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Abstract

Zebrafish is a model organism that affords experimental advantages toward investigating the 

normal function of genes associated with congenital birth defects. Here we summarize zebrafish 

studies of genes implicated in orofacial cleft (OFC). The most common use of zebrafish in this 

context has been to explore the normal function an OFC-associated gene product in craniofacial 

morphogenesis by inhibiting expression of its zebrafish ortholog. The most frequently deployed 

method has been to inject embryos with antisense morpholino oligonucleotides targeting the 

desired transcript. However improvements in targeted mutagenesis strategies have led to 

widespread adoption of CRISPR/Cas9 technology. A second application of zebrafish has been for 

functional assays of gene variants found in OFC patients; such in vivo assays are valuable because 

the success of in silico methods for testing allele severity has been mixed. Finally, zebrafish have 

been used to test the tissue specificity of enhancers that harbor single nucleotide polymorphisms 

(SNPs) associated with risk for OFC. We review examples of each of these approaches in the 

context of genes that are implicated in syndromic and non-syndromic OFC.

Introduction

Orofacial cleft (OFC) malformations – including primarily cleft lip, cleft palate, or a 

combination of the two – are among the most common structural birth defects (Dixon et al., 

2011). About 33% of OFC cases occur in the context of a syndrome, and familial inheritance 

usually follows a straightforward pattern. Over 100 syndromes include OFC among physical 

symptoms (Online Inheritance in Man, OMIM). The remaining cases are non-syndromic, 

meaning that OFC is unaccompanied by obvious malformations in other organs. The 

incidence of non-syndromic OFC is about 0.1% in the US population overall, but rises to 

15–17% in children with an affected family member, and concordance is 50% between 

identical twins (Grosen et al., 2011; inheritance patterns and risk factors for OFC reviewed 

in Beaty et al., 2016). These observations point to OFC pathogenesis having both 

environmental and genetic contributions. The inheritance pattern of non-syndromic OFC is 

complex because the risk is influenced by alleles of multiple genes.
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To determine how mutations in particular genes lead to syndromic OFC or influence risk for 

non-syndromic OFC, developmental biologists have traditionally favored the mouse model 

for reverse genetics studies, because of the clear similarity of murine and human craniofacial 

anatomy. However, palate formation occurs in a stage of mouse development that is 

inaccessible to the observer. Further, while the majority of murine models of OFC involve 

the secondary palate, in humans clefts involving the lip and palate are more common than 

isolated cleft palate (Bush and Jiang, 2012). In mammals the palate is formed from medial 

outgrowths of maxillary prominences which elevate and fuse above the tongue. By contrast, 

in zebrafish the roof of the oropharynx is the ethmoid plate which is formed by convergence 

of frontonasal prominences with the maxillary prominences; posteriorly the ethmoid plate 

joins the neurocranium, which forms the skull base (Wada et al., 2005; Eberhart et al., 2006; 

Dougherty et al., 2012). Despite these differences, an array of genes involved in the murine 

and human palatogenic program is expressed in analogous craniofacial structures in 

zebrafish embryos between 36–48 hours post fertilization (hpf) suggesting this program is 

conserved between fish and mammals (Swartz et al., 2011). Hereafter we refer to the 

zebrafish ethmoid plate as the palate. Experimental advantages of the zebrafish as a model 

organism include its external development and facility of gene manipulation. Moreover, in 

transgenic animals cranial neural crest cells can be readily labeled with photo-convertible 

dyes, which is of particular use in the study craniofacial development as most of the bones in 

the head are derived from neural crest (McGurk et al., 2014; Rochard et al., 2015). The 

experimental advantages of zebrafish and the need for higher throughput models have 

increasingly led researchers to employ this model to: explore the developmental functions of 

genes implicated in syndromic and non-syndromic forms of OFC; evaluate the functions of 

rare variants found in patients; and evaluate the tissue specificity of enhancers harboring 

non-coding variants associated with non-syndromic OFC.

I. Use of zebrafish to explore the developmental functions of genes mutated 

in patients with OFC

A variety of methods are used for loss-of-function studies in zebrafish. Many large-scale 

forward mutagenesis screens have been performed in zebrafish (Driever et al., 1996; Haffter 

and Nusslein-Volhard, 1996; Amsterdam et al., 1999), and in some cases the affected genes 

are orthologs of OFC-associated genes (e.g., lockjaw is a mutation in the ortholog of 

TFAP2A, in which mutations cause branchio-occulo-facial syndrome (Knight et al., 2003; 

Milunsky et al., 2008)). However more frequently reverse genetics methods have been 

deployed. To induce loss-of-function (LOF) of genes implicated in OFC, injection of 

antisense morpholino oligonucleotide (MOs) has been the method of choice in the zebrafish 

community for many years. However, MOs can lead to non-specific phenotypes by two 

mechanisms. First, MOs may hybridize to unintended transcripts with fortuitous sequence 

similarity (i.e., off-target effect), although few such events have been carefully documented. 

Second, many MOs non-specifically induce expression of p53, resulting in widespread cell 

death in the brain that is partially rescued by concomitant injection of p53 MO (Robu et al., 

2007). The p53-dependent phenotype includes characteristic craniofacial features of 

hypoplastic Meckel’s cartilage, a medially or posteriorly pointing ceratohyal cartilages, and 

strongly diminished or absent ceratobranchial cartilages (see Table 1 for a schematic of 

Duncan et al. Page 2

Dev Dyn. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cartilaginous elements in the larval zebrafish head) (Robu et al., 2007). However it is 

important to note that a grossly similarly phenotype was observed in 25% of 315 insertional 

mutants systematically screened with Alcian blue; these mutations affected a diverse set of 

genes (R. Nissen, personal communication)(Amsterdam et al., 1999). This means that 

instances of this craniofacial phenotype induced by MOs should not be presumed to be non-

specific, provided adequate controls for specificity have been performed (reviewed in Eisen 

and Smith, 2008). Further, in the case of sox9a, the morphant and a LOF mutant – derived 

from a forward screen in this case – both exhibit this phenotype (Yan et al., 2002). Many of 

the zebrafish models of OFC discussed below exhibit a phenotype grossly matching this 

pattern (see Table 1). Because of the unfortunate similarity of this phenotype to one that is a 

common artifact, for each of the models created with MO, an important goal is to generate a 

corresponding LOF mutant to confirm that the phenotype is specific.

As CRISPR/Cas approaches becomes widely available to zebrafish researchers, homozygous 

LOF mutants can be generated within an acceptable time frame (6 months to a year). 

Because off-target effects of well-designed CRISPRs are minimal, the confidence that the 

phenotype present in a LOF mutant is specific to the targeted gene is higher than in the 

corresponding morphant (Hruscha et al., 2013). However, when there is no phenotype in a 

LOF mutant generated by CRISPR/Cas9 or other methods, it is important to establish that 

mRNA, or ideally, protein levels of the targeted gene have been diminished. Second, an 

important caveat when interpreting the absence of a phenotype in a targeted LOF mutants is 

that in such mutants there can be compensatory upregulation of expression of paralogous 

genes, or genes in the same regulatory pathway (Rossi et al., 2015; El-Brolosy and Stainier, 

2017). It is not clear how frequent such compensation is, or how frequently it takes each of 

these two forms. Because such MOs do not induce this compensation, the phenotype of a 

morphant is often more penetrant than in the corresponding LOF mutant. Careful 

consideration of all of these issues is essential when interpreting phenotypes in zebrafish 

LOF models.

Below we summarize some of the published studies that have used zebrafish to examine the 

roles of genes relevant to human OFC syndromes, using CRISPR/Cas-mediated knockouts, 

MO-mediated knockdown, and available mutants from large-scale screens. A schematic 

representation of many of the phenotypes is summarized in Table 1.

A. Syndromic OFC

Bamforth-Lazarus syndrome—Individuals with Bamforth-Lazarus syndrome present 

with congenital hypothyroidism, spiky hair, and cleft palate (Clifton-Bligh et al., 1998). This 

syndrome is caused by mutations in the gene that encodes forkhead box E1 (FOXE1) 

(Clifton-Bligh et al., 1998; Castanet et al., 2002). Members of the FOX family of 

transcription factors share a highly conserved DNA binding domain, and many have been 

shown to contribute to embryonic development (Golson and Kaestner, 2016). During 

embryonic development in zebrafish, the foxe1 transcript is first detected at 12 hours post 

fertilization (hpf); it is strongly expressed in the oral epithelium by 48 hpf, and in 

pharyngeal epithelium by 72 hpf (Nakada et al., 2009; Lidral et al., 2015). The injection of 

MOs targeting the foxe1 start codon (i.e., foxe1 morphants), but not control MOs (control 
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morphants), results in smaller heads, aberrant tail curvature and shortened Meckel’s 

cartilage, truncated and inverted ceratohyals, and reduced ceratobranchial elements at 5 days 

post fertilization (dpf) (Nakada et al., 2009). Thus FOXE1 appears to function within oral 

epithelium, and is necessary for proper development of the underlying cranial neural crest 

cells (CNCCs).

Bosma arhinia microphthalmia syndrome—Bosma arhinia microphthalmia 

syndrome (BAMS) is rare congenital disorder whose clinical features include severe 

hypoplasia or absence of the external nose, often accompanied by eye defects and cleft 

palate (Bosma et al., 1981; Graham and Lee, 2006). Recently a combination of sequencing 

approaches (whole-exome, targeted, whole-genome) performed on individuals with BAMS 

and members of their families revealed a significant mutation burden in patients within a 

gene called “structural maintenance of chromosomes flexible hinge domain-containing 1” 

(SMCHD1) (Gordon et al., 2017; Shaw et al., 2017). Mutations in this gene have also been 

associated with facioscapulohumeral muscular dystrophy-2 (FSHD2) (Lemmers et al., 

2012). Interestingly, the SMCHD1 mutations associated with BAMS occur within the 

portion of the gene that encodes an amino-terminal ATPase domain, whereas those 

associated with FSHD2 are distributed along the length of the gene (Shaw et al., 2017). 

Zebrafish smchd1 morphants have aberrations in craniofacial cartilage including a smaller-

than-normal palate, a widened angle of the ceratohyal arch, a reduction in the number of 

ceratobranchial cartilages, and small eyes (Shaw et al., 2017). Each of these phenotypes was 

also observed in CRISPR/Cas9 smchd1 F0 mutants (Shaw et al., 2017), adding confidence 

that they result specifically from reduced expression of smchd1 as opposed to being off-

target effects of the MOs.

Carnevale, Mingarelli, Malpuech and Michels syndromes—Carnevale, Mingarelli, 

Malpuech and Michels syndromes were discovered to be allelic and are now called 3MC 

syndrome (Titomanlio et al., 2005). Among other clinical manifestations, patients diagnosed 

with these syndromes present with dysmorphic craniofacial features including highly arched 

eyebrows, ptosis, hypertelorism and cleft lip or palate (Michels et al., 1978; Malpuech et al., 

1983; Carnevale et al., 1989; Mingarelli et al., 1996). Sequence analyses of DNA from 

multiple families of various ethnic backgrounds identified mutations in genes collectin-11 

(COLEC11) and mannose-binding lectin-associated serine protease 1 (MASP1), each of 

which encodes a component of the lectin complement pathway (Rooryck et al., 2011). 

However, mutations in the COLEC11 and MASP1 genes have not been found in other 3MC 

families, implying that an additional layer of genetic heterogeneity exists (Urquhart et al., 

2016). In zebrafish embryos colec11 is expressed in the pronephric duct, glomeruli and 

cranial paraxial mesendoderm (Rooryck et al., 2011), and both colec11 morphants and 

colec11/masp1 double morphants exhibit cleft palate. The angles of the ceratohyals are 

widened, and both the width and length of the palate are shorter than in control morphants. 

Moreover, in colec11 and masp1 morphants CNCCs are defective for migration, and in vivo 
migration experiments involving the implantation of beads soaked with CL-K1 (i.e., the 

protein encoded by colec11) into zebrafish suggest that CL-K1 is a chemoattractant for 

CNCCs (Rooryck et al., 2011). These results indicate that the lectin complement pathway is 
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involved in CNCC function, and point to the cellular basis of the phenotypes in 3MC 

patients.

Circumferential skin creases Kunze type—Multiple, constricting skin creases along 

the circumference of limbs is seen in patients with circumferential skin creases Kunze type 

(CSC-KT) syndrome, previously known as “Michelin tire baby” syndrome (Ross, 1969). 

Associated comorbidities include intellectual disability, cleft palate and other facial 

dysmorphisms (Kunze and Riehm, 1982; Wouters et al., 2011). The skin creases in CSC-KT 

generally resolve with age, but the associated craniofacial dysmorphisms persist. CSC-KT 

syndrome has been linked to mutations in the microtubule-associated protein RP/EB family 

member 2 (MAPRE2) and tubulin beta class I (TUBB) genes, both of which encode proteins 

that regulate microtubule turnover (Isrie et al., 2015). Attempts to generate a zebrafish model 

for CSC-KT have focused on knocking down the mapre2 gene; a definitive TUBB ortholog 

in the zebrafish genome is yet to be identified (Isrie et al., 2015). Embryos injected with an 

antisense MO targeting mapre2 exhibit aberrant broadening of the ceratohyal arches by 2 

dpf, as well as hypoplastic ceratobranchial arches (Isrie et al., 2015). This work highlights 

the role of MAPRE2 in craniofacial development and supports the notion that mutations in 

this gene cause facial dysmorphisms, including cleft palate, in patients with CSC-KT.

Kabuki syndrome—Kabuki syndrome is characterized by multisystem abnormalities 

including heart defects, skeletal and dental abnormalities, urinary tract defects, hearing loss, 

structural brain anomalies and craniofacial anomalies (Bogershausen and Wollnik, 2013; 

Miyake et al., 2013) (Van Laarhoven et al., 2015). A set of patients with Kabuki syndrome 

were found to have mutation in KDM6A (Lederer et al., 2012), which encodes the 

demethylase that removes repressive trimethylation of histone H3 at lysine 27 (H3K27me3) 

thereby establishing transcriptionally permissive state. Zebrafish had two kmd6a paralogs, 

kmd6a and kmd6al. At 24 hpf kmd6a expression in the head is found in the brain, otic 

placode and pharyngeal arches. By 96 hpf the kmd6a transcript was restricted to pharyngeal 

arches and craniofacial cartilages (Lindgren et al., 2013; Van Laarhoven et al., 2015). kmd6a 
morphants had hypoplastic Meckel’s, palatoquadrate, ceratohyal, and ceratobranchial 

cartilages, and the ethmoid plate was shorter than normal. These phenotypes were rescued 

by concomitant injection of human KMD6A mRNA. (Lindgren et al., 2013; Van Laarhoven 

et al., 2015). Of note the brain was also smaller than normal in kdma6a morphants, so 

Kdm6a may have indirect roles in craniofacial development. Knockdown of second kdm6a 
paralog, kdm6al, was reported to yield no phenotype (Van Laarhoven et al., 2015).

A subset of Kabuki patients have mutations in KMT2D encoding a histone 

methyltransferase that is responsible for tri-methylation of histone H3 at lysine 4 

(H3K4me3), an epigenetic mark characteristic of active promoters. Zebrafish kmt2d was 

reported to be expressed globally, at least up until 24 hpf (Thisse et al., 2001; Van Laarhoven 

et al., 2015). kmt2d morphants exhibited severe hypoplasia of the viscerocranium, including 

loss of pharyngeal arches 3–7, Meckel’s cartilage and the ceratohyals. Most kmt2d 
morphants exhibited a slight shortening of the palate and trabeculae (Van Laarhoven et al., 

2015). These genes exemplify how mutations in genes with universal or widespread function 

can result in craniofacial phenotypes, in humans and in zebrafish.
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Oblique facial cleft syndrome—Oblique facial cleft syndrome refers to a rare class of 

orofacial clefts that extend along either the oro-ocular or naso-ocular axis (Eppley et al., 

2005). In 2011 mutations in SPECC1L were identified in two patients with oblique facial 

clefts (Saadi et al., 2011). They were later also found in patients with Opitz G/BBB 

syndrome, the letters referring to the initials of patients first diagnosed with it, which is 

associated with cleft lip and/or palate (Kruszka et al., 2015), and in a family with Teebi 

hypertelorism syndrome, which is characterized by the presence of frontonasal dysplasia 

(Bhoj et al., 2015; Wilson et al., 2016). SPECC1L is a cytoskeletal protein that interacts with 

both microtubules and the actin cytoskeleton. Initial zebrafish studies involving MO-

mediated knockdown of specc1, one of the three SPECC1L paralogs (specc1, specc1la, and 
specc1lb) resulted in a shortening of Meckel’s and ceratohyal cartilage at low MO 

concentration, and in a complete loss of facial structures at high MO concentration (Saadi et 

al., 2011). Analysis of the other two paralogs, specc1la and specc1lb, revealed that both are 

expressed in the oropharyngeal epithelia, and that although specc1la morphants do not have 

a craniofacial phenotype, specc1lb morphants exhibit late embryonic craniofacial 

phenotypes including bilateral clefts and an absent mandible (Gfrerer et al., 2014). In 

specc1lb morphants, CNCCs contributing to the frontonasal prominence failed to integrate 

with those contributing to the maxillary prominences, and those contributing to lower jaw 

structures migrated to their correct locations within the pharyngeal segments but failed to 

converge to form mandibular elements (Gfrerer et al., 2014). These results demonstrate that 

specc1lb is required for the integration of frontonasal and maxillary prominences, and for 

the convergence of mandibular prominences. These studies implicate mutations in 

SPECC1L as the genetic basis of oblique facial clefts, and defects in cell migration as a 

potential cause of the pathogenesis that leads to oblique facial clefts.

Treacher Collins syndrome—Treacher Collins syndrome (TCS) is a rare congenital 

disorder that affects derivatives of the first and second branchial arches. Phenotypic 

presentation varies widely, but TCS can include high or cleft palate, and loss of conductive 

hearing, among other craniofacial malformations (Dixon, 1996). The genetic etiology of 

TCS types 1, 2, and 3 can be accounted for by mutations in genes that regulate ribosome 

biogenesis (Gladwin et al., 1996; Dauwerse et al., 2011). The encoded proteins are for 

TCS-1, treacle ribosome biogenesis factor 1 (TCOF1), for TCS-2, RNA polymerase I 

subunit D (POLR1D) and for TCS-3, RNA polymerase I subunit C (POLR1C). Mutations in 

TCOF1 account for the majority (78%–93%) of TCS cases (Kadakia et al., 2014). The first 

zebrafish model of TCS was generated by MO-mediated knockdown of zebrafish ortholog 

tcof1, which is expressed broadly in early embryo stages. tcof1 morphants displayed reduced 

Meckel’s and ceratobranchial cartilages, widening of the ceratohyal arch angles, and palate 

retraction resulting in gross frontonasal hypoplasia likely due to an observed marked 

reduction in pre-migratory and migratory NCC (Weiner et al., 2012). The link between 

ribosome biogenesis and NCC differentiation remains unclear, but in mouse Tcof1 mutants 

there is p53-mediated apoptosis in neuroepithelium and loss of NCC (Dixon et al., 2006; 

Jones et al., 2008). Further evidence for a connection between ribosome biogenesis, the p53 

pathway, and craniofacial development comes from the zebrafish fantome mutant which 

harbors a point mutation leading to truncation of the carboxy terminal domain of a 

ribosomal biogenesis protein called Wdr43 (Zhao et al., 2014). The phenotype of fantome 
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mutant closely resembles that of tcof1 morphants, and nucleolar localization of Tcof1 is 

perturbed in the fantome mutant, and inhibition of p53 partially rescues the craniofacial 

phenotype (Zhao et al., 2014).

A polr1c morphant, and polr1c and polr1d mutant lines model the rarer types of TCS (Lau et 

al., 2016; Noack Watt et al., 2016). Like tcof1, the polr1c and polr1d genes are expressed 

broadly during early embryo stages and becomes restricted to pharyngeal arches by 48 hpf. 

Moreover, polr1c and polr1d mutants both display significant reductions in Meckel’s and 

ceratobranchial cartilages, with the most severe phenotypes including inversion of the 

ceratohyals; these phenotypes are largely rescued by concomitant loss of p53 function 

(Noack Watt et al., 2016). Diminished domains of dlx2, a marker of mature CNCC along 

with reduced transcription of ribosomal RNA (rRNA) precursors were observed in polr1c 
and polr1d mutants (Noack Watt et al., 2016). Collectively, these studies highlight an 

increasingly apparent role of ribosome biogenesis in craniofacial development, expanding 

the etiologic mechanisms underlying OFC.

Van der Woude syndrome—Van der Woude syndrome (VWS), a congenital disorder 

with autosomal-dominant inheritance, is characterized by cleft lip, cleft palate, or both, 

accompanied by pits in the lower lip (Van Der Woude, 1954). Individuals with popliteal 

pterygium syndrome (PPS) likewise display such craniofacial features, and in addition have 

popliteal webbing and genital anomalies (Gorlin et al., 1968). Linkage studies of 

monozygotic twins discordant for VWS, and in multiple families with one or both 

syndromes, revealed that VWS and PPS are allelic disorders caused by mutations in 

interferon regulatory factor 6 (IRF6) (Kondo et al., 2002). IRF6 belongs to a family of 9 

structurally related transcription factors that are largely involved in governing the 

transcriptional program of the innate immune response. In zebrafish, a single irf6 ortholog is 

expressed maternally (Ben et al., 2005; Sabel et al., 2009). Zygotic expression is first 

detected in embryonic superficial epithelium or enveloping layer (EVL), which is the origin 

of embryonic periderm, the most superficial layer of epidermis (Kimmel et al., 1990). At 

later stages, irf6 is expressed in the otic vesicle, olfactory placodes, epithelium of the 

stomodeum, the epithelial and mesenchymal domains of pharyngeal arches, and the palate 

(Ben et al., 2005; Sabel et al., 2009; Dougherty et al., 2013).

Because of high levels of maternal mRNA, MO-based methods to decrease irf6 expression 

yielded no phenotype; however injection of RNA encoding a dominant negative Irf6 

(dnIrf6), i.e., the Irf6 DNA binding domain, either alone or fused to the repressor domain of 

the Engrailed transcription factor, resulted in stalled epiboly, and rupture through the animal 

pole at high penetrance. Whole mount in situ hybridization revealed strong reduction of 

expression of keratin genes and other markers of the EVL (Sabel et al., 2009; de la Garza et 

al., 2013). In rare surviving embryos, which had presumably been injected with a lower dose 

of the dnIrf6 construct, the pectoral fins were hypoplastic, skin was blistered and the 

ceratohyal structures were small (Sabel et al., 2009). These results, which are consistent with 

findings from the mouse Irf6 loss-of-function mutants, and indicate that pathogenesis of 

OFC in VWS results, at least in part, from defective differentiation of oral epithelium 

(Ingraham et al., 2006; Richardson et al., 2006; Richardson et al., 2009). Importantly, 

however in both zebrafish and mouse, there is immunoreactivity for Irf6 in craniofacial 
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mesenchyme as well as oral epithelium. Moreover, forced expression of dominant negative 

Irf6 in zebrafish neural crest under the control of the sox10 promoter did not cause early 

death during epiboly but resulted in a shorter palate, without affecting the viscerocranium 

(Dougherty et al., 2013). These results from zebrafish indicate that lower-than-normal IRF6 

function in neural crest may also contribute to the pathogenesis of OFC in VWS patients that 

with mutations in this gene.

A minority of VWS patients lack mutations in IRF6 but have them in the GRHL3 gene 

(Peyrard-Janvid et al., 2014). Transcription factors of the Grainy Head Like (i.e., GRHL1–3) 

family regulate epithelial morphogenesis during development and wound repair (Wang and 

Samakovlis, 2012). Interestingly, the expression of grhl3, and that of its paralogs grhl1 and 

grhl2, is strongly reduced in the EVL of dnIrf6-injected embryos (de la Garza et al., 2013). 

Simultaneous knockdown of grhl1 and grhl3, but not knockdown of either gene singly, 

prevents the expression of keratin genes and other EVL markers, and results in embryonic 

death. Forced over-expression of grhl3 in zebrafish embryos injected with dnIrf6 partially 

restores the expression of EVL markers, implying a transcriptional hierarchy underlying 

periderm differentiation (de la Garza et al., 2013), However, the regulatory network relevant 

to the pathogenesis of cleft palate may be more complicated than this, as no genetic 

interaction between Irf6 and Grhl3 was detected in mice doubly heterozygous for LOF 

mutations of the two genes. Further, whereas irf6 acts upstream of a Rho GAP 

(ARHGAP29) (Biggs et al., 2014), GRHL3 lies upstream of a Rho GEF (RhoGEF19) 

(Boglev et al., 2011). In a separate study, zebrafish grhl3 morphants exhibited reductions in 

ceratohyal, Meckel’s and palatoquadrate cartilage, and lacked components of the basihyal 

and ceratobranchial cartilages. In grhl3 morphants, expression of edn1 in the pharyngeal 

endoderm was reduced, and forced expression of this gene partially rescued lower jaw 

morphology and the expression of genes that mark ventral cartilage elements (e.g., hand2) 

(Dworkin et al., 2014).

The fact that both IRF6 and GRHL3 are implicated in OFC points to a role for oral 

periderm, the tissue where they are both prominently expressed, for normal palatogenesis. 

Strongly supporting this role, the destruction of periderm with a cell-autonomous toxin leads 

to cleft palate in mouse (Richardson et al., 2014). Of note, variation near two other genes 

expressed in periderm, KRT8 and CDH1, is also associated with risk OFC risk genes (Ittiwut 

et al., 2016; Leslie et al., 2017b; Song et al., 2017). Genes encoding additional members of 

the gene regulatory network governing periderm differentiation are candidates to harbor 

mutations that cause or influence risk OFC (see KLF4 below). It is noteworthy however that 

IRF6 and GRHL3 are expressed in tissues other than periderm, and both are required for 

neurulation, so the contribution of mutations in these genes to etiology OFC may be 

complex (reviewed in Kousa et al., 2017).

Robin sequence—Pierre Robin sequence (PRS) comprises mandibular hypoplasia, cleft 

secondary palate, and downward displacement of the tongue (glossoptosis), which can lead 

to obstructive apnea and feeding difficulties (Tan et al., 2013). PRS may occur in isolation or 

as part of a syndrome, such as Stickler syndrome (Printzlau and Andersen, 2004). 

Haploinsufficiency of the fas-associated factor 1 (FAF1) gene was found to be the cause of 

cleft palate in a family with PRS (Ghassibe-Sabbagh et al., 2011). In zebrafish faf1 is 
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expressed in the pharyngeal arch primordia between 24–30 hpf. By 56 hpf, the expression 

domain extends to all cranial arches, with an accumulation of faf1 transcripts prominent in 

the mandibular and hyoid arches (Ghassibe-Sabbagh et al., 2011). MO-mediated knockdown 

results in a smaller head and in cartilage defects, including ventrally positioned Meckel’s 

cartilage, aberrant broadening of angles between the ceratohyals, an incomplete array of 

pharyngeal arches and overall reduction in neurocranial cartilage structures. Assessment of 

the expression of sox9a and col2a1 in faf1 morphants revealed altered patterning in the 

mesenchymal condensation of the pharyngeal arches compared to controls. This observation 

suggests that defects in cartilage differentiation within the faf1-depleted CNCC population 

lead to the observed craniofacial defects.

Orofacial cleft 15 (OMIM #616788)—The distal-less (DLX) proteins are homeo-domain 

transcription factors involved in several morphogenetic programs including, but not limited 

to, craniofacial development (Robinson and Mahon, 1994; Depew et al., 2002; Gordon et al., 

2010). Prompted by the discovery that the DLX6 gene is disrupted in the Nova Scotia duck-

tolling retriever dog breed, which has a PRS-like phenotype, DLX5 and DLX6 were 

sequenced in patients with cleft palate. A missense mutation within the highly conserved 

DNA binding domain of DLX5 (p.Ile192Met) was identified in 16 patients affected with 

PRS but was absent from the 1000 Genomes database, indicating it is novel or very rare 

(Wolf et al., 2014). Moreover, a breakpoint within a regulatory element distal to DLX5 and 

DLX6 was identified in a multi-generational family presenting with deafness and 

craniofacial defects including micrognathia and cleft palate (Brown et al., 2010). A novel 

truncating variant (p.Gln183Argfs*57) of DLX4 was also identified in a mother-son pair that 

presented with enlarged palpebral fissure, lagophthalmos and bilateral CL/P (Wu et al., 

2015). Together these findings support a role for DLX family members in the etiology of 

CL/P. In zebrafish the two paralogs dlx4a and dlx4b, with respective amino acid sequence 

similarities of 43% and 37% to human DLX4, are expressed in the anterior and posterior 

arches of the oral cavity at 72 hpf (Thisse and Thisse, 2004). MO-mediated knockdown of 

dlx4b results in defective anterior facial protrusion, a decrease in the width of Meckel’s 

cartilage and an aberrant ceratohyal cartilage angle (Wu et al., 2015). Knockdown of the 

dlx4a paralog failed to produce a phenotype, implying sub-functionalization of the two 

paralogs. Similarly, overexpression of either WT or mutant DLX4 mRNA failed to generate 

a phenotype, ruling out a gain-of-function in the DLX4 truncated product. In summary, this 

work documents the first findings of DLX4 as OFC relevant gene with support of a 

craniofacial phenotype in zebrafish dlx4b morphants.

SATB2-associated syndrome—High-resolution FISH mapping of two de novo 
translocations associated with OFC at the 2q32–q33 locus identified breakpoints – one 

within an intron of, and the other distal to – the gene encoding special AT-rich sequence 

binding protein 2 (SATB2)(FitzPatrick et al., 2003). These individuals and others with 

genetic aberrations in the SATB2 locus exhibit intellectual disability, cleft palate, 

micrognathia and dental anomalies (FitzPatrick et al., 2003; Leoyklang et al., 2007; Rainger 

et al., 2014; Zarate et al., 2015). It was recently proposed that all LOF mutations in this gene 

be classified as SATB2-associated syndrome (SAS)(Docker et al., 2014). SATB2 is a 

chromatin modifier or transcription factor implicated in osteoblast differentiation (Dobreva 
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et al., 2006). Two studies reported satb2 is highly expressed in the pharyngeal arches 48 hpf 

(Ahn et al., 2010; Sheehan-Rooney et al., 2010), and one that it can be detected as early as 

the single cell stage (Ahn et al., 2010). Consistent with this early expression, embryos 

injected with a satb2 MO stalled during epiboly, adopted an elongated ellipsoidal shape, and 

died by 13 hpf (Ahn et al., 2010). Epiboly defects in satb2-MO injected larvae were 

accompanied by an abnormal actin cytoskeleton and aberrant expression of markers of 

mesoderm (ntl) and neural plate (sox3), interpreted to reflect abnormal cellular migration 

(Ahn et al., 2010). Like embryos injected with dnIrf6, satb2 morphants died during 

gastrulation (Ahn et al., 2010). These zebrafish studies demonstrate that SATB2 contributes 

to cell migration and morphogenesis well before development of the face. An interesting 

area for research in the future is to see how similar are the cellular underpinnings of the 

grossly similar phenotypes of embryos depleted of irf6 and those depleted of satb2.

CAPZB-associated syndrome—Patients with mutations in CAPZB have an array of 

craniofacial defects including cleft palate, micrognathia and muscle defects (Mukherjee et 

al., 2016). CAPZB regulates the length of actin filaments by capping their growing ends (dos 

Remedios et al., 2003; Cooper and Sept, 2008). It is highly expressed in pharyngeal arch 1, 

an embryonic structure through which cells migrate on their way to becoming palate and 

lower jaw (Cai et al., 2005). In zebrafish, maternal capzb is deposited and zygotic capzb is 

expressed ubiquitously, with strong expression throughout the craniofacial region and in 

somites (Mukherjee et al., 2016). Zebrafish capzb LOF mutants exhibit a cleft palate, 

hypoplastic lower jaw and disorganized muscles, phenotypes that mimic those in humans 

with LOF mutations in CAPZB. Cell sorting and expression analyses of zebrafish capzb 
mutants have revealed that the expression of pax3a and pax7a is abnormally upregulated in 

neural crest cells, and lineage tracing studies have revealed that migration of the frontonasal 

stream of CNCCs is defective (Mukherjee et al., 2016). These experiments point to cellular 

underpinnings of OFC in patients with CAPZB mutations.

B. Non-syndromic OFC

CRISPLD2—Several genome-wide scans identified 16q24.1 as a locus that harbors 

variation associated with risk for non-syndromic OFC (Wyszynski et al., 2003; Field et al., 

2004; Marazita et al., 2004a). Targeted sequencing of genes in this region revealed 

significant association of variants within the gene cysteine-rich secretory protein LCCL 

domain containing 2 (CRISPLD2, also known as lethal giant larvae homolog 1, LGL1) with 

this disease in both Caucasian and Hispanic populations (Chiquet et al., 2007). SNPs near 

CRISPLD2 were also found to be associated with non-syndromic OFC in Chinese 

populations (Shi et al., 2010; Shen et al., 2011). CRISPLD2 is a glucocorticoid-inducible 

secreted protein that was originally identified as an important regulator of fetal rat lung 

development (Kaplan et al., 1999). During zebrafish development, crispld2 is expressed 

maternally and between 1 dpf and 5 dpf in unidentified tissue or tissues in the craniofacial 

region (Yuan et al., 2012). A splice-blocking MO, which would be expected to reduce levels 

of zygotic but not maternal crispld2, induced aberrant widening of ceratobranchials, 

malformed Meckel’s and palatoquadrate cartilages and cleft in the palate at 5 dpf. A 

translation blocking MO, which may block translation from maternal and zygotic transcripts, 

induced complete loss of lower jaw cartilage, and a truncation of the ethmoid plate and 
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trabeculae at 5 dpf (Yuan et al., 2012). Knockdown of crispld2 resulted in elevated cell death 

in the nervous system and elsewhere that was diminished but not eliminated by concomitant 

knockdown of p53 (Yuan et al., 2012). It also caused aberrant migration of neural crest cells 

across the midline (Swindell et al., 2015) and larger-than-normal patches of dlx2a and wnt5a 
expression in the pharyngeal arches, despite elevated cell death in the neural crest (Yuan et 

al., 2012). These findings from zebrafish point to a role for crispld2 in migration and 

possibly survival of NCC; such a role would be harder to study in mouse embryos, where 

loss of Crispld2 is embryonic lethal (Lan et al., 2009).

FZD6—Meta-analysis of genome-wide scans of families with non-syndromic OFC revealed 

disease-associated variation in a region of 8q23 encompassing the gene FZD6 (Marazita et 

al., 2004b). This gene encodes frizzled-6, a planar cell polarity protein that contributes to 

initiation of non-canonical WNT signaling which is involved in craniofacial development 

(MacDonald et al., 2009). It also controls the polarity and orientation of migrating CNCCs 

(Devenport and Fuchs, 2008). In a study by Cvjetkovic et al., a rare intronic variant of FZD6 
segregated with affected members in an African-American family (Cvjetkovic et al., 2015). 

In zebrafish, fzd6 is expressed within the phargyngeal arches, pectoral fin buds and 

throughout the head between 2–4 dpf. fzd6 morphants exhibited hypoplastic Meckel’s 

cartilage and ceratohyals, as well as a shorter palate (Sisson and Topczewski, 2009). Further, 

transient overexpression of fzd6 caused abnormalities in Meckel’s cartilage and the 

ceratohyals, and loss of the palate. These observations from the zebrafish model support the 

hypothesis that the FZD6 is the gene in 8q23 that is relevant to etiology of OFC.

HDAC4—Single-marker and haplotype transmission disequilibrium tests performed in 58 

non-syndromic OFC case-parent trios revealed preferential transmission to cases of one 

allele of the SNP rs2121980, near the HDAC4 gene, which encodes histone deacetylase 4 

(Park et al., 2006). Loss of HDAC4 function is the cause of brachydactyly mental retardation 

syndrome (BDMR), which is associated with multiple craniofacial abnormalities (Williams 

et al., 2010). Although HDAC4 plays a critical role in transcriptional regulation by 

repressing gene activity (Wang et al., 2014), the mechanism by which loss of HDAC4 causes 

cleft palate remains unknown. In zebrafish hdac4 is expressed in migrating CNCCs, and 

later in pharyngeal arches and the palate. Zebrafish hdac4 morphants exhibit distinctive 

facial shortening at 7 dpf, a short and narrow ethmoid plate and reduced or absent trabeculae 

(DeLaurier et al., 2012). In these animals, pre-migratory and migratory CNCC populations 

that normally migrate medial to the eye as palate precursors were lost, either partly or 

completely, leading to the cleft phenotype. Transient overexpression of hdac4 resulted in 

midline defects in the craniofacial skeleton, and in cyclopia (DeLaurier et al., 2012). This 

study reveals that HDAC4 regulates CNCCs and craniofacial morphogenesis and supports 

HDAC4 as the gene relevant to cleft that is affected, presumably at the level of gene 

expression, by the allele of rs2121980.

miR-140/PDGFR—Case-control analysis of non-syndromic OFC patients in western 

China identified a high frequency of the minor allele of the rs7205289 SNP located within 

the microRNA miR-140 (Li et al., 2010). MicroRNAs (miRNAs) are small, noncoding 

RNAs that regulate gene expression post-transcriptionally (Lai, 2002; Lewis et al., 2003). 
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Reduction of all miRNAs in neural crest cells (NCCs), through Wnt1-Cre mediated deletion 

of Dicer, leads to widespread NCC apoptosis and a profound reduction of jaw elements 

(Huang et al., 2010; Zehir et al., 2010). The minor allele of rs7205289 was shown to 

adversely affect miR-140 processing in HEK293 cells, and to inhibit the expression of 

miR-140 in mouse palatal mesenchymal cells (Ghassibe-Sabbagh et al., 2011). In zebrafish 

mir140 is expressed in the pharyngeal cartilage and fins (Wienholds et al., 2005). Embryos 

injected with the mir140 duplex exhibit cranial hemorrhage by 2 dpf, shortened ethmoid 

plate or, in more severe cases, failure of the trabeculae to extend anteriorly (Eberhart et al., 

2008). Binding sites for mir140 are present in the 3’ UTR of pdgfra. In mouse, Pdgfra is 

required during early embryogenesis for the development of NCCs (Soriano, 1997) (Xu et 

al., 2005). In zebrafish, pdgfra is expressed maternally, and in NCCs, lens placode, head 

mesenchyme, pharyngeal arches and pectoral fin buds by 48 to 72 hpf (Thisse and Thisse, 

2008). Injection of the mir140 duplex reduced levels of the Pdgfra protein, and consequently 

also Pdgf signaling (Eberhart et al., 2008). Low Pdgf signaling, in turn, inhibits NCC 

migration, suggesting that mir140 affects palatogenesis by inhibiting Pdgf signaling 

(Eberhart et al., 2008). pdgfrb is also expressed in the NCCs, and whereas pdgfrb mutants do 

not exhibit overt craniofacial defects, double pdgfra;pdgfrb mutants have a more severe 

craniofacial phenotype than pdgfra single mutants (McCarthy et al., 2016).

Based on craniofacial defects in zebrafish and mouse Pdgrfa LOF mutants, targeted PCR-

screening of PDGFRA was carried out in 102 unrelated Thai individuals with isolated cleft 

palate only (CPO) and 500 ethnic matched controls (Rattanasopha et al., 2012). Seven 

variants appeared to be enriched in cases versus controls. Among these, two variants 

p.Val544Ala and p. Thr1052Met, were absent from the control group and were predicted to 

be ‘possibly damaging’ using the PolyPhen algorithm (Rattanasopha et al., 2012). 

Interestingly, a variant affecting the PDGFRA 3’UTR, which was present in one case and 

absent from controls, lies within the mir140 binding site and reduces sensitivity of the 

PDGFRA transcript to regulation by mir140 in reporter assays (comparison was to the 

reference variant) (Rattanasopha et al., 2012). This is an example of evidence from model 

systems leading to evaluation of particular genes for the presence of variants associated with 

OFC risk.

WNT9A and WNT9B—In an analysis of 132 multiplex non-syndromic OFC families and 

354 simplex parent-child trios, specific alleles of SNPs near WNT3A, WNT5A, and 

WNT11, but not those near WNT3, WNT7A, WNT8A, or WNT9B, were associated with 

non-syndromic OFC (Chiquet et al., 2008). However, a recent large-scale genome-wide 

association study (GWAS) with replication studies, on a total of 7,404 cases and 16,059 

controls from a Chinese population, identified non-syndromic OFC-associated SNPs within 

WNT9B (Yu et al., 2017). In mouse, Wnt9b is expressed in medial-edge palate epithelium 

and is required for palate fusion (Juriloff et al., 2006; Lan et al., 2006). In zebrafish 

embryos, wnt9a, the ortholog of human WNT9A based on shared synteny (Cox et al., 2010), 

but not wnt9b, the ortholog of WNT9B, is expressed in oral epithelium, implying distinct 

sub-functionalization of the WNT9 paralogs in the different evolutionary clades (Cox et al., 

2010; Curtin et al., 2011). Both paralogs are also expressed in pharyngeal cartilages, with 

the expression of wnt9a initiating earlier. In zebrafish wnt9a morphants, lower jaw structures 
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fail to form (Curtin et al., 2011). Subsequent evaluation revealed that chondrocytes in wnt9a 
mutants failed to adopt a normal stacking pattern, and proliferation was reduced (Dougherty 

et al., 2013); evaluation of wnt9a is required in the extension of chondrocytes in the 

transverse axis of the palate (Rochard et al., 2016). wnt9 is expressed in the first and second 

pharyngeal arches at 48 hpf (Jezewski et al., 2008). One group found that the wnt9b MO did 

not disrupt development (Curtin et al., 2011), whereas a second group observed widespread 

reduction of craniofacial cartilage, preceded by expanded expression of frzb and pitx2 
(Jackson et al., 2015). The discordant morphant phenotypes observed for wnt9b may be due 

to non-specific effects or genetic background of the particular strain utilized in these 

different experiments; they emphasize the importance of creating mutants to rule out the 

possibility of simple technical differences in the use of the MO in different laboratories. 

These studies support that in zebrafish, wnt9 activity (mediated by wnt9a and possibly 

wnt9b) is required for jaw formation in fish as in mammals. Thus, the highly accessible 

zebrafish embryo has provided insight into the specific cellular role for this activity.

II. Use of zebrafish for functional analyses of patient-derived variants

Whole-exome or gene-targeted sequencing of patients with non-syndromic OFC has led to 

the discovery of rare coding variants of genes that are mutated in syndromic forms of OFC. 

In silico programs like PolyPhen-2, SIFT, and Mutation Taster, which are based on 

evolutionary conservation, sometimes combined with molecular modeling, are routinely 

used to predict whether variants are likely to be deleterious; however the correlation of 

results from different programs is poor, as is the ability to predict clinically benign variants 

(Kerr et al., 2017). Thus, assays of protein function in which one can compare the reference 

variant to a patient-derived counterpart are valuable. Here we list a few examples where 

zebrafish have been used for functional tests of rare and in one case a common missense 

variants of genes linked to OFC.

ARHGAP29

Among other candidates in the 1p22 locus, ARHGAP29 emerged as the top candidate for an 

OFC-risk gene. This conclusion was based on: analysis of gene expression during murine 

craniofacial development; the discovery that rare coding variants in this gene, but not other 

candidates, are enriched in cases versus controls (Leslie et al., 2012); and the discovery that 

non-syndromic OFC-associated, non-coding SNPs affect the expression of ARHGAP29, but 

not that of other candidate genes tested, in oral epithelium cells (Liu et al., 2017). In a 

multiplex family in which many members had non-syndromic cleft palate only (NS CPO), 

exome sequencing revealed rare coding variants in ARHGAP29 in affected individuals; in 
silico algorithms predicted a p.Ser552Pro patient variant of ARHGAP29 to be deleterious 

(Liu et al., 2016a). Zebrafish injected with a RNA encoding the reference (wild-type) variant 

of ARHGAP29 failed to progress through epiboly, possibly because of a disruption in the 

dynamics of actin polymerization events that are essential for epiboly (Lee, 2014). However, 

embryos injected with an RNA encoding the p.Ser552Pro variant progressed normally, at the 

same rate as lacZ-injected controls (Liu et al., 2016a). The inability of the p.Ser552Pro 

variant to disrupt morphogenesis implies that it has a lower or different activity than the 

wild-type ARHGAP29, supporting its candidacy as disease-causing.
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GRHL3

In two recent GWAS of NS CPO, the lead SNP, rs41268753, was within an exon of GRHL3 
(Leslie et al., 2016; Mangold et al., 2016), a gene in which dominant loss-of-function 

mutations appear to cause Van der Woude syndrome (discussed above) (Peyrard-Janvid et 

al., 2014). The risk-associated allele of this SNP is a missense variant, p.Thr454Met (Leslie 

et al., 2016). Overexpression of the missense variant associated with NS CPO in wild-type 

(WT) zebrafish embryos recapitulates the dnIrf6 phenotype, i.e., rupture during gastrulation 

(discussed in VWS section), and blocks expression of the periderm marker krt4, similar to 

the alleles found in VWS patients (de la Garza et al., 2013; Leslie et al., 2016). These 

findings support rs41268753 as being pathogenic rather than simply being in linkage 

disequilibrium with a pathogenic variant, and the mechanism of pathogenesis is that it 

disrupts GRHL3 coding sequence. Because the allele frequency of the risk-associated 

variant of rs41268753 is much higher than the incidence of NS CPO, it is predicted that the 

variant of GRHL3 associated with CPO is less penetrant than the ones identified in VWS 

patients; cell-based reporter assays of GRHL3 transactivation function confirmed this 

prediction (Leslie et al., 2016).

IRF6

Mutations in IRF6 contribute significantly to syndromic OFC, accounting for up to 70% 

cases of VWS (Kondo et al., 2002). To test how IRF6 affects zebrafish palatogenesis while 

avoiding the lethality at epiboly that characterizes the irf6-DBD mutants (Sabel et al., 2009), 

Dougherty et al. generated strains in which dominant negative irf6 mutants designed from 

known syndromic OFC variants of IRF6, i.e., IRF6R84C, IRF6 R84H were expressed under 

the control of the neural-crest-specific sox10 promoter (Dougherty et al., 2013). 

Remarkably, these lines were viable. The embryos displayed prominent clefts between the 

median frontonasal process and paired maxillary processes along the seam by which they are 

joined without affecting ethmoid plate extension. (Dougherty et al., 2013). Meckel’s and 

palatoquadrate cartilages were smaller than normal in sox10:irf6R84C,H transgenic lines 

relative to WT. Interestingly extension of the ethmoid plate was not affected in transgenic 

larvae. These findings suggest that irf6 has essential functions in both neural crest and the 

oral epithelium, and that disruption of either function can potentially cause OFC.

KLF4

Based on the discovery that KLF4 homologs act downstream of IRF6 in the zebrafish 

periderm gene regulatory network, Liu et al sequenced the KLF4 gene in a mixed cohort of 

NSLCP samples from Fillipino, American (USA) and Ethiopian populations, and discovered 

five novel missense variants (Liu et al., 2016b). Variants p.Arg49Gly and p.His427Tyr are 

located in the activation and DNA binding domains, respectively, whereas p.Val261Met, 

p.Ser284Leu and p.Gly239-Tyr242del are located in the repression domain. Of these 

variants three (p.Arg94Gly, p. Ser284Leu, p. His427Tyr) were predicted to have perturbed 

function by both SIFT and Polyphen algorithms. However, overexpression of p.Ser26Leu 

and p.His427Tyr variants, but not the p.Arg94Gly variant, induced lethality in zebrafish 

embryos during epiboly and caused a reduction in krt4 expression in the EVL, as in embryos 

injected with dnIrf6 or dnGrhl3 (Liu et al., 2016b). The p.Arg94Gly is an example of a 
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variant predicted to be damaging by the in silico algorithms but that appeared to function 

normally in a biological assay, emphasizing the importance of functional assays in assessing 

allele severity.

MAPRE2

Two CSC-KT patient-derived MAPRE2 variants, p.Asn68Ser (inherited, homozygous) and 

p.Arg143Cys (de novo, heterozygous) were tested for their ability to rescue the phenotype of 

hypoplastic ceratobranchial cartilages in mapre2 zebrafish morphants. The p.Arg143Cys 

variant was less effective than WT MAPRE2 at rescuing the morphant phenotype, but the 

p.Asn68Ser variant more so. This implies that the former is hypoactive and the latter 

hyperactive, consistent with its hyperactive binding of tubulin (Isrie et al., 2015). These in 
vivo assays highlight the utility of zebrafish in a LOF-phenotype-rescue-paradigm for testing 

the disease relevance of candidate syndromic OFC variants.

III. Using zebrafish to test the tissue-specificity of enhancers harboring 

SNPs that are associated with risk for OFC

As is the case for many complex diseases, SNPs associated with risk for non-syndromic 

OFC usually lie in non-coding DNA. Presumably most of these variants alter the function of 

cis-regulatory elements, i.e., enhancers or promoters (an alternative is that they affect a non-

coding RNA). Disruption of enhancers can alter craniofacial morphology (Attanasio et al., 

2013). Zebrafish are suitable for generating rapid transient reporter assays using fluorescent 

proteins. Remarkably, human enhancers that are not detectably conserved in zebrafish 

nonetheless are capable of driving reporter expression in zebrafish in a pattern that reflects 

expression of the human and zebrafish orthologs (Fisher et al., 2006). This feature has been 

exploited in several recent studies to test the tissue specificity of enhancers harboring OFC-

associated SNPs.

1p22/ARHGAP29

A GWAS can identify the haplotype block that contains a functional SNP, i.e., the SNP at 

which the risk allele directly affects risk for a disease or trait, but it cannot distinguish the 

functional SNP from those that are in linkage disequilibrium with it. Towards identifying 

functional SNPs at the 1p22 locus that are associated with NS CLP, Liu and colleagues 

hypothesized that functional SNPs would lie within enhancers that are active in a tissue 

within the face. They amplified chromatin elements containing the 10 most strongly risk-

associated SNPs and tested them in transgenic enhancer assays in zebrafish. Two regulatory 

elements had enhancer activity in oral epithelium and oral mesenchyme (Liu et al., 2017). 

Chromatin configuration capture assays in a human oral epithelium cell line confirmed that 

these elements interacted with the transcriptional start site (TSS) of ARHGAP29, and 

genome engineering confirmed that expression of this gene depends on the allele of the 

SNPs that is contained in the element, arguing that they are likely to be functional (Liu et al., 

2017).
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9q22/FOXE1

A SNP at 9p22 was found to reach genome-wide significance in a recent GWAS meta-

analysis for orofacial clefts (Leslie et al., 2017a). The SNP lies close to the FOXE1 gene, 

mutations in which cause Bamforth-Lazarus syndrome, which frequently includes orofacial 

cleft (Clifton-Bligh et al., 1998; Castanet et al., 2002; Baris et al., 2006). FOXE1 was also 

the favored candidate risk gene from a family-based genome-wide linkage scan that revealed 

coding variants in non-syndromic OFC patients (Moreno et al., 2009). Towards identifying 

functional SNPs at 9q22, chromatin elements were tested for enhancer activity in zebrafish 

reporter assays, and SNPs were assessed for their effects on enhancer activity of such 

elements in reporter assays in a human oral epithelium cell line (Lidral et al., 2015). An 

element −67.7 kb from the FOXE1 TSS was found to be an enhancer that is active in the oral 

epithelium, pharyngeal arches, thyroid gland and heart tissues. Within this element is a SNP, 

rs7850258, for which one allele (G) is associated with hypothyroidism and CLP, and another 

(A) with thyroid cancer. This SNP had allele-dependent effects on enhancer activity in vitro, 

arguing that it directly influences risk for one or more of these diseases.

FGFR2/10q26 and 17q22/NOG

Towards identifying candidate functional SNPs for non-syndromic OFC, thirteen genomic 

regions identified by GWAS or other genome-wide approaches were sequenced in more than 

1400 case-parent trios (Leslie et al., 2015). In vitro and zebrafish-based evidence indicated 

that several specific variants directly contribute risk for nonsyndromic clefts. For instance, a 

de novo mutation within a conserved non-coding element +254 kb downstream of fibroblast 

growth factor receptor (FGFR2) abrogated the neural crest enhancer activity of the element 

in transgenic zebrafish. fgfr2 is expressed in the pharyngeal endodermal pouches of this 

species at 24 hpf, and MO-mediated knockdown affects the craniofacial chondrogenic 

program (Larbuisson et al., 2013). Another example of a common variant that is strongly 

associated with NS CLP is rs227727, which lies within a conserved element +105 kb 

upstream of Noggin (NOG), a gene expressed in superficial and basal layers of palate 

epithelium. Although this element lacked detectable enhancer activity in zebrafish, an 

adjacent element at +87 kb had strong enhancer activity in zebrafish periderm. The tandem 

+87/+105kb element had strong enhancer activity in oral epithelium cells in vitro, and this 

depended on the allele of rs227727 (Leslie et al., 2015), arguing that it is a functional SNP.

SATB2 locus

Chromosomal breakpoints in patients who present with a syndromic form of OFC (patients 

also have micrognathia) have been mapped to the large PLCL1-SATB2 gene desert. These 

breakpoints are located distal (128.5 kb, 749 kb and 896 kb) to the 3’ poly-adenylation 

signal of SATB2 (Rainger et al., 2014). Comparative genomics approaches assessing 

orthologous regions of the human and chick genomes identified three cis regulatory 

elements (CRE 1–3) that overlap with each breakpoint. SATB2 enhancer function was 

evaluated by testing each of these candidate CREs by transgenic reporter assay and 

generating stable lines. In a stable reporter line CRE2 recapitulated the endogenous 

zebrafish satb2 expression domain within the ethmoid plate (Rainger et al., 2014). The 

activity of CRE 2 was shown to be dependent on the SOX9 transcription factor (Rainger et 
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al., 2014). The results suggest that the translocation breakpoints disrupt the long-range cis- 

regulation of SATB2 by SOX9.

Concluding thoughts

The rapidly dropping cost of DNA sequencing methods have permitted whole exome 

sequencing of patients with OFC and other craniofacial malformations, and whole genome 

sequencing projects are underway. Deep sequencing leads to the discovery of many variants 

in each patient. Concurrent advances in gene editing have improved our ability to test the 

function of those variants in animal models. Despite some differences in craniofacial 

anatomy between fish and mammals, zebrafish bring experimental advantages to these 

efforts, chiefly external development and relatively low-cost and high-throughput gene 

editing in comparison to in mouse. Human functional genomics projects are best served by 

combining the strengths of mouse, zebrafish and in vitro systems. We predict that continued 

innovations in genetic and embryological methods in zebrafish will mean that the zebrafish 

model remains a powerful tool in the field of functional genomics.
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TABLE 1
Zebrafish models of Syndromic and Non-Syndromic Orofacial Cleft

A table summarizing the phenotypic spectrum of craniofacial cartilage defects in select zebrafish orofacial 

clefting models. Figures are the author’s interpretations of cartilage structures highlighted from Alcian blue 

staining performed on specific models between 4–6 dpf and are simplified to exclude smaller cartilages and 

the notochord. Defective craniofacial cartilages are highlighted in black to distinguish them from otherwise 

normal viscerocranium (dark grey) and neurocranium (light grey) elements. Craniofacial cartilages with 

unknown or undocumented structures are represented with translucent placeholders with wild-type structure.

Human Disease / Gene /
Model

Craniofacial Phenotype Affected Cartilages References

N/A neurocranium:

• et : ethmoid plate

• pc : parachordals

• tb ; trabeculae

viscerocranium:

• cb : ceratobranchials

• ch : ceratohyals

• hs : hyosymplectic

• M : Meckel’s

• pq : palatoquadrate

Wild-Type

Bamforth-Lazarus syndrome missing: cb

dysmorphic: ch

hypoplastic: M

(Nakada et al., 
2009)

FOXE1, foxe1

morpholino

Bosma Arhinia Micropthalmia 
syndrome

missing: cb

dysmorphic : ch

hypoplastic: cb, et

(Shaw et al., 
2017)

SMDCH1, smdch1

crispr/Cas9; morpholino

Carnevale, Mingarelli, 
Malpuech and Michels 
syndromes (3MC)

dysmorphic : ch

hypoplastic: ch, et, M, tb

(Rooryck et al., 
2011)

COLEC1, colec1 MASP1, 
masp1

morpholino
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Human Disease / Gene /
Model

Craniofacial Phenotype Affected Cartilages References

Circumferential Skin Creases, 
Kunz Type

dysmorphic : ch

hypoplastic: cb

(Isrie et al., 
2015)

MAPRE2, mapre2

Morpholino

Kabuki syndrome Type 1 missing: cb, ch, hs, M, pq

dysmorphic: ch

hypoplastic: et, tb

(Van 
Laarhoven et 
al., 2015)KMT2D, kmt2d

morpholino

Kabuki syndrome Type 2 dysmorphic: ch

hypoplastic: cb, ch, et, M, tb

(Lindgren et 
al., 2013; Van 
Laarhoven et 
al., 2015)

KDM6A, kdm6a

morpholino

Oblique Cleft missing: viscerocranium

dysmorphic: et

hypoplastic: et, tb

(Gfrerer et al., 
2014)

SPECC1L, specc1lb

morpholino

Treacher Collins syndrome 
Type 1

dysmorphic: ch, et

hypoplastic: cb, ch, et,M, tb

(Weiner et al., 
2012)

TCOF1, tcof1

morphant

Treacher Collins syndrome 
Type 2

dysmorphic: ch, et

hypoplastic: cb, ch, et, M, tb

(Noack Watt et 
al., 2016)

POLR1D, polr1d

polr1d−/−mutant
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Human Disease / Gene /
Model

Craniofacial Phenotype Affected Cartilages References

Treacher Collins Syndrome 
Type 3

dysmorphic: ch, et

hypoplastic: cb, ch, et, M, tb

(Lau et al., 
2016; Noack 
Watt et al., 
2016)POLR1C, polr1c

morpholino, polr1c−/− mutant

Van der Woude Syndrome Type 
1

dysmorphic: et

hypoplastic: et

(Dougherty et 
al., 2013)

IRF6, irf6

sox10:dnirf6

Van der Woude Syndrome Type 
2

missing: cb,

dysmorphic: et

hypoplastic: cb, ch, et, hs, M, pq, 
tb

(Dworkin et 
al., 2014)

GRHL3, grhl3

morpholino

Non-syndromic OFC dysmorphic: et

hypoplastic: M

(Mukherjee et 
al., 2016)

CAPZB, capzb

capzb−/−mutant

CRISPLD2, crispld2 missing: et, viscerocranium

hypoplastic: tb

(Yuan et al., 
2012)

morpholino

DLX4, dlx4b dysmorphic: ch

hypoplastic: cb, et, pq, M

(Wu et al., 
2015)

morpholino
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Human Disease / Gene /
Model

Craniofacial Phenotype Affected Cartilages References

FAF1, faf1 dysmorphic: ch

hypoplastic: cb, M, pc

(Ghassibe-
Sabbagh et al., 
2011)morpholino

FZD6, fzd6 dysmorphic: ch

hypoplastic: cb, et, M

(Cvjetkovic et 
al., 2015)

morpholino

HDAC4, hdac4 missing: et

dysmorphic: et

(DeLaurier et 
al., 2012)

morpholino

MIR-140, mir-140 missing: et

dysmorphic: et

(Eberhart et al., 
2008)

duplex

PDGFRA, pdgfra missing: et

dysmorphic: et

hypoplastic: tb

(Eberhart et al., 
2008; 
McCarthy et 
al., 2016)

mutant

WNT9A, wnt9a missing: et, viscerocranium

hypoplastic: pc, tb

(Curtin et al., 
2011)

morpholino

Note, bold font indicates the specific model reviewed in table.
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Abbreviations: dn, dominant-negative, N/A, not applicable; N/D, not determined.
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