears to be upregulated in the NCCs with the most posterior NCC cluster
significantly enlarged (Fig. 6B). Ninety percent of MO3 injected embryos showed a larger
posterior NCC cluster (by d/x2expression) compared to only 34% of control embryos
(p<0.0001) (Table 2). In addition to the abnormal expression of d/x2in NCCs, we observed
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abnormal expression of several other NCC cell markers (Figs. 6 and 7 and Table 2). snail1b
and wnrba expression was significantly increased in MO3 injected embryos (Fig. 6C-F)
while crestin, sox9b, and hoxZa expression was decreased (Fig. 7A-F).

Discussion

Previously, we showed that CRISPLD? is associated with NSCLP in humans and expressed
during specific stages of mouse craniofacial development (Chiquet et a/, 2007; Letra, 2010).
In these studies, zebrafish were used to further define expression and function of Crispld2
during craniofacial development. Amino acid sequence comparison between the zebrafish
Crispld2 and CRISPLD2 from other vertebrate species shows a high overall degree of
identity (Fig. 1). While there are some sequence differences in the N-terminal region of the
protein, this region is relatively divergent between all species. The highest homology
identified between species was found to be in the SCP and the LCCL domains (Oyewumi et
al., 2003). This high homology between species suggests that Crispld2 could play a similar
role in all vertebrates. We found that zebrafish crispld2is expressed from 3hpf to 5dpf (Fig.
2). crispld2was diffusely expressed in all tissues during early development (5-15 somite
stages) and later localized to the craniofacial tissues (1-5 dpf). This expression pattern
suggests that crisp/d2 might play an important role in overall early development as well as
craniofacial development. This is supported by the observation that the complete loss of
Crispld2/Lgl1 in mice resulted in embryonic lethality by E9.5 and by our finding that knock
down of crisplaZresulted in lower survival rates at 1dpf and an array of abnormal
phenotypes in surviving embryos (Fig. 4).

While heterozygous Crispld2/Lgl1l mice were grossly normal, close examination revealed
abnormal lung development with delayed alveolar maturation and disorganization of lung
elastin fibers that were trapped in the interstitium (Lan et a/,, 2009). Oyewumi et al.
concluded that Crispld2/Lgl1 functions to regulate epithelial-mesenchymal interactions
(Oyewumi et al., 2003). Interestingly, epithelial-mesenchymal interactions play an important
role in craniofacial development, where neuroepithelial cells programmed to become NCCs
must undergo EMT before they can migrate into the craniofacies (Berndt et a/., 2008; Kang
and Svoboda, 2005). This suggests that Crispld2/Lgl1 might play a role in regulating NCC
development and migration. This is supported by our observations that knockdown of
crispldZ resulted in altered NCC clustering at 1dpf (Figs. 6 and 7). NCC clusters, which
form the structures of the first and second branchial arches including the Meckel and
palatoquadrate cartilages, were abnormal in zebrafish lacking crisp/d2 (Figs. 4 and 5). The
ceratobranchial cartilages forming the lower jaw are derived from the third through seventh
branchial arches (Schilling and Le Pabic, 2009). Interestingly, the ceratobranchial cartilages,
which were missing in crisp/d2 MO3 injected embryaos, are derived from posterior NCC
clusters, which were abnormal at 1 dpf (Figs. 6 and 7). Most importantly, we observed
varying palatal phenotypes in crisp/d2 morpholino injected embryos. Our findings in
zebrafish and expression in mice show that CRISPLD2 plays an important role in
craniofacial development, and specifically in NCC regulation (Chiquet et a/., 2007). While
we found that loss of crisp/d2 caused perturbation of NCC clusters, as visualized by the
abnormal expression of dix2, snail1b, wntba, crestin, sox9b and hoxaZ, it is not known
whether this results from abnormal formation, proliferation or migration of NCC cells. Our
results show that two different markers for premigratory NCCs are affected differently by
crispld2 knock-down (snaillbis increased, while sox9b in decreased). We also show that
some markers for migrating NCCs are increased (d/x2and wnt53) while some are decreased
(hoxa2and crestin) in crispld2knock down experiments. This data suggests that crispld2
plays a role in the specification of some NCC populations. The decrease of crestin, sox9b
and hoxa2 expression in crisplad2 morphants suggests that crisp/a2 is necessary for the
maintenance of a subpopulation of NCCs at the time point examined. However, the increase
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of snail1b, dix2 and wntb5a expression at these same time points suggests a complex
regulation of NCC specification by crisp/d2. Future studies will determine what specific role
crispla2 plays in epithelial-mesenchymal interactions and NCC specification and migration
in the craniofacies.

Craniofacial morphogenesis is a finely tuned process consisting of cell growth, growth
factors and receptors, apoptosis and adequate nutrient supply (Nanci, 2003). Perturbation of
any of these processes can result in craniofacial dysmorphology. The number of genes that
contribute to NSCLP is growing and studies are now focusing on determining the function
of these genes in craniofacial development in animal models. In addition, exogenous and
endogenous signaling molecules, such as retinoic acid, folic acid and homocysteine,
influence craniofacial development, likely through regulating NCCs. Interestingly, these
signaling molecules are associated with NSCLP. We have previously shown that genes in
the folic acid pathway interact with CRISPLD2 in human NSCLP datasets (Chiquet et af.,
2010). This suggests that these pathways may influence CRISPLD2 during craniofacial
development and are the focus of our future studies. Our current findings demonstrate a role
of crisp/dZin the formation of NCCs and early craniofacial development in zebrafish.
Moreover, we suggest that perturbations in genes that regulate NCCs, such as CRISPLD2,
can have a detrimental effect on NCC-derived tissues and alter normal craniofacial
development, thereby contributing to NSCLP.

Zebrafish (Danio rerio) were raised and housed following standard techniques (Westerfield,
1995).

Generation of CRISPLD2 RTPCR and expression probes

Sequence homology of zebrafish CRISPLD2 to other species was assessed using ClustralW?2
multiple sequence alignment program (http://www.ebi.ac.uk/Tools/clustalw2/index.html)
and BoxShade (http://www.ch.embnet.org/software/BOX_form.html) (Fig. 1, zebrafish
accession number: XP_003199065.1) (Larkin et al, 2007). mRNA was isolated from adult
zebrafish using phenol-chloroform extraction per standard protocol (Sprague et al., 2006).
cDNA was generated using SuperScript™ 111 Reverse Transcriptase (Invitrogen, Carlsbad,
CA). CRISPLD2-specific primers (5’CLD2setl: CGAGGAAAGTGGAAAAGTACAGTA;
3’ CLD2setl: GATTGTCTAAAGAACAAACCATCATTA; 5’ CLD2set2:
CCCAAAATATCAAGTGTGAGAC; 3’ CLD2set2: CCATTCTTCAAGGTGCCGG) were
used to PCR amplify the DNA probes using the following thermocycler conditions: 30
cycles of 95°C for 30s, (53°C or 57°C, for set 1 and set 2, respectively) for 90s, 68°C for
90s. PCR products were purified (Qiagen, Valencia, CA) and sequenced (LoneStar Labs,
Houston, TX). PCR products were then subcloned into Zero Blunt® TOPO® PCR Cloning
Kit for Sequencing (Invitrogen, Carlsbad, CA) and then resequenced. Antisense and sense
DIG-labeled probes were generated (Roche Cat. No. 11277073910, Switzerland).

Zebrafish were collected at 5-7 and 13-15 somites, 1, 2, 3, 4 and 5 days post fertilization
(dpf) for in situ hybridization analysis using standard techniques (www:.zfin.org) (Sprague et
al., 2006). Imaging was performed using LAS Montage Module (Leica, Wetzlar, Germany).

Morpholino (MO)/mRNA injections

Three zebrafish crisp/d2 antisense MOs, one mismatch control MO and one p53 MO were
designed by GeneTools (Philomath, OR): MOL: TGTAAACAGACTCACTTGTGTGTAG;
MO2: TCGATGTCAGGCGGTCTTACTTGGG; MO3:
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TTGATGATTTCAGGCCCGGACTCTA, control MO:
TTCATCATTTGAGCCCCCGACTCTA,; p53 MO: GCGCCATTGCTTTGCAAGAATTG.
MO1 targeted the intron/exon junction between exon 3 and intron 3, MO?2 targeted the
intron/exon junction between exon 4 and intron and MO3 targeted the ATG site in exon 1
(Fig. 3). MOs were diluted in nuclease free water to a stock concentration of 65mg/mL or
2mM. The stock concentration was further diluted with nuclease free water to a working
concentration of 12mg/mL. Injections (0.06 - 6 mg/mL) were diluted in Danieu buffer and
0.5 uL of 2% phenol red was added to facilitate injections. One- to two-cell embryos were
injected with 1nL of MO and observed during development up to 7 days post fertilization
(dpf). A full-length zebrafish crisp/ad2 cDNA was cloned into the pCS2 vector and crispla?
mRNA was generated using the mMessage mMachine kit (Ambion). 1 nL of mRNA was
injected at a concentration of 100ng/uL. Injection volume was calculated by measuring
diameter of injected droplet. Embryos were incubated at 28°C and collected at time points
described in text.

In situ hybridization and Alcian Blue staining

Zebrafish embryos were collected at various time points for whole mount 7 situ
hybridization expression studies or at 5dpf for cartilage staining using standard techniques
(Sprague et al., 2006). Imaging was performed using the LAS Montage Module (Leica,
Wetzlar, Germany). Phenotypes were categorized based on jaw and palatal structures into
mild (abnormal structure) and severe (loss of structure(s)) categories. In the NCCs, d/x2
expression was assessed based on size of expression domain compared to the UICs. Chi
square statistic was used to test for differences in all analyzes.

Western Blot

Cell lysates were prepared from UIC and MO3 injected embryos reaching approximately
high stage (3.33 hpf) and dechorionated with pronase. After de-yolking manually on an
agarose plate, the embryos were collected and mixed with SDS sample buffer and boiled for
10 minutes. Proteins were resolved by electrophoresis then transferred from a SDS-PAGE
gel onto a polyvinylidene difluoride (PVVDF) membrane. The membrane was incubated with
primary antibodies: anti-Crispld2 (1:200 dilution) and anti-Gapdh (1:250 dilution) at room
temperature for 2h. Following washing three times with 1IXTBST for 15 minutes each, the
membrane was incubated with secondary anti-rabbit conjugated to horseradish peroxidase
(HRP) (1:20,000 dilution) for 1 hour at room temperature. Proteins bands were visualized
using SuperSignal West Pico Chemiluminescent Substrate according to the manufacturer’s
protocol. Anti-Crispld2 was generated in rabbit using peptide SLELRQLMQRYQEELE
from the N-terminus of zebrafish Crispld2 as the immunogen (Thermo Scientific, Rockford,
IL). Rabbit polyclonal antibody to Gapdh (gluceraldehide-3-phosphate dehydrogenase) was
purchased from GeneTex (Cat # GTX124502, Irvine, CA). Secondary antibody HRP-goat
anti-rabbit 1gG was purchased from Invitrogen (Cat# 656120, Grand Island, NY).
SuperSignal West Pico Chemiluminescent Substrate was purchased from Thermo Scientific
(Rockford, IL).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. CRISPLD2 amino acid alignment acr oss vertebr ate species

Black boxes indicate >50% of sequences have the identical amino acid; Grey boxes indicate
>50% of sequences have a conserved substitution. Shaded lines mark above the sequence
marks the LCCL domains and the SCP domain. It is unclear whether isoleucine is utilized as
an alternative initiation codon at position 1 or if the methionine at position 5 is the actual
initiation codon. Accession numbers: human - NP_113664, chimp - XP_001152165.2,
mouse - NP_084485, rat - NP_612527, chicken - XP_414180, frog (X. tropicalis) -
NP_001027499, zebrafish - XP_003199065.
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Fig. 2. crispld2 expression during zebr afish development

(A) Detection of crisp/d2 mRNA by RTPCR during early development (NTC = no template
control, UWT = unfertilized wild type embryo, dpf = days post fertilization, hpf = hrs post
fertilization). (B-H) /n situ hybridization showing crispld2 expression (purple) at the
following stages: (B) 5-7 somite, (C) 13-15 somite, (D) 1 dpf, (E) 2 dpf, (F) 3 dpf, (G) 4 dpf,
and (H) 5 dpf.
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Fig. 3. Morpholino knockdown of crispld2

LCCL

LCCL

(A) Genomic architecture of crisp/d2 showing MO1(1), MO2(2) and MO3(3) targets (boxes
= exons). MO1 and MO2 are splice site morpholinos. MO3 is a start site morpholino. (B)
Diagram showing predicted truncated proteins generated by splice site morpholinos, MO1
and MO2, compared to wild type. (C-1) Examples of phenotypes of crisp/d2 MO injected

embryos are shown. (C) Uninjected control (UIC) embryo at 1 dpf. (D-F) various MO
phenotypes at 1 dpf. (G) UIC embryo at 5 dpf. (H, I) MO phenotypes at 5 dpf.
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Fig. 4. Knock down of crispld2 causes craniofacial abnor malities

Alcian blue and alizarin red staining at 5 dpf and 7 dpf shows structural palatal and jaw
abnormalities in crisp/d2 MO knockdown zebrafish. For all images, upper picture (A-D and
I-L) shows embryo with jaw and lower picture shows the palate after jaw removal (E-H and
M-P). A, E, I and M are uninjected control (UIC) embryos. B-D, F-H, J-L and N-P show the
phenotypes associated with knock down of crisp/d2. The range of palatal abnormalities is
shown (red arrowheads) in F-H and N-P. Specifically, in MOL1 injected embryos (F and N),
there is a loss of the hypophyseal fenestra as well as malformations of the trabeculae and the
ethmoid plate. In MO2 injected embryos (G and O), there are malformations of the
hypophyseal fenestra, the trabeculae and the ethmoid plate. In MO3 injected embryos (H
and P), there is a loss of the hypophyseal fenestra, severe malformations of the trabeculae
and a loss of the ethmoid plate. bp, basal plate; cb, ceratobranchial; ch, ceratohyal; ep,
ethmoid plate; hf, hypophyseal; fenestra M, Meckel; pg, palatoquadrate; tc, trabeculae. Scale
bar = 200 nm.

S5dpf

5dpf

7dpf

*
4
®
%

Genesis. Author manuscript; available in PMC 2013 December 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1X31-){Jewtsremg

Yuan etal. Page 13

uiC MO3
0.06ng 0.125ng 0.2ng

200Hm

Fig. 5. Cartilage abnormalities ar e increased with increasing amount of MO3 injected

Alcian blue staining at 5 dpf shows increasingly abnormal cartilage elements as the amount
of MO3 is increased. For all images, upper picture shows embryo with jaw and lower picture
shows the palate after jaw removal. A and E are uninjected control (UIC) embryos. B-D and
F-H show increasing amounts of MO3 injected. The highest amount of MO3 (0.2ng) results
in a complete loss of the lower jaw and substantial malformation of the palate.
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dix2

wntba

Fig. 6. Increased NCC marker expression in crispld2 knockdown embryos

dix2, snaillb and wntba expression is visualized by whole mount /7 s/t staining at
approximately 1 dpf. (A, C and E) dlix2, snail1b and wnitba expression in UIC and (B, D and
F) dix2, snaillb and wntba expression in crispld2 MO3 embryos. MO3 injected at 2ng/
embryo. Black arrows on uninjected control (UIC) show NCC clusters; red arrows denote
areas of increased expression.
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Fig. 7. Decreased NCC marker expression in crispld2 knockdown embryos

crestin, sox9b and hoxaZ2 expression was visualized by whole mount /n situ staining at
approximately 1 dpf. (A, C and E) crestin, sox9band hoxaZ2 expression in UIC and (B, D,
and F) crestin, sox9b and hoxa2 expression in crisp/d2 MO3 embryos. MO3 injected at 2ng/
embryo. Black arrows on uninjected control (UIC) show NCC clusters; red arrows denote
areas of decreased expression.
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Expression of NCC markers

Normal | Abnormal | pvalue
MO3 | 10(10%) | 95 (90%)

alx2 <0.0001
UIC | 61(66%) | 31 (34%)
MO3 | 22 (32%) | 47 (68%)

snaillb <0.0001
UIC | 50 (86%) 8 (14%)
MO3 | 13(34%) | 25 (66%)

wntba <0.0001
UIC | 21 (88%) 3 (12%)
MO3 | 14 (21%) | 53 (79%)

crestin <0.0001
UIC | 40(67%) | 20 (33%)
MO3 | 14 (19%) | 61 (81%)

sox9b <0.0001
UIC | 50 (79%) 13 (21%)
MO3 | 10(13%) | 65 (87%)

hoxa2 <0.0001
UIC | 55(71%) | 22 (29%)
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