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1. A brief overview of forebrain development/HPE 

 Vertebrate telencephalon can be generalized into two subdivisions, dorsally 

located pallium and ventral subpallium. Pallium and subpallium are both derived from 

the dorsal plate of the neural tube and give rise to cerebral cortex and basal ganglia, 

respectively (Grinblat and Lipinski, 2019; Moreno et al., 2009). The pallium changes 

its shape resulting in the formation of two lateral ventricles, which will become two 

cerebral hemispheres. Morphological change of the pallium is accomplished through 

a deep invagination of the dorsal telencephalic midline (Grinblat and Lipinski, 2019). 

The correct formation of the medial forebrain, a process highly susceptible to genetic 

and environmental factors, is required for central nervous system and craniofacial 

development.  

 In humans, holoprosencephaly (HPE) is the most common congenital 

forebrain malformation. HPE results from an incomplete division of the forebrain into 

two hemispheres. The incidence of HPE in living births and stillbirths is rare (1 in 

10,000-20,000) but in conceptuses is prevalent (1 in 250) (Muenke and Beachy, 2000). 

Most HPE patients with cerebral defects also have retinal and/or craniofacial defects 

to various degrees, ranging from nothing abnormal besides development of a single 

incisor at the midline (mild) to facial clefts and cyclopia (severe). In many cases, HPE 

patients do not have neuroanatomic anomalies but have craniofacial defects, such as 

coloboma and facial cleft (coined as microform HPE) (Kruszka et al., 2015). Several 

studies have identified HPE-associated genes in humans and animal models; among 

these, mutations in SHH, sonic hedgehog, are the most common and mutations in 

ZIC2, a zinc-finger transcription factor, SIX3, a homeobox-containing gene, and TGIF, 

a homeobox transcription factor, are also commonly associated with HPE (Dubourg et 
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al., 2007; Kruszka et al., 2018; Nanni et al., 1999). Although SHH, ZIC2, SIX3, and 

TGIF are known to be common gene targets of mutations associated with HPE, the 

majority of cases in HPE patients do not have identified mutations (Dubourg et al., 

2007; Dubourg et al., 2004; Roessler and Muenke, 2010). This suggests that the 

etiology of HPE is highly heterogenous, likely resulting from a combination of multiple 

environmental and/or genetic factors that have not been characterized.  

 

2. Hh signaling  

 As Hh is the most common HPE-associated signaling pathway and HPE 

emerges with ventral midline malformation, ocular, and craniofacial defects, it is 

important to understand how an early source of Hh signaling contributes to the 

development of the craniofacial complex, which consists of the forebrain, eyes, and 

craniofacial cartilages. The subsequent sections focus on the role of Hh signaling for 

craniofacial complex development.   

 

2.1 Hh signaling for medial forebrain development 

In early embryos, the ventral midline formation is initially regulated by Hh 

secreted from axial mesendoderm, including the prechordal plate (PrCP) (Blaess et 

al., 2014; Chiang et al., 1996; Dale et al., 1997; Sagai et al., 2019). Removal of PrCP 

results in a failure of formation of cerebral and facial structures formed in the ventral 

midline, including the medial forebrain, reminiscent of human HPE (Aoto et al., 2009; 

Muenke and Beachy, 2000). A recent study has identified the novel forebrain enhancer 

(named SBE7), which regulates Hh expression in both ventral midline of the forebrain 
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and PrCP from mouse embryos. Mutations in SBE7 sequence cause abnormalities in 

the ventral midline of the forebrain similar to human HPE (Sagai et al., 2019). These 

studies suggest that PrCP is required for ventral midline specification.  

Previous findings characterized that Hh signaling from PrCP contributes to 

ventral midline specification through inducing rostral diencephalic ventral midline, 

including hypothalamus, which serves as a secondary Hh signaling center (Dale et al., 

1997; Szabo et al., 2009; Vieira et al., 2005; Zhao et al., 2012). Hh gradient produced 

from the hypothalamus is required for patterning anterior-posterior axis in the ventral 

midline of the hypothalamus (Zhao et al., 2012). SBE7, an upstream regulatory 

element of PrCP, and SBE2, an upstream regulatory element of the hypothalamus, 

are two transcriptional enhancers identified at the Hh locus that specifically mediate 

Hh expression in rostral brain (Jeong et al., 2008; Sagai et al., 2019; Zhao et al., 2012). 

SBE2 contains transcription binding sites for sox2, sox3, six3, and six6, which are 

required for Hh transcription in the hypothalamus (Jeong et al., 2008; Zhao et al., 2012). 

While the majority of HPE patients do not have mutations in the coding regions of 

HPE-associated genes, it is possible that the activity of brain enhancers is altered in 

some HPE patients which resulted from a poor binding of transcription factors at 

enhancers. Thus, it is important to investigate potential transcription binding sites in 

Hh enhancers further for understanding the molecular regulation of early Hh signaling 

from PrCP and hypothalamus and the etiology of HPE.  

 

2.2 Hh signaling for eye morphogenesis 

In vertebrates, eye morphogenesis begins when neural retina evaginates from 

the forebrain and is shaped into bilayered optic cups (Chow and Lang, 2001; 
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Fuhrmann, 2010). The optic cups are transiently connected with the medial forebrain 

via the optic stalk (Morcillo et al., 2006). Early Hh signaling from PrCP and later from 

the hypothalamus is required for establishing the optic stalk during ocular 

morphogenesis (Chiang et al., 1996; Masai et al., 2000; Zhao et al., 2012). Neural 

retina Hh-dependent activation of pax2 in the optic stalk and repression of pax6 in the 

retina is the main step of this process (Chiang et al., 1996; Ekker et al., 1995; 

Macdonald et al., 1995; Zhao et al., 2012). Loss of Hh signals from either PrCP or the 

hypothalamus results in reduced pax2 induction, which in turn causes abnormal optic 

stalk formation (Aoto et al., 2009; Chiang et al., 1996; Zhao et al., 2012). At this point, 

the questions of why the restricted patterning of Hh signaling targets, such as pax2 at 

the optic stalk and pax6 at the retina, is required during ocular development and where 

Hh acts during this process need to be addressed. 

Early Hh signaling for optic stalk formation is critical for the formation of hyaloid 

vasculature, which is required for retinal angiogenesis (Evans and Gage, 2005; Gage 

et al., 2005; Skarie and Link, 2009), because the optic stalk guides hyaloid vessel 

entry through the choroid fissure (Morcillo et al., 2006; Tao and Zhang, 2014). Once 

the hyaloid vessel enters, it starts to form the hyaloid loop around the lens and further 

branches within the lens to form the hyaloid network (Hartsock et al., 2014). Hh is 

required for formation of the hyaloid loop at the ventral surface of the lens through 

promoting vascular endothelium growth factor (VEGF)-mediated angiogenesis (Weiss 

et al., 2017). During retinal vasculature angiogenesis, Hh regulates vascular integrity 

through organizing tight junction proteins that stabilize retinal vasculature (Diaz-

Coranguez et al., 2017) and contributes to forming a blood-retinal barrier (Pollock et 

al., 2020). Whether Hh contributes to hyaloid and retinal vasculature development 
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directly or indirectly is currently unknown. 

Previous studies in Xenopus and zebrafish embryos show an early requirement 

of Hh signaling from the ventral midline for the development of anterior segment of the 

eyes (anterior segment), such as cornea and lens. In Xenopus, overexpression 

(Cornesse et al., 2005) or inhibition (Sasagawa et al., 2002) of Hh signaling results in 

abnormal lens formation. Likewise, in zebrafish, overexpression (Barth and Wilson, 

1995; Ekker et al., 1995) or inhibition of Hh signaling shown in cyclop mutants (Ekker 

et al., 1995), gli2 mutants (Karlstrom et al., 1999; Kondoh et al., 2000), and smo 

mutants (Dutta et al., 2005; Varga et al., 2001) results in aberrant lens formation. 

Interestingly, anterior pituitary placode derived from anterior neural ridge (Dutta et al., 

2005; Eagleson et al., 1995), which serves as a telencephalic organizer that restricts 

Hh to ventral forebrain (Creuzet et al., 2006; Le Douarin et al., 2012), ectopically 

differentiates into lens in zebrafish gli2 mutants and smo mutants (Dutta et al., 2005; 

Kondoh et al., 2000), suggesting that Hh signaling is required for restricting the anterior 

segment from the ventral forebrain.  

Hh is also secreted from the retinal pigmented epithelium and retinal ganglion 

cells of the developing retina; however, unlike the early source of Hh secreted from 

PrCP and the hypothalamus, Hh from developing retina likely contributes to later eye 

morphogenesis. In the retina, Hh from retinal pigmented epithelium and retinal 

ganglion cells induce the proliferation and differentiation of Müller glial cells and 

photoreceptors (Neumann and Nuesslein-Volhard, 2000; Todd and Fischer, 2015). 

This process is accomplished through induction of Hh in other uncommitted cells and 

neuronal differentiation by Hh secreted from newly differentiated retinal ganglion cells 

(Neumann and Nuesslein-Volhard, 2000).  
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2.3 Hh signaling for craniofacial development 

The process of vertebrate craniofacial morphogenesis includes the 

development of the palate and jaw cartilages of the pharyngeal arches, both of which 

are cranial neural crest derived. During palatogenesis, migrating cranial neural crest 

cells (CNCCs) condense at the oral ectoderm and differentiate into the palate 

(Eberhart et al., 2006; Swartz et al., 2011; Wada et al., 2005). The molecular 

mechanism of how cranial neural crest condenses at the oral ectoderm is currently 

unknown. Hh is expressed at the oral ectoderm in zebrafish, mouse, and chick 

embryos (Cordero et al., 2004; Eberhart et al., 2006; Miller et al., 2000) and oral 

ectoderm specification is regulated by Hh secreted from the ventral forebrain (Eberhart 

et al., 2006). Loss of Hh signaling from ventral forebrain and oral ectoderm leads to 

disruptive palatogenesis (Eberhart et al., 2006; Wada et al., 2005). Further molecular 

works revealed that palatogenesis is tightly regulated by Hh interaction with BMP 

(Bone Morphogeneic Protein) (Zhang et al., 2002) and FGF (Fibroblast growth factors) 

(Han et al., 2009; Rice et al., 2004). 

Jaw cartilage development is also influenced by Hh signaling. Hh signaling from 

the oral ectoderm and pharyngeal endoderm is required for the survival of post 

migratory CNCCs and their differentiation to jaw cartilage (Billmyre and Klingensmith, 

2015; Brito et al., 2006). Early disruption of Hh signaling results in disorganized 

anteriormost CNCC and anterior jaw defects while late disruption results in depleted 

CNCCs residing near the posterior arch (Schwend and Ahlgren, 2009). Zebrafish 

transplant analysis further revealed that not only pharyngeal endoderm but also 

CNCCs receive Hh signaling to ensure patterning pharyngeal arches and maintaining 
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Hh expression in the pharyngeal endoderm, respectively (Swartz et al., 2012).  

 

3. Cranial neural crest for craniofacial complex development  

The subsequent sections focus on CNCCs (Fig. 1), their contributions to 

craniofacial complex development, and the influence on their development by 

environmental factors, such as oxidative stress, and genetic factors, including zic2 

(which will be discussed in section 4.2).  

 

3.1  Cranial neural crest 

CNCCs are a group of migratory stem cells that originate in the anterior dorsal 

neural tube and migrate from the neural tube before its closure (Serbedzija et al., 1992).  

They give rise to several cell lineages that contribute to craniofacial complex 

development. In vertebrates, two different sources of CNCCs contribute to craniofacial 

complex development. CNCCs from the diencephalon and midbrain migrate anteriorly 

(coined as anterior cranial neural crest (aCNC)) and contribute to the development of 

anterior neural derivatives, such as the medial forebrain, optic stalk, retina, and 

anterior segment, while CNCCs from the hindbrain migrate in three separate streams 

caudally to the eyes and contribute to form jaw cartilages (Couly et al., 1993; Kish et 

al., 2011; Kontges and Lumsden, 1996).  

 

3.2 Cranial neural crest contribution to medial forebrain development 

Medial forebrain formation is regulated by aCNC. In avian embryos, aCNC 
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regulates fgf8 transcription in the anterior neural ridge, a telencephalic organizer that 

restricts Hh expression to the ventral forebrain (Creuzet et al., 2006; Le Douarin et al., 

2012). Disruption of aCNC formation and migration results in loss of fgf8 in anterior 

neural ridge, ventrolateral expansion of Hh, and HPE (Aguiar et al., 2014; Creuzet et 

al., 2006). In mouse embryos, epithelial-to-mesenchymal transition (EMT) of aCNC to 

facial mesenchyme is required for the invagination of the dorsal forebrain midline, 

which will become the roof plate (Choe et al., 2014). These findings suggest that aCNC 

significantly contributes to the development of the medial forebrain; however, the 

molecular mechanism of how aCNC development regulates medial forebrain 

development remains poorly characterized.  

 

3.3 Cranial neural crest contribution to ocular development 

aCNC receives several signals from the eye. In zebrafish embryos with 

chokh/eyeless mutations, aCNC fails to migrate anteriorly but accumulates posteriorly 

in an unorganized fashion, indicating eyes provide important cues for aCNC migration 

(Langenberg et al., 2008). In the developing eyes, the optic stalk secretes platelet-

derived growth factor (pdgf)-mediated cues to attract aCNC before migrating to its 

destination for differentiation (Eberhart et al., 2008). In addition, retinoic acid (RA) 

secreted from the eyes targets retinoic acid receptors (RARs) in aCNC. The interaction 

between RA and RARs is essential for ocular morphogenesis and, at the same time, 

regulates genes and signaling cascades present in aCNC (Ma and Lwigale, 2019; Matt 

et al., 2008).  

During ocular morphogenesis, periocular neural crest, a subset of aCNC, 

forms around the optic cup (Langenberg et al., 2008; Williams and Bohnsack, 2015). 
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Once the optic cup is fully established, periocular neural crest migrates to the optic 

cup and subsequently differentiates into various cell types that are required for anterior 

segment development, such as corneal endothelium, keratocytes of corneal stroma, 

ciliary body, and iris stroma (Creuzet et al., 2005; Evans and Gage, 2005; Gage et al., 

2005; Portal et al., 2019; Skarie and Link, 2009; Williams and Bohnsack, 2015). While 

pitx2 and foxc1 are the two most widely characterized genes that regulate periocular 

neural crest differentiation for anterior segment (Chawla et al., 2016; Evans and Gage, 

2005; Hendee et al., 2018; Seo et al., 2017; Skarie and Link, 2009), periocular neural 

crests populated in anterior segment are, in fact, highly heterogenous (Van Der 

Meulen et al., 2020) and are tightly orchestrated by the interplays among many 

guidance molecules, such as pax6 and TGF-beta signaling (Takamiya et al., 2020).  

In addition to anterior segment, periocular neural crest differentiates into the 

muscle cells in the eyelid (Creuzet et al., 2005) and vascular pericytes of the hyaloid 

vasculature (Gage et al., 2005; Lupo et al., 2011; Trost et al., 2016; Trost et al., 2013), 

which stabilize and maintain the hyaloid vasculature for retinal angiogenesis (Saint-

Geniez and D'Amore, 2004). In some animals, periocular neural crest differentiates 

into sclerotic cartilages (Creuzet et al., 2005; Thompson et al., 2010), which support 

the mechanical rigidity surrounding the eyeball and maintain an intraocular pressure 

for the retina to correctly perceive visual information (O'Quin et al., 2015; Seko et al., 

2008). All these cell lineages are required for proper ocular development and vision.   

Periocular neural crest also contributes to choroid fissure closure. Previous 

findings suggest that defective periocular neural crest formation or survival is 

associated with coloboma (Evans and Gage, 2005; Gestri et al., 2018; Lupo et al., 

2011; McMahon et al., 2009). Hyaloid vasculature, derived from periocular neural crest 
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and lateral plate mesenchyme, has been characterized for its role for choroid fissure 

closure through facilitating the breakdown of basement membrane in the choroid 

fissure (James et al., 2016). However, zebrafish cloche mutants, which lack entire 

cephalic vasculature, exhibit normal choroid fissure closure (Dhakal et al., 2015), 

suggesting that hyaloid vasculature is dispensable for choroid fissure closure. Recent 

reports show that periocular neural crest possibly facilitates choroid fissure closure 

through regulating choroid fissure basement membrane proteins, such as nidogen 

(Bryan et al., 2020; Carrara et al., 2019). The underlying mechanism of how periocular 

neural crest controls choroid fissure closure remains unclear. 

 

3.4 Cranial neural crest contribution to craniofacial development  

In zebrafish, aCNC that migrated between the developing eyes differentiates 

into anterior neurocranium, which is functionally equivalent to the palate of mouse and 

human (Cusack et al., 2017; Dougherty et al., 2013; Swartz et al., 2011). aCNC that 

migrated from the anterior midbrain gives rise to the ethmoid plate while aCNC from 

the posterior midbrain differentiates into trabeculae span around ethmoid plates (Wada 

et al., 2005). Several growth factors and genes are necessary for aCNC migration, 

such as pdgf and alx1. aCNC-derived palatal precursors, which have pdgf receptors 

(Xu et al., 2005), are first recruited to the optic stalk via pdgf-mediated cues and then 

migrate onward to the oral ectoderm, another pdgf signaling center (Eberhart et al., 

2008). If pdgf-mediated cues are disrupted, embryos develop with craniofacial defects, 

including facial cleft and craniofacial bone malformation (Eberhart et al., 2008; 

McCarthy et al., 2016). In both in vivo and in vitro analysis, alx1 is required for aCNC 

migration (Dee et al., 2013; Pini et al., 2020). Because pre-migratory aCNC is 
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populated far away from the Hh source at the ventral forebrain, Hh signaling does not 

influence aCNC migration (Eberhart et al., 2006). However, Hh signaling is required 

for patterning of the oral ectoderm for aCNC condensation (Eberhart et al., 2006; 

Jeong et al., 2004; Wada et al., 2005).  

CNCCs migrating caudally to the eyes interact with pharyngeal endoderm 

(Trainor and Krumlauf, 2001). Interestingly, pharyngeal arch patterning is normal in the 

absence of CNCCs (Veitch et al., 1999), suggesting a dispensable role of CNCCs for 

pharyngeal arch patterning. Instead, pharyngeal endoderm is required (Graham and 

Richardson, 2012). However, the interaction between CNCC and pharyngeal 

endoderm is required for patterning jaw cartilages derived from pharyngeal arches 

(Piotrowski and Nusslein-Volhard, 2000). 

 

3.5. The impact of oxidative stress to cranial neural crest lineages. 

Oxidative stress is triggered by environmental assaults, such as prenatal 

ethanol exposure and maternal diabetes. Prenatal ethanol exposure causes the 

production of reactive oxygen species (ROS) and disrupts the balance of intracellular 

redox state in the brain, which leads to DNA damage and aberrant gene expression 

(Brocardo et al., 2011; Dong et al., 2010; Lovely et al., 2017). Likewise, hyperglycemia 

for developing embryos increases the production of ROS leading to oxidative stress 

(Garcia-Sanz et al., 2017; Wang et al., 2015). As a result of excessive oxidative stress, 

newborn babies are often affected by congenital craniofacial complex malformations, 

such as fetal alcohol syndrome (FAS) and diabetic embryopathy (Castori, 2013; Lovely 

et al., 2017). The mechanism of how oxidative stress increases the susceptibility of 

congenital malformations in human embryos is poorly understood. 
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Maintaining the balance of oxidative state is critical for neural crest 

development because the neural crest is very sensitive to external oxidative stress 

(Sakai et al., 2016). Excessive oxidative stress reduces the production of antioxidative 

defense genes, such as nrf2 (nuclear factor erythroid 2-related factor), in neural crest 

(Chen et al., 2013; Wentzel and Eriksson, 2011) and induces neural crest cell death 

(Chen et al., 2013; Wang et al., 2015). Because both craniofacial cartilage and the 

eyes are neural crest cell derived and form in proximity, craniofacial cartilage defects 

are often associated with anterior segment defects in some congenital disorders, such 

as Axenfeld-Rieger Syndrome (Volkmann et al., 2011; Williams and Bohnsack, 2015). 

However, the susceptibility of each neural crest lineages to oxidative stress varies. 

While cranial neural crest that gives rise to craniofacial cartilage is highly susceptible 

to oxidative stress, periocular neural crest that contributes to form anterior segment is 

much less affected as oxidative stress minimally affects foxc1 and pitx2, two 

transcripts that are expressed in the anterior segment (Eason et al., 2017). This 

explains the rarity of ocular defects despite frequent craniofacial abnormalities found 

in FAS and diabetic embryopathy.  

 

4. Zic2 for craniofacial complex development  

Although craniofacial complex development is heavily influenced by aCNC 

migration and differentiation, little is known about the molecular mechanism of how 

aCNC function is regulated. The subsequent sections focus on zic2, a molecular 

regulator that controls neural crest and craniofacial complex development (Fig. 2).  
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4.1 Zic2 

Zic, zinc finger in the cerebellum, proteins are a family of transcription factors 

that play essential roles in neurogenesis. The Zic family encodes five C2H2-type zinc 

finger domains, which are highly conserved in all multicellular animals (Aruga and 

Hatayama, 2018). Zic genes share a common ancestry with Gli proteins, Hh signaling 

mediators (Aruga and Hatayama, 2018), and physically and functionally interact with 

them as tested in vitro (Koyabu et al., 2001; Mizugishi et al., 2001).  

Among these zic genes, zic2 is a highly unique gene that contributes to 

forebrain and retinal development. ZIC2 is the second most known HPE-associated 

gene. However, unlike other HPE-associated genes which are either linked with 

classical HPE, characterized by ventral midline defects, or midline inter-hemispheric 

(MIH) HPE, characterized by dorsal patterning defects, ZIC2 mutations are associated 

with both classical and MIH HPE (Barratt and Arkell, 2018; Grinblat and Lipinski, 2019). 

In addition, zic2 function in craniofacial complex development is highly conserved 

throughout vertebrates. In mouse, Zic2 knockdown mice develop with HPE (Nagai et 

al., 2000). Zebrafish zic2 morphants and mutants do not develop with HPE but exhibit 

coloboma and craniofacial defects (Sanek et al., 2009; Sedykh et al., 2017; Teslaa et 

al., 2013), which are subsets of HPE. 

Although it is known that zic2 function is highly important in craniofacial complex 

development, the molecular mechanisms of how zic2 function regulates the neural 

crest and craniofacial complex lineages, including medial forebrain, retina, and 

craniofacial cartilages, need to be elucidated.  
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4.2 Zic2 function in neural crest development 

At the early somite stages, zic2 is one of the zic genes that is expressed in the 

neurectoderm which induces neural crest formation (Houtmeyers et al., 2013). Zic2 

function is critical for early neural crest development, such as production, induction 

and migration of neural crest cells (Elms et al., 2003). Defective zic2 function, shown 

in Zic2 mutant mice and zebrafish zic2 morphants and mutants, leads to significant 

depletion of the neural crest population (Elms et al., 2003; Sedykh et al., 2017; Teslaa 

et al., 2013). At this point, it is unclear how zic2 in the neurectoderm triggers neural 

crest induction. 

Neural crest development is influenced by several signaling pathways along 

with zic2, such as canonical wnt and Hh signaling. Canonical wnt signaling has been 

known for its role in neural crest induction and proliferation (Garcia-Castro et al., 2002; 

Heeg-Truesdell and LaBonne, 2006; Ikeya et al., 1997). The interaction between zic2 

and canonical wnt signaling has been studied in both in vivo and in vitro. In zebrafish, 

zic2a is a downstream gene of canonical wnt signaling during neurulation (Nyholm et 

al., 2009). In human cell cultures, zic2 directly binds with the β-catenin/TCF4 complex, 

inhibiting canonical wnt signaling (Pourebrahim et al., 2011). Whether zic2-canonical 

wnt signaling interaction is required for early neural crest development remains 

unknown.  

In zebrafish, zic2 is activated by Hh and functions as a negative regulator of Hh 

signaling (Sanek and Grinblat, 2008; Sanek et al., 2009). Zic2 and Hh likely interact 

together to regulate the patterning of neural crest, which subsequently contributes to 

craniofacial development, since zic2a overexpressed embryos develop with reduced 

ptch2, a Hh signaling inhibitor, expression in the ventral midline and craniofacial 
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defects (Teslaa et al., 2013) similar to those found in embryos with abrogated Hh 

function (Swartz et al., 2012; Wada et al., 2005). In xenopus embryos, Zic2 and Gli 

proteins function opposingly for neural crest development as Zic2 induces neural crest 

differentiation while Gli proteins restrict it (Brewster et al., 1998). While these studies 

suggest that zic2 and Hh signaling interact each other to regulate the neural crest 

development, the molecular mechanism of zic2-Hh signaling interaction during neural 

crest development needs to be further explored.  

The underlying mechanism of how zic2 regulates neural crest development is 

not clear until recently, when zic2 is found to be required for the development of aCNC-

derived frontonasal and periocular mesenchyme through activating alx1. In addition, 

cldn11a, the most significantly depleted gene in zic2 mutants, is expressed anterior to 

the retina adjacent to choroid fissure, where frontonasal and periocular neural crests 

are populated; thus, it is a potential neural crest marker activated by zic2 (Sedykh et 

al., 2017).  

 

4.3 Zic2 function in craniofacial complex development  

 As ZIC2 is one of the HPE-associated genes that are required for early 

forebrain and eye formation, it is important to understand how zic2 function contributes 

to this process. Initially, zic2 establishes Hh signaling in PrCP (Warr et al., 2008). Zic2 

directly interacts with Smad2/3 in the Nodal signaling pathway for PrCP establishment 

(Houtmeyers et al., 2016). Once the ventral midline is specified via Hh signaling from 

PrCP and the hypothalamus, Hh transcriptionally activates six3, which is required for 

activating Hh in the ventral midline. Subsequently, Hh in the ventral midline activates 

several genes that are required for patterning the medial forebrain, such as fgf8 and 
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nkx2.1 (Geng et al., 2008). Our lab previously identified that zic2a negatively 

modulates six3b transcription at the forebrain, which is essential for correct formation 

of the medial forebrain (Sanek et al., 2009).   

With respect to ocular development, zic2 function is required for optic stalk 

morphogenesis. Zebrafish zic2 restricts pax2a transcription at the optic stalk and, if 

zic2 function is disrupted, pax2a transcription is expanded to the medial forebrain and 

retina (Sanek et al., 2009; Sedykh et al., 2017). Other Hh signaling targets specifically 

expressed in the optic stalk, vax1 and vax2 (Take-uchi et al., 2003), are also negatively 

modulated by zic2 (Sedykh et al., 2017). Together, these findings show that zic2 acts 

as a negative regulator of Hh downstream targets at the optic stalk, which 

consequently marks a sharp boundary between medial forebrain and optic stalk and 

between retina and optic stalk. However, it is still unclear whether zic2 directly 

regulates the optic stalk through modulating the transcription of Hh downstream 

targets, pax2a, vax1, and vax2, and whether zic2 inhibition of pax2a expansion to the 

medial forebrain is required for separating the fate of the forebrain from that of the 

optic stalk.  

 

5. Downstream effectors of zic2 

 Several important downstream effectors of zic2 have been identified through 

RNA sequencing analysis (Chapter 2). The subsequent sections deal with brief 

introductions of alx1 (Chapter 3, Appendix), cldn11a (Chapter 4), and pax2a (Chapter 

4). The focus will be on the significance of these effectors for vertebrate craniofacial 

complex development. 
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5.1 Alx1 

 Alx1 is specifically expressed in neural crest cells for chondrogenesis and 

significantly downregulated in frontonasal and periocular mesenchyme in zic2 mutants 

(Sedykh et al., 2017). Alx1 (coined as Cart-1), a member of aristaless-like homeobox 

protein, was initially identified from a rat chondrosarcoma and is exclusively expressed 

in immature and condensed cranial mesenchymal cells that give rise to mature 

chondrocytes (Zhao et al., 1994; Zhao et al., 1993). Alx1 function in craniofacial 

development is highly conserved throughout vertebrates. In humans, ALX1 mutation 

is associated with frontonasal dysplasia (FND), severe orofacial facial cleft, and ocular 

defects, including extreme microphthalmia, anophthalmia, and coloboma (Pini et al., 

2020). Burmese cats with Alx1 mutation develop with FND and median facial cleft 

(Lyons et al., 2016). Mouse Alx1 mutation does not fully recapitulate the craniofacial 

defects found in human or Burmese cats. Instead, Alx1 mutant mice exhibit early 

neural tube defects (Zhao et al., 1996). In zebrafish, alx1 morphants develop with both 

craniofacial defects and ocular defects, such as microphthalmia and retinal coloboma 

(Dee et al., 2013), while alx1 mutants exhibit low penetrant craniofacial and ocular 

defects (Pini et al., 2020). Induced pluripotent stem cells (iPSCs) research and 

zebrafish studies identified a critical role of alx1 during neural crest migration (Pini et 

al., 2020). These findings suggest that alx1 regulates craniofacial and ocular 

development through regulating aCNC lineages.  

Notably, alx1 has been characterized for its requirement in EMT activation and 

collective cell migration through regulating snail, also known as zinc finger protein 

snai1. In sea urchin embryos, alx1 is required for activating snail by inhibiting cadherin 
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transcription (Wu and McClay, 2007). In addition, alx1 forms a de-adhesion sub-circuit 

with twist and snail, downstream targets of alx1, and, at the same time, twist positively 

regulates alx1, forming a positive feedback loop mechanism for maintaining de-

adhesion (Saunders and McClay, 2014). In human ovarian and lung cancer cells, alx1 

mediates EMT activation and promotes collective cell migration by regulating snail 

(Yao et al., 2015; Yuan et al., 2013). Although neural crest cells also migrate 

collectively (Szabo and Mayor, 2018; Szabo et al., 2016), whether alx1 contributes to 

the collective migration of the neural crest is currently unknown.  

Alx1 has two other alx gene family members: Alx3 and Alx4 (in zebrafish, three 

other genes: alx3, alx4a, and alx4b) (McGonnell et al., 2011). Each alx gene family 

member shares a similar homeodomain sequence with one another and is co-

expressed at several domains including frontonasal mesenchyme and the neural-crest 

derivatives of branchial arches (Dee et al., 2013; Qu et al., 1999; ten Berge et al., 

1998). Similar to ALX1 mutation, ALX3 and ALX4 mutations are also associated with 

FND in humans, but with milder craniofacial deformities (Bertola et al., 2013; El-Ruby 

et al., 2018; Twigg et al., 2009). In mouse, a single mutation of Alx1 or Alx3 does not 

fully recapitulate ALX-related FND phenotypes in humans (Lakhwani et al., 2010; Zhao 

et al., 1996) whereas  Alx3; Alx4 double mutants and Alx1; Alx4 double mutants 

exhibit midline fusion defects (Beverdam et al., 2001; Qu et al., 1999), suggesting 

functional compensation of the alx gene family during craniofacial complex 

development in mouse. In zebrafish, the role of other alx gene family members for 

craniofacial complex development has not been characterized and will be addressed 

in detail in chapter 3.  
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5.2 Cldn11 

Similar to other claudin gene family, cldn11 is a tight junction protein that 

provides a primary barrier to protect against paracellular diffusion (Gow et al., 1999; 

Morita et al., 1999; Stevenson and Keon, 1998). Cldn11 shares a structural similarity 

with other claudin genes which primarily form tight junctions in epithelial and 

endothelial cells. Cldn11 is expressed in myelinating sheath in the CNS and in Sertoli 

cells in the testis. It is required for proliferation and migration of oligodendrocytes 

during myelination (Devaux and Gow, 2008; Morita et al., 1999; Tiwari-Woodruff et al., 

2001). There is growing evidence that cldn11 function is not restricted to 

oligodendrocytes in the CNS or Sertoli cells in testis. Prior to the formation of 

oligodendrocytes, cldn11 is transiently expressed in mesenchymal cells adjacent to 

developing chondrocytes in rats (Bronstein et al., 2000). Along with other claudin gene 

family members and/or other tight junction proteins such as occludins, cldn11 

maintains the blood-cerebrospinal fluid barrier (Kratzer et al., 2012; Whish et al., 2015; 

Wolburg et al., 2001), controls electric potential for hearing (Gow et al., 2004; Kitajiri 

et al., 2004), and forms a barrier between blood vessels and the testis (Su et al., 2009; 

Wessells et al., 2009).  

In zebrafish, cldn11 has two orthologs: cldn11a and cldn11b. Cldn11a 

expression has been initially reported in vascular endothelium (Cannon et al., 2013); 

however, we found that cldn11a is expressed in a domain anterior to the retina close 

to the choroid fissure, where periocular neural crest is expressed (Sedykh et al., 2017). 

Cldn11a is the most significantly downregulated gene in zic2 mutants (Sedykh et al., 

2017), although the mechanism of how cldn11a is regulated by zic2 is completely 

unknown. Cldn11b function and expression has not yet been reported. In chapter 4, 



21 

 

cldn11a and cldn11b function for ventral retinal morphogenesis will be discussed. 

Recent findings uncover a novel and unexpected role of cldn11 in collective cell 

migration, such as myelinating oligodendrocytes and cancer-associated fibroblasts, by 

maintaining the cell polarity (Karagiannis et al., 2014; Li et al., 2019). While it is 

unknown whether cldn11 is required for collective neural crest migration, in tumor cells, 

cldn11 is induced by snail, which is required for pre-migratory neural crest cells to 

depart from the neuroepithelium for migration (Hutchins and Bronner, 2019; Li et al., 

2019).  

 

5.3. Pax2 

Pax2, a paired-box-containing gene, was first identified through its homology 

with Drosophila homeotic and segmentation genes (Dressler et al., 1990). Pax2 

expression is expressed in a number of embryonic lineages, such as in the developing 

excretory system (Dressler et al., 1990; Dressler and Douglass, 1992), neural tube 

(Nornes et al., 1990), midbrain-hindbrain boundary (MHB) (Puschel et al., 1992), and 

the junction between the retina and the optic stalk (Nornes et al., 1990; Puschel et al., 

1992). In humans, PAX2 mutation is associated with renal-coloboma syndrome, a 

combination of failure of choroid fissure closure and abnormal kidney formation 

(Sanyanusin et al., 1995a; Sanyanusin et al., 1995b).  

During ventral retinal morphogenesis in mouse, Pax2 expression is activated 

by FGF, BMP, and Hh signaling pathways. FGF promotes pax2, which is required for 

choroid fissure closure and optic disc specification for hyaloid vasculature entry and 

optic nerve outgrowth (Cai et al., 2013). BMP7, prior to Hh signaling, is required for 
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early optic disc formation by promoting generation and invasion of pax2-expressing 

cells to the optic stalk and ventral retina (Morcillo et al., 2006). The interaction between 

BMP7 and Hh is essential to promote pax2 expression through relieving the repression 

of pax2 by tlx, a repressor protein in the tailless transcription factor family (Sehgal et 

al., 2009). 

Zebrafish pax2a is highly homologous to mouse Pax2 (96% identity) and its 

expression is also very similar to mouse Pax2 (Krauss et al., 1991; Puschel et al., 

1992). In addition, its genomic structure is also conserved between humans and 

zebrafish (Lun and Brand, 1998; Sanyanusin et al., 1996). Similar to mouse, zebrafish 

ventral retinal morphogenesis is regulated by Hh (Macdonald et al., 1995; Varga et al., 

2001). Ectopic Hh expression induces the expansion of pax2a at the optic vesicle and 

optic stalk (Ekker et al., 1995), while pax2a expression is lost at the optic stalk in the 

absence of Hh expression, as shown in smoothened mutants (Varga et al., 2001). 

Aberrant zebrafish pax2a function is characterized by the absence of MHB formation 

(also known as no isthmus/noi), failure of choroid fissure closure, aberrant hyaloid 

vasculature formation, and abnormal retinal ganglion axon departure from the eye 

(Kelly and Moon, 1995; Krauss et al., 1992; Lun and Brand, 1998; Macdonald et al., 

1997; Pfeffer et al., 1998; Rowitch and McMahon, 1995; Sanek et al., 2009; Weaver 

et al., 2020). In chapter 4, the role of pax2a in ocular morphogenesis will be further 

elucidated and a novel role of pax2a for craniofacial development will be discussed. 

While zic2 has been characterized for its role in restricting pax2a transcription 

at the optic stalk (Sanek et al., 2009; Sedykh et al., 2017), the molecular mechanisms 

of how pax2a transcription is regulated during ventral retinal morphogenesis needs to 

be further investigated. In chapter 4, two novel genetic pathways regulating pax2a 
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transcription will be discussed. 
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Figure 1. Model representation of cranial neural crest migration 

 Cranial neural crest migrating anterior to the eyes (aCNC) (Red arrow) 

receives the signal from the eyes, such as pdgf from the optic stalk, and then migrate 

onward to the oral ectoderm, which is induced by Hh signaling from the ventral midline. 

aCNC contributes to the development of anterior neural derivatives, ethmoid plate, 

and anterior segment of the eye. 

 Cranial neural crest migrating in three separate streams caudally to the eyes 

(Blue arrow) interacts with the pharyngeal endoderm and contributes to form jaw 

cartilages.   

Neural crest

Ventral midline

Oral ectoderm

Pharyngeal endoderm
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Figure 2. Model representation of zic2 function in craniofacial complex development 

 Wnt signaling in the dorsal midline induces telencephalic expression of zic2 

(Nyholm et al., 2009) and, conversely, zic2 inhibits Wnt signaling (Pourebrahim et al., 

2011). Zic2 establishes Hh signaling in PrCP (Warr et al., 2008), which is required for 

further specification of ventral midline. Hh signaling from the ventral midline activates 

zic2 and pax2a at the optic stalk and six3 at ventral medial forebrain (Sanek et al., 

2009). Zic2 inhibits pax2a transcription at the optic stalk (Sanek et al., 2009; Sedykh 

et al., 2017) and negatively modulates six3 transcription at ventral medial forebrain 

(Sanek et al., 2009). 
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Chapter II 

Zebrafish zic2 controls formation of periocular 

neural crest and choroid fissure 

morphogenesis. 
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Abstract 

The vertebrate retina develops in close proximity to the forebrain and neural 

crest-derived cartilages of the face and jaw. Coloboma, a congenital eye malformation, 

is associated with aberrant forebrain development (holoprosencephaly) and with 

craniofacial defects (frontonasal dysplasia) in humans, suggesting a critical role for 

cross-lineage interactions during retinal morphogenesis. ZIC2, a zinc-finger 

transcription factor, is linked to human holoprosencephaly. We have previously used 

morpholino assays to show zebrafish zic2 functions in the developing forebrain, retina 

and craniofacial cartilage. We now report that zebrafish with genetic lesions in 

zebrafish zic2 orthologs, zic2a and zic2b, develop with retinal coloboma and 

craniofacial anomalies. We demonstrate a requirement for zic2 in restricting pax2a 

expression and show evidence that zic2 function limits Hh signaling. RNA-seq 

transcriptome analysis identified an early requirement for zic2 in periocular neural 

crest as an activator of alx1, a transcription factor with essential roles in craniofacial 

and ocular morphogenesis in human and zebrafish. Collectively, these data establish 

zic2 mutant zebrafish as a powerful new genetic model for in-depth dissection of cell 

interactions and genetic controls during craniofacial complex development. 

 

Introduction 

The key portion of the vertebrate eye, the neural retina, begins its development 

as an integral part of the forebrain primordium. It evaginates to form bilateral optic 

vesicles that connect to the forebrain via the optic stalks (OS). Optic vesicles then fold 

into cup-like structures that briefly remain open at the site adjacent to OS, termed the 

choroid fissure (Bazin-Lopez et al., 2015; Gestri et al., 2012; Kwan, 2014; Schmitt and 
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Dowling, 1994). The edges of the choroid fissure come together and fuse during 

normal development; failure of this process results in uveal coloboma, estimated to 

occur once in every 5,000 births (Williamson and FitzPatrick, 2014). Coloboma is a 

significant cause of congenital blindness, found in 3–11% of blind children (Onwochei 

et al., 2000). Despite its prevalence and debilitating consequences, the underlying 

molecular defects that cause coloboma are not well understood. 

The choroid fissure forms in a complex environment that includes the adjacent 

forebrain and neural crest (NC)-derived mesenchymal cells on their way to becoming 

skeletal and vascular elements of the face and jaw. In zebrafish, NC cells that migrate 

in the anterior streams around the optic vesicle form the neurocranium (ethmoid plate 

and the trabeculae) (Schilling et al., 1999; Wada et al., 2005). The retina and OS signal 

to the anterior NC, directing it to its destinations (Eberhart et al., 2008; Kish et al., 

2011; Swartz et al., 2011). There is emerging evidence for a reciprocal interaction, 

whereby NC cells signal back to the eye and brain (reviewed in (Bazin-Lopez et al., 

2015; Gestri et al., 2012; Le Douarin et al., 2007). In humans, significant comorbidity 

has been reported between frontonasal dysplasia and coloboma (Wu et al., 2007), 

suggesting that NC plays a specific role in choroid fissure morphogenesis. The 

importance of this mechanism has only recently come to light and needs robust 

genetic models to be fully understood. 

Dysregulation in several signaling pathways has been implicated in coloboma, 

with Hedgehog (Hh) signaling arguably the best characterized (Williamson and 

FitzPatrick, 2014). Disruption of Hh signaling also causes forebrain anomalies called 

holoprosencephaly (HPE)(Roessler et al., 1996; Roessler and Muenke, 2010), and 

facial dysmorphologies that range from hypertelorism (increased distance between 
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eye orbits) attributed to increased Hh signaling to orofacial clefting caused by Hh 

reduction (Brugmann et al., 2010; Gongal et al., 2011; Young et al., 2010). To 

understand how Hh signaling controls these processes, it is necessary to examine the 

downstream effectors of Hh signaling in each developmental context. 

zic2, a member of the conserved Zic family of zinc-finger transcription factors, 

is one such effector. zic2 plays a key role in brain morphogenesis, as indicated by the 

high incidence of zic2 mutations in human patients with HPE (Brown et al., 

2001; Brown et al., 1998; Ribeiro et al., 2012; Roessler et al., 2009; Solomon et al., 

2010). Extensive studies in mouse and Xenopus have demonstrated essential roles 

for zic2 in early neural development, namely, neural crest specification and neural tube 

closure (Elms et al., 2004; Elms et al., 2003; Houtmeyers et al., 2016; Nagai et al., 

2000; Nagai et al., 1997; Nakata et al., 1997, 1998; Nyholm et al., 2009; Teslaa et al., 

2013; Warr et al., 2008; Ybot-Gonzalez et al., 2007). Zic2 is also required for 

specification of embryonic stem cells, where it functions as an enhancer-binding 

cofactor in concert with the Mbd3-NuRD chromatin remodeling complex (Luo et al., 

2015). Later in development, zic2 function is required for correct migration of cortical 

neurons (Murillo et al., 2015), for cerebellar granular neuron differentiation (Frank et 

al., 2015) and as a key determinant of ipsilateral vs contralateral projection in retinal 

ganglion cells (Escalante et al., 2013; Garcia-Frigola et al., 2008; Herrera et al., 2003),. 

In hypomorphic zic2 mice, defective retinal morphogenesis has been reported, but not 

characterized (Herrera et al., 2003). The underlying mechanism of its functions during 

development have been elusive until recently, when zic2 was found to inhibit canonical 

Wnt signaling (Fujimi et al., 2012; Pourebrahim et al., 2011), and to control forebrain 

morphogenesis via a direct interaction with Smad2/3 in the Nodal signal transduction 



45 

 

pathway (Houtmeyers et al., 2016). To fully understand the mechanism of zic2 

functions in the context of the developing embryo, it is essential that we dissect these 

functions further, and in more than one model organism. 

Here we report that zebrafish with genetic lesions in zebrafish zic2 orthologs, 

zic2a and zic2b, develop with profound retinal and craniofacial anomalies, similar to 

those observed after transient depletion of zic2 by antisense morpholino oligos (Sanek 

et al., 2009; Teslaa et al., 2013). We show that zic2 function is required for the correct 

morphogenesis of the OS and for juxtaposing the edges of the fissure to allow its 

subsequent closure. We demonstrate a requirement for zic2 in restricting pax2a 

expression at the OS/ventral retina border, and show evidence of increased Hh 

signaling in the absence of zic2 function. Using RNA-seq-based transcriptome 

analysis, we confirm an early requirement for zic2 function in NC-derived pharyngeal 

and periocular neural crest, and identify a novel role for zic2 as a transcriptional 

activator of Alx1, a paired homeobox transcription factor with key functions in 

craniofacial and ocular morphogenesis in human and zebrafish embryos (Dee et al., 

2013; Uz et al., 2010). Collectively, these data establish zic2 mutant zebrafish as a 

powerful new genetic model for in-depth dissection of the complex inter-lineage cell 

interactions and genetic controls during craniofacial complex development. 
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Materials and Methods 

 

Zebrafish strains and embryo manipulation 

 

Adult zebrafish were maintained according to established methods 

(Westerfield, 1993). All experimental protocols using zebrafish were approved by the 

University of Wisconsin Animal Care and Use Committee and carried out in 

accordance with the institutional animal care protocols. Embryos were obtained from 

natural matings and staged according to (Kimmel et al., 1995). The following mutant 

strains of zebrafish were used: zic2aGBT133 insertional mutant (Clark et al., 2011); 

zic2bUWt104 mutant, generated by TALEN mutagenesis in the course of the study; 

zic2bUW1127 and zic2bUW1116 mutants, generated by CRISPR/Cas9 mutagenesis in the 

course of this study. Double zic2 mutants were obtained by crossing zic2aGBT133/+ 

zebrafish to each of the three zic2 mutant allele carriers; F1s were selected by RFP 

fluorescence to identify zic2aGBT133 carriers, which express RFP (Clark et al., 2011) 

and raised to adulthood. Adult zic2b+/− zebrafish were identified by PCR genotyping 

of genomic DNA extracted from tail clips. 

Cyclopamine treatments were carried out as follows: cyclopamine (AdipoGen) 

was diluted in DMSO and added to E3 to final concentrations of 3uM or 4.5uM; final 

DMSO concentration was adjusted to 0.5%. Embryos were placed in E3 with 

cyclopamine or 0.5%DMSO for vehicle-only control. Treatments were started at 3hpf 

(before maternal-zygotic transition), 5 hpf or 6hpf. Embryos were moved to fresh E3 
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at 24 hpf and allowed to develop until 3–4 dpf, when they were assayed for retinal 

morphology. 

 

Engineered nuclease mutagenesis and high-resolution melt analysis (HRMA) 

 

Zic2b TALEN was designed and synthesized by the Mutation Generation and 

Detection Core (MGD) Facility, University of Utah to the following target left and right 

sites in exon 1, respectively: 5′-TCCTCTTGCGCAGCCGAGG-3′ and 5′-

GGGGTGTTGTCCACTGGCCG-3. 

Design of zic2b CRISPR site 5′-GGTGGAGTTAAAAGTGGAGC-3′ in exon1, 

mutagenesis and founder identifications were carried out as previously described 

(Sedykh et al., 2016), with the following HRMA primers pairs: TALEN site - 5′-

TGGACAACACCCCATCTTCA-3′ and 5′-GGATGTTTGGAGAGCCGTGAT-3; 

CRISPR site - 5′-TATTCTGCGGCCGCTCTT3′ and 5′-GGAGTCGAATCCCCAAATC-

3′. 

 

Sequencing and PCR genotyping of zic2 mutant alleles 

 

To determine zic2a genotype, DNA was extracted from individual embryos or 

adult fish and subjected to PCR with the following primers: gbt forward 5′-

CCCCGTAATGCAGAAGAAGA-3′, gbt reverse 5′-GTCCAGCTTGATGTCGGTCT-3′, 
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wt forward and wt reverse 5′-ATTCATGGAGCCGTACTGGTTGTG-3′ and 5′-

TGTTACTGGACGCAGGGCATCAGTT-3′. (see Supp. Fig. 2 for details). 

Zic2b PCR fragments identified as mutant by HRMA were subcloned via TA 

cloning into pGEMT-Easy (Promega) and sequenced to characterize the mutations. 

Subsequently, PCR followed by Metaphor gel electrophoresis was used to efficiently 

genotype individual embryos and adult fish, HRMA primer sequence above were used 

for CRISPR allele genotyping. TALEN allele genotyping used 5′-

GGACAACACCCCATCTTC-3′ and 5′-CGGGGAAAAGTAGGTGAC-3′ (Supp. Fig. 2). 

 

RNA-seq transcriptome analysis 

 

Embryos derived from a zic2aGBT133/+; zic2bUW1127/+ incross were sorted by 

presence or absence of coloboma. RNA was prepared from each individual embryo 

using the RNAEasy kit (Qiagen) according to (de Jong et al., 2010). cDNA libraries 

were prepared using the TruSeq stranded mRNA library preparation protocol with 

poly-A selection and sequenced on the Illumina HiSeq2500. Gene-level read counts 

were estimated from the raw sequencing data using RSEM v1.2.18 (Li and Dewey, 

2011) and Bowtie v1.1.1 (Langmead et al., 2009). The gene set used consisted of all 

genes classified as protein coding or lincRNA within the Ensembl v77 annotation of 

the Zv9 assembly of the zebrafish genome. RSEM was run with option “–forward-prob 

0” to take into account that the RNA-seq libraries were strand-specific. A matrix of 

gene-level counts from all libraries was compiled and analyzed for differential gene 

expression using the R statistical language and environment (R core team, 2014). 
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Specifically, the count matrix was first pre-normalized using the median normalization 

routine from the EBSeq v1.5.4 package (Leng et al., 2013). The normalized dataset 

was then filtered to exclude genes that did not show coverage of at least 10 counts in 

at least 1 library across the entire dataset. The edgeR v3.14.0 package, (Robinson et 

al., 2010) with internal normalization switched off, was subsequently applied to call for 

differential expression (DE). Genes with assigned value of False Discovery Rate (FDR) 

below 0.05 by edgeR were preliminarily selected. Since a) low-expressed genes tend 

to be artificially enriched in the list of genes called DE by statistical algorithms and b) 

DE genes expressed at higher levels have more biological relevance and follow-up 

potential, we applied an additional filter to the edgeR output by retaining genes that 

have expression exceeding a certain quantile (0.2) of genome-wide distribution of 

expression values in at least 60% of libraries representing the strain with a larger mean 

expression of that gene. 

 

Immunohistochemistry, in situ hybridization, and alcian blue staining 

 

Embryos were fixed in 4% paraformaldehyde (PFA) in PBS, or in 4% PFA/0.25% 

glutaraldehyde, 5mM EGTA, 0.2% TritonX-100, 1xPBS for optimal phalloidin staining. 

After PFA/glutaraldehyde fix, embryos were treated with 100mM sodium borohydride 

to reduce auto-fluorescence. Primary antibodies were detected fluorescently with 

Alexa-labeled goat anti-mouse or goat anti-rabbit secondary antibodies. Embryos 

were mounted in VectaShield and imaged on an Olympus IX81 inverted confocal 

microscope with the Fluoview 1000 confocal package, using a 60x water immersion 
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objective (NA 1.10), a 60x oil immersion objective (NA 1.35) or a 20x objective (NA 

0.75). 

 

Antibody/stain reagent Source Dilution 

Rabbit anti-pax2a GeneTex, cat# GTX128127 1:500 

Mouse anti-acetylated tubulin Sigma, T6793 1:400 

Goat Anti-Mouse Alexa 488 Invitrogen, cat#A-11001 1:500 

Goat Anti-Rabbit Alexa 568 Invitrogen, cat#A-11011 1:500 

phalloidin Alexa 488 or 568 
Molecular Probes, cat#A12379; 

A12380 
1:100 

DAPI Molecular Probes, cat#D21490 1:5000 

 

In situ hybridization was carried out as previously described (Gillhouse et al., 

2004), using the following probes: pax2a (Hoyle et al., 2004); dlx2a (Akimenko et al., 

1994); crestin (Luo et al., 2001); vax2 (Gross and Dowling, 2005); atoh7 (Masai et al., 

2000). cldn11a was synthesized as a gBlocks®  Gene Fragments (IDT) and TA-cloned 

into pGEMT-Easy (Promega). Full length alx1 cDNA was amplified from total mRNA 

of 24 hpf embryos by PCR with primers 5′-TTGAGACGAGGCCAGAGGAC-3′ and 5′-

CCTGGCTCTGTGAATAATTACAAG-3′ primers using OneTaq One-Step RT-PCR kit 

(NEB), and TA-cloned into pGEMT-Easy (Promega). After WISH, embryos were 

mounted in 100% glycerol and imaged on Axioskop2 Plus (Zeiss) compound or Leica 

MZ FLIII stereo microscopes equipped with Leica DFC310 FX camera and LAS v4.0 

software. For cartilage staining, zebrafish larvae were fixed at 5–6 dpf in 4% 
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paraformaldehyde and stained with Alcian Blue according to (Kimmel et al., 1998). 

Samples were flat-mounted in glycerol for imaging as described above. 

 

Result 

 

Zebrafish zic2 orthologs function redundantly during retinal and craniofacial 

morphogenesis 

 

Zebrafish zic2 orthologs zic2a and zic2b, the only members of the Zic gene 

family duplicated in teleosts, reside on chromosomes 9 and 1, respectively. To build a 

genetic model of zic2-linked HPE in zebrafish, we set out to establish lines mutant at 

both loci. Toward this end, we obtained a mutagenic gene-trap insertion in the first 

coding exon of zic2a, zic2agbt133, isolated in a screen by Clark et al. (Clark et al., 2011) 

(Fig. S1). zic2agbt133 homozygous embryos develop normally for the first 2 weeks (data 

not shown), likely due to functional redundancy with its ortholog, zic2b. We used 

targeted mutagenesis with TALEN and CRISPR/Cas9 to generate frame-shift alleles 

at two distinct sites in the first exon of the zic2b locus (see Materials and Methods for 

details). Three mutant alleles were isolated that contained a 27-nt insertion (zic2b1127) 

or a 16-nt insertion (zic2b1116) at the CRISPR target site, and a 4-nt deletion (zic2bt104) 

at the TALEN target site (Fig. S1). zic2b homozygous mutants developed normally 

and were viable as adults despite the predicted absence of full-length zic2b protein; in 

contrast, ~5% of the embryos derived from a double heterozygous (zic2a+/−; zic2b+/−) 

incross exhibited retinal coloboma by 48 hpf (Fig. 1A–F; Table S1). The expected 
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proportion of zic2a; zic2b homozygous mutants (zic2 mutants) is 6.25%. Affected 

embryos frequently presented with mild coloboma, defined here as a relatively small 

gap present in only one of the two retinae (Fig. 1B, G). Unexpectedly, a subset of 

embryos with coloboma exhibited periocular hemorrhage and edema, indicative of 

vascular deficits (Fig. 1C, F). 

We next asked if the maternal function of zic2 played a role during retinal 

development by assessing embryonic phenotypes in progeny from a cross 

between zic2a+/−; zic2b−/− parents, 25% of which are predicted to be zic2 mutants. 

25% of these embryos exhibited coloboma by 2 dpf (Table S1); coloboma was 

primarily severe, i.e. bilateral with large ventral gaps (Fig. 1C, E, G), consistent with a 

requirement for maternal zic2b during retinal morphogenesis. To confirm that zic2 

mutations were responsible for abnormal retinal morphogenesis, we genotyped 

representative embryos with and without coloboma individually (Fig. S2). This analysis 

showed that the majority of embryos with coloboma were zic2 mutants (going forward, 

we will refer to zic2 mutants derived from zic2b-/-mothers as MZ-zic2 mutants). 

Coloboma was also occasionally observed in maternally depleted embryos with one 

wildtype allele of zic2a (Fig 1H, I). 

By 5 dpf, all embryos with coloboma exhibited profoundly hypoplastic 

craniofacial cartilages, both in the neurocranium and pharyngeal arches, and severe 

periocular and cranial edema (Fig. 2A, B; Table S2). Similar defects were observed in 

embryos produced by heterozygous parents and those from zic2a+/−; zic2b−/− 

parents (data not shown). Genotypic analysis revealed that this phenotype was 

restricted to zic2 mutants and embryos with one wildtype allele of zic2a (Fig. 2C,D). 

Collectively, these data clearly demonstrate a requirement for zygotic zic2 function in 
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the developing retina and craniofacial cartilages, and an early contribution of maternal 

zic2b function to retinal morphogenesis. 

 

Zic2 restricts expression of pax2a in the optic stalk 

 

We next asked if ventral retinal patterning and/or morphology were disrupted 

in zic2 mutants at 24 hpf, prior to the first appearance of overt coloboma. The choroid 

fissure and the OS are marked by patterned expression of several homeobox 

transcription factors, including pax2a (Macdonald et al., 1995; Mui et al., 2005; Take-

uchi et al., 2003). We examined pax2a expression in zic2 embryos using whole mount 

in situ hybridization (WISH). Embryos derived from zic2a+/−;zic2b+/− parents 

exhibited normal expression of pax2a overall with the exception of the OS domain, 

which was mispatterned in 12% of the embryos (Fig. 3A, B). Post-hoc genotyping 

confirmed that all the embryos with mispatterned pax2a were homozygous for zic2b 

(Fig. 3C). All embryos with mispatterned pax2a exhibited aberrant ventral retina (Fig. 

3D–F), i.e. were also zic2agbt133 homozygous. We next applied confocal microscopy to 

examine distribution of the Pax2a epitope in 24 hpf MZ-zic2 mutants. Normal retina 

expressed Pax2a in the restricted portion of the retina adjacent to the choroid fissure 

(Fig. 3G). In MZ-zic2 mutants, retinal edges of the choroid fissure expressed Pax2a, 

but were separated by a large gap. The OS were abnormally wide and contained 

aberrantly high pax2a signal (Fig. 3H). We also noted an intense concentration of F-

actin at the choroid fissure in normal siblings and an absence thereof in mutant retina, 

consistent with aberrant morphogenesis. These observations are consistent with our 

previous finding that pax2a is ectopically expressed in embryos transiently depleted 
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of zic2a (Sanek et al., 2009). When examined in ventral cross-sections, MZ-zic2 

mutants exhibited aberrant expansion of Pax2a both in the ventral retina and in the 

pre-optic diencephalon contiguous with the OS (Fig. 3I, J). Pax2a-expressing 

diencephalon appeared dysmorphic, with thinner walls and larger lumen than the 

equivalent structure in the unaffected siblings (Fig. 3K, L). Collectively, these 

observations indicate an early requirement for zic2 function during morphogenesis of 

both the OS/choroid fissure boundary and the adjacent diencephalon. 

Hedgehog growth factors secreted from the ventral diencephalic midline pattern 

the OS and retina, partitioning it into three domains: the OS, ventral retina and dorsal 

retina (Ekker et al., 1995; Lee et al., 2008a; Lupo et al., 2005; Schimmenti et al., 

2003; Varga et al., 2001; Wang et al., 2015). Since pax2a requires Hh signaling for its 

expression, pax2a expansion in zic2 mutants may indicate aberrant levels of Hh or an 

aberrant downstream transcriptional response. Zebrafish that lack the functional Hh 

receptor blowout/ptc1 due to mutations show increased levels Hh signaling and 

develop with incompletely penetrant coloboma; this defect is efficiently rescued by 

exposure to low levels of cyclopamine, a small molecule that inhibits Hh signaling (Lee 

et al., 2008a). Cyclopamine treatment also rescues coloboma caused by knockdown 

of sox4 or sox11, transcription factors that function as inhibitory modulators of Hh 

signaling during retinal morphogenesis (Pillai-Kastoori et al., 2014; Wen et al., 2015). 

We reasoned that, if Hh signaling is expanded in zic2 mutants, inhibition of Hh 

signaling should reduce the penetrance and/or expressivity of coloboma. To test this 

prediction, we exposed progeny from zic2a+/−; zic2b−/− incrosses to low 

concentration of cyclopamine that was sufficient to rescue coloboma in blowout/ptc1 

mutants (Lee et al., 2008a). When progeny from zic2a+/−; zic2bt104 parents were 
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exposed to cyclopamine during gastrulation and somitogenesis, they developed with 

significantly milder coloboma than their vehicle-treated siblings (Fisher Exact test, p 

<0.02, Fig. 4A–E, Fig. S3). The overall morphology of the embryos was not affected 

at this cyclopamine concentration (3–4.5 μM). To test specificity of the rescue, we 

asked if cyclopamine rescue is allele-independent. Progeny from zic2a+/−; 

zic2buw1116 parents exhibited significant alleviation of coloboma phenotype after 

cyclopamine treatment (Fisher Exact test, p <0.04; Fig. 4E, Fig. S3). In contrast, 

cyclopamine did not significantly affect coloboma penetrance or expressivity in zygotic 

zic2 mutants (Fig. 4F, Fig. S3). These findings are consistent with the notion that Hh 

signaling is de-repressed in the absence of functional zic2 and that this de-repression 

contributes to retinal dysmorphology in zic2 mutants. 

 

Zic2 function is required for neural crest-derived craniofacial lineage formation 

 

We next set out to identify downstream effectors of zic2, i.e. genes whose 

transcription levels depend on zic2 function, using RNA-seq transcriptomic analysis 

(Fig. 5A). Embryos derived from zic2a+/−; zic2b+/− parents were sorted by coloboma 

at 25–28 hpf, when coloboma first manifests in zic2 mutants. RNA was isolated from 

individual embryos without pooling to increase the statistical power of analysis and 

subjected to high-throughput sequencing (see Materials and Methods for details). 

RNA-seq was performed on 10 samples in total, 5 normal and 5 with coloboma. One 

of the wild type samples was determined to be a mutant and excluded from further 

analysis. This approach identified a large set of 362 genes differentially expressed in 

zic2 mutants (199 increased and 169 reduced) (Table S3). We used the online 
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bioinformatics tool (Huang da et al., 2009) to sort the responsive gene list into 

categories based on tissue enrichment in zebrafish (ZFIN_ANATOMY). This analysis 

identified myotome/somite, craniofacial elements, and heart (enrichment scores 2.78, 

2.24 and 1.71, respectively). Myotome/somite markers and heart markers were found 

primarily in the upregulated set, consistent with expression of zic2b in zebrafish 

somites (Toyama et al., 2004) and with the demonstrated function for mammalian Zic2 

during myogenesis (Inoue et al., 2007; Pan et al., 2011). In contrast, craniofacial 

markers appeared among transcripts depleted in zic2 mutants. (Fig. 5A). This set 

included chondrogenic neural crest markers dlx1a, dlx2a, dlx4a and barx1, and 

xanthophore lineage markers aox5, gch2 and cax1 (references in Table S4). We have 

previously shown both lineages to be strongly dependent on zic2 function in 

morpholino assays (Teslaa et al., 2013). A small number of retinal markers were also 

reduced in zic2 mutants, namely, vax1 and vax2, Hh-regulated OS/ventral retina 

markers (Take-uchi et al., 2003), and atoh7, expressed in retinal ganglion cells (Masai 

et al., 2000). Notably, pax2a transcript levels were unchanged in zic2 mutants, 

perhaps because the mispatterning we have documented in Fig. 3 affects a small 

portion of its expression domain. 

To validate these results, we used WISH on zic2 mutants and siblings. Dlx2a 

was specifically reduced in pharyngeal arch primordia at 24 hpf, but not in the tel- or 

diencephalon, in 6% of progeny from zic2a+/−;zic2b+/− parents (Fig. 5B–E), and this 

reduction was restricted to zic2b−/− embryos (Fig. 5F). Reduced expression of atoh7 

and vax2 was also confirmed by WISH (Fig. S4). 

Cldn11a, a tight junction component enriched in myelinating oligodendrocytes 

(Bronstein et al., 1997; Morita et al., 1999) was the most strongly depleted gene 
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identified by RNA-seq (Fig. 5A). In zebrafish, cldn11a expression has been reported 

in vascular endothelium (Cannon et al., 2013). In contrast, we found cldn11a 

expression to be restricted to a small group of cells anterior to the retina, in close 

proximity to the choroid fissure, at 24 hpf (Fig. 5G). Consistent with RNA-seq results, 

cldn11a expression was nearly abolished in zic2 mutants assayed by WISH (Fig. 5H). 

Notably, cldn11 transcription requires zic2 function in the differentiating mammalian 

cerebellar ganglion cells (Frank et al., 2015). 

 

Zic2 controls transcription of alx1 in the periocular neural crest 

 

One of the candidate targets of zic2 identified by RNA-seq, Alx1, is expressed 

in chondrogenic neural crest and functions during retinal and craniofacial cartilage 

morphogenesis. Homozygous mutations in alx1 are associated with profound 

frontonasal dysplasia and microophthalmia in humans (Bertola et al., 2013; Uz et al., 

2010), and zebrafish alx1 morphants develop with hypoplastic craniofacial cartilages 

and coloboma (Dee et al., 2013). WISH analysis corroborated depletion of alx1 

transcript in zic2 mutants (Fig. 6A,B). We examined expression of alx1 during normal 

development to verify its restriction to neural crest. At 16 hpf, alx1 was expressed in 

the frontonasal neural crest, which forms the facial skeleton (Couly et al., 

2002; Langenberg et al., 2008) (Fig. 6C, D). alx1 was expressed in the periocular 

region at 24 and 36 hpf (Fig. 6E, F) and in the ethmoid plate anlagen at 48 hpf (Fig. 

6F). alx1 was also expressed in the prospective swim bladder, but this domain did not 

appear to be affected in zic2 mutants (not shown). 
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To ask if alx1 depletion was indicative of a broader periocular mesenchyme 

deficit, we examined expression of crestin, an early general marker of neural crest 

(Langenberg et al., 2008) in MZ-zic2 mutants and siblings. We found the anterior 

stream of crestin-positive neural crest and its pharyngeal domain strongly reduced in 

zic2 mutants (Fig. 7A–E). In contrast, crestin-expressing cells in the trunk appeared 

unaffected (Fig. 7C, F). 

Since crestin is not expressed in the ventral portion of periocular neural crest, 

we examined this NC population directly by high-resolution confocal imaging. MZ-zic2 

mutants and their siblings were fixed at 24 hpf and stained for F-actin and DNA to 

visualize cell outlines and nuclei. In normal siblings, cells with mesenchymal 

appearance were observed in the periocular space adjacent to the choroid fissure; 

these were enriched in the proximal (closest to the OS) half of the optic cup (Fig. 8A–

C). In contrast, the ventral periocular space was largely devoid of cells along the entire 

proximodistal axis of the mutant optic cup (Fig. 8D–F). Taken together, these data 

argue that zic2 plays a critical early role during periocular neural crest formation. 

 

Discussion 

 

The data presented here establish the first genetic model of zic-linked birth 

defects in zebrafish and extends our understanding of how zic2 coordinates 

development of the craniofacial complex comprised of brain, retina and craniofacial 

cartilages. We show that zebrafish zic2a and zic2b function redundantly to promote 

Hh-dependent retinal morphogenesis and demonstrate a requirement for both zygotic 
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and maternal zic2 in controlling morphogenesis of the optic stalk and retina, and to 

restrict pax2a expression in this region. This study confirms a key early role for zic2 in 

neural crest formation and identifies a homeobox transcription factor Alx1 as a novel 

effector of zic2 function in the periocular neural crest. 

 

Where does zic2 function to control eye morphogenesis 

 

Our transcriptome analysis identified an early requirement for zic2 function in 

a number of neural crest lineages, particularly in the cartilage precursors of the 

branchial arches and in periocular neural crest. Zebrafish zic2a and zic2b are 

predominantly expressed in the presumptive neural crest (Grinblat and Sive, 

2001; Nyholm et al., 2007; Teslaa et al., 2013; Toyama et al., 2004); hence it is 

tempting to speculate that zic2 controls ventral retinal morphogenesis indirectly, via a 

primary function in neural crest. Alx1 is an attractive candidate effector of Zic2, since 

alx gene family members function in periocular neural crest to regulate retinal 

morphogenesis in human, mouse and zebrafish (Bertola et al., 2013; Dee et al., 

2013; Lakhwani et al., 2010; Qu et al., 1999; Uz et al., 2010; Zhao et al., 1996). 

Non-cell-autonomous roles for periocular neural crest in choroid fissure 

morphogenesis have been demonstrated in mouse mutants (Evans and Gage, 

2005; Matt et al., 2008) and in zebrafish morpholino knockdowns (Lupo et al., 

2011; McMahon et al., 2009). There is yet much to learn about the mechanisms of 

these cell interaction, e.g. which specific neural crest lineages are important, when 

and how they interact with the retina, and which genes direct these interactions. 
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Addressing these questions in robust mutant-based models will be essential going 

forward, yet such models are currently few and far between. The zic2 mutant zebrafish 

is an important step toward filling this gap. 

Genetic removal of maternal zic2b enhances penetrance and expressivity of 

retinal coloboma in zic2 mutant embryos (Fig.1), suggesting a potential requirement 

for zebrafish zic2 function during gastrulation. Zic2a and 2b are expressed in the 

gastrula mesoderm (Drummond et al., 2013; Grinblat and Sive, 2001; Toyama et al., 

2004), including the prechordal plate, which induces formation of the hypothalamus in 

the ventral diencephalon (Mathieu et al., 2002; Pera and Kessel, 1997; Rubenstein et 

al., 1998). The hypothalamus subsequently becomes an important source of Shh and 

is required for regionalization of the anterior diencephalon and optic fissure 

(Shimamura and Rubenstein, 1997; Zhao et al., 2012). It is therefore feasible that zic2 

functions in the prechordal plate during gastrulation to promote ventral 

diencephalic/hypothalamic specification and the establishment of the hypothalamic 

signaling center. This hypothesis is supported by the partial rescue of coloboma by Hh 

inhibition in MZ-zic2 mutants. Notably, mouse zic2 promotes formation of the 

embryonic organizer during gastrulation (Barratt et al., 2014; Houtmeyers et al., 

2016; Warr et al., 2008). 

zic2a, but not zic2b, is also expressed in a restricted domain in the distal OS 

(Nyholm et al., 2007; Sanek et al., 2009; Toyama et al., 2004), where it may function 

to promote choroid fissure formation cell-autonomously. However, zic2b function 

should then be largely dispensable for normal retinal morphogenesis; this prediction 

is not born out by our results, which instead point toward a strict requirement for zic2b 
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and a somewhat relaxed requirement for zic2a function during retinal morphogenesis 

(Fig. 1). 

zic2a and zic2b are also expressed in the retina itself, as is zic2 in higher 

vertebrates (Brown et al., 2003; Nagai et al., 1997; Toyama et al., 2004). While this 

expression begins relatively late, ~ 24 hpf, it may contribute to retinal morphogenesis 

cell-autonomously. The timing of the zic2 mutant deficits described here, which 

manifest by 24 hpf, argues against a cell-autonomous function of zic2 in the retina. 

However, the accumulated evidence in mouse models warrants a detailed 

examination of retinal function of zebrafish zic2 (Garcia-Frigola et al., 2008; Herrera 

et al., 2003; Lee et al., 2008b). zic2 mutants in combination with powerful 

methodologies available in zebrafish, e.g. transplant assays, tissue-specific 

transgenesis and high-resolution live imaging, provide a robust platform for testing 

these hypotheses efficiently in future studies. 

 

What is the molecular mechanism of zic2 function in the developing retina? 

 

Misregulation of PAX2 has been causally linked to coloboma in humans 

(reviewed in (Gregory-Evans et al., 2004) and in chick (Sehgal et al., 2008). 

Regardless of the cell type where zic2 exerts its primary function, it is likely that 

misregulation of pax2a in zic2 mutants demonstrated here and in zic2 morphants 

(Sanek et al., 2009) contributes to their retinal anomalies; for this reason, it will be 

important to ask if this mechanism is conserved in mouse models. 
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Our demonstration that cyclopamine exposure ameliorates zic2-linked 

coloboma supports, albeit indirectly, the idea that Hh signaling upregulation is 

responsible for retinal defects in zic2 mutants. pax2a, a target of Hh signaling, is 

mispatterned, but is not reduced overall in zic2 mutants. Likewise, upregulation of Hh 

signaling is not detectable at the level of whole-transcriptome gene expression of 

known direct targets of Hh at the diencephalic midline, ptc1 and nkx2.2 (Bergeron et 

al., 2008). These genes are also expressed normally in zic2 mutants when assayed 

by WISH (data not shown). 

An alternate hypothesis, consistent with the apparent de-repression of Hh 

signaling in zic2 mutants posits that Zic2 regulates transcription of Hh pathway 

components in a small portion of the embryo, such that would not be detected by our 

whole-embryo transcriptome approach. For example, it is plausible that a sub-lineage 

of the periocular neural crest modulates Hh signaling by producing secreted Hh 

inhibitors or creating physical barriers for Hh diffusion. It is also possible that zic2 

restricts pax2a transcription via a parallel, Hh-independent mechanism. If this were 

the case, cyclopamine acting through Hh signaling may counteract pax2a expansion 

in zic2 mutants, thereby alleviating severity of coloboma observed in MZ-zic2 mutants. 

Our data are also consistent with the possibility that zic2 controls cell movements of 

pax2a-expressing cells rather than pax2a transcription. While the apparent increase 

in the number of pax2a-positive cells in the mutant diencephalon (Fig. 3G–I) argues 

against this hypothesis, additional studies are needed to test these hypotheses. 

We have likely missed important targets of zic2 in our whole-embryo 

transcriptome analysis. In other contexts, zic2 has been shown to directly modulate 

Nodal signaling and canonical Wnt signaling (Fujimi et al., 2012; Houtmeyers et al., 
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2016; Murgan et al., 2015; Pourebrahim et al., 2011) and may function in this capacity 

in the developing zebrafish. Exciting recent data identify Zic2 as a key co-factor for 

chromatin remodeling in embryonic stem cells (Luo et al., 2015), and may function in 

this capacity in the developing embryos. Nonetheless, the broad-stroke approach 

taken here has correctly identified a number of cell lineages that depend on zic2 

function, among them periocular neural crest, which is necessary for the formation and 

subsequent closure of the choroid fissure and whose migration is guided by the optic 

vesicle and by the optic stalks (Eberhart et al., 2008; Langenberg et al., 2008). Despite 

its limitations, this approach has led us to identify a strong candidate effector of zic2 

function in retinal and craniofacial development, alx1. Going forward, RNA-seq to MZ-

zic2 embryos at earlier stages of development will allow identification of a more 

complete and focused set of proximal zic2 targets and effectors. 

 

How does this work inform our understanding of mammalian HPE and related 

disorders? 

 

Loss-of-function alleles of ZIC2 are found in 10% of patients with the HPE 

(Brown et al., 2005; Solomon et al., 2010). zic2-linked HPE is unusual for two reasons. 

First, its penetrance in human patients is the highest of the common HPE-linked genes, 

87%; by comparison, penetrance of HPE in patients with Shh mutations is only 36% 

(Solomon et al., 2012). Second, in contrast to Shh-linked HPE, facial structures of 

zic2-linked HPE patients are largely normal, although their cerebral morphology 

ranges from microform to severe alobar (Solomon et al., 2010). This suggests that the 
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developing human forebrain is very sensitive to reduction in ZIC2 levels during human 

embryogenesis (in contrast, duplication of the ZIC2-containing region does not disrupt 

human development (Jobanputra et al., 2012). 

Mouse and zebrafish embryos are less sensitive to zic2 depletion, since they 

develop normally when heterozygous for loss-of-function alleles of zic2. Coloboma is 

the most obvious defect in zebrafish that lack zic2, but diencephalic deficits are also 

present, as indicated by dysmorphic preoptic diencephalon (Fig. 3), narrowing of 

forebrain midline in the MZ-zic2 mutants (Fig. 1) and reduction of ventral diencephalic 

marker expression in zic2 mutants (e.g. lhx6 and nkx2.1; Fig. S3). In contrast, 

homozygous zic2 mouse mutants develop with prominent forebrain defects (Elms et 

al., 2003; Nagai et al., 2000). Gongal et al (Gongal et al., 2011) have proposed that 

HPE and coloboma represent mild and severe aspects of the same phenotypic 

spectrum; by this token, it is likely that the overt differences between mouse and 

zebrafish mutant phenotypes reflect quantitative rather than qualitative differences in 

brain primordium architecture in teleosts vs mammals. This argument further 

emphasizes the need for in-depth analysis of zic2 functions in more than one model 

organism. 

It is important to note that zic2 double mutant phenotypes largely, but not 

completely, replicate the phenotypes observed after morpholino-mediated knockdown 

of zic2a and zic2b individually. The biggest difference between the assays is observed 

in the anterior diencephalon, which forms normally in MZ-zic2 mutants (Fig. 3), but is 

disrupted in zic2a morphants (Sanek and Grinblat, 2008; Sanek et al., 2009; Teslaa 

et al., 2013). This difference may indicate genetic compensation by other members of 

the zebrafish Zic family that function during brain morphogenesis (Elsen et al., 
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2008; Maurus and Harris, 2009; Winata et al., 2013) and retinal morphogenesis 

(Maurus and Harris, 2009). More generally, this study demonstrates the ability of 

closely related orthologs to compensate for each other’s functions when disrupted 

chromosomally, but not via transient knockdown. These data will contribute to the 

collective efforts to understand the mechanisms that underlie the well-documented 

differences in outcomes of gene disruption through transient knockdown and 

chromosomal lesions in target genes (Kok et al., 2015; Rossi et al., 2015). 

Collectively, our data identify a novel role for zic2 in frontonasal/periocular 

neural crest development and establish a new animal model of inherited coloboma 

with frontonasal dysplasia. These data suggest that ZIC2 mutations may contribute to 

human conditions other than HPE, e.g. frontonasal dysplasia. Human hereditary 

coloboma frequently presents unilaterally, an indication that modifiers (genetic or 

environmental) are important contributors to choroid fissure formation. We find that 

coloboma in zygotic zic2 mutants is incompletely penetrant and predominantly 

unilateral, making this model ideally suited for modifier screens to identify molecular 

pathways that interact with zic2. This model will also facilitate in-depth analysis of other 

key roles for zic2, e.g. their functions in post-mitotic neurons such as cerebellar 

granule neurons (Frank et al., 2015) and Cajal-Retzius cells (Escalante et al., 

2013; Murillo et al., 2015) and its potential link to schizophrenia (Hatayama et al., 

2011). 
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Figure 1. Zebrafish Zic2 is required during retinal morphogenesis 

A: normal retinal morphology. B: retina exhibiting mild coloboma (*). C: retina exhibiting 

severe coloboma with periocular hemorrhaging (**). D: normal retinal morphology. E: 

bilateral coloboma in a severely affected embryo (**). F: mild, unilateral coloboma in 

an affected embryo. G: Penetrance and expressivity of coloboma is increased in 

progeny that lack maternal zic2b, derived from zic2agbt133/+; zic2bt104/zic2bt104 parents, 

compared to those from double heterozygous (zic2agbt133/+; zic2bt104/+) parents (see 

Table S1 for details). H, I: Both CRISPR- and TALEN-induced mutant alleles of zic2b 

are tightly associated with coloboma in MZ-zic2 embryos. Embryos in A–C are at 2–3 
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dpf, shown in lateral views, anterior to the left. Embryos in D–F are at 4 dpf, shown in 

anterior views, dorsal at the top. 
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Figure 2. Zebrafish Zic2 is required for craniofacial cartilage development 

A: normal neurocranium and branchial arches. B: hypoplastic, disorganized 

craniofacial cartilages in a zic2 mutant. C: Craniofacial defects are enriched in zic2 

mutants derived from double heterozygous parents. D: In embryos that lack maternal 

zic2b, craniofacial defects are observed in zic2 mutants and in embryos with one 

wildtype copy of zic2a. Cartilage was visualized by staining with Alcian Blue. Embryos 

at 5 dpf are shown in ventral views, anterior to the left. 
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Figure 3. Pax2a expression is aberrant in MZ-zic2 mutants at 1 dpf. 

Pax2a expression at 1 dpf was visualized in embryos derived from zic2agbt133/+; 

zic2buw1116/+ parents using WISH (A–F) or in progeny of zic2agbt133/+; zic2buwt104 parents 

using immunohistochemistry (G–L). A: normal pax2a expression in the ventral retina 

(*). B: mispatterned pax2a expression (*) was observed in 12 out of 103 embryos (12%, 

2 expts.). C: Only zic2b homozygous embryos exhibit pax2a mispatterning. zic2a 

genotype was not tested because PCR genotyping was not robust after WISH. D–F: 

Embryos with mispatterned pax2a expression also exhibit coloboma, indicative of 

homozygosity for zic2agbt133. G, H: confocal stacks through representative retina of 

normal (G) and zic2 mutant (H) retina. I, J: confocal stacks through the ventral aspects 

of a normal (I) and zic2 mutant (J) diencephalon and retina. Arrowheads in H, J point 

to the aberrant optic stalk. In G–J, yellow = Pax2a, magenta = F-actin cytoskeleton 

visualized by phalloidin. K, L: single confocal sections through representative normal 

(K) and zic2 mutant (L) embryos, imaged ventrally at the level of choroid fissure. 
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magenta = Pax2a; yellow = acetylated tubulin; cyan = nuclei visualized by DAPI. 

Embryos are shown in lateral views, anterior to the left (A–F) or anterior to the right 

(G, H); in ventral views with anterior at the top (I–L). 
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Figure 4. Cyclopamine treatment reduces frequency and severity of coloboma in zic2 

mutants 

A: normal retinal morphology; B: retina with mild coloboma; C: retina with moderate 

coloboma. D: Embryos were derived from zic2agbt133/+; zic2bt104 parental crosses and 

exposed to 3 or 4.5 μM cyclopamine (CyA) from 3–5 hpf until 24–26 hpf. In CyA-

treated groups (3 expts; Fig. S3A), the proportion of embryos with coloboma was 

reduced significantly compared to vehicle-treated control siblings (Fisher’s Exact test, 

P < 0.001). Proportion of severely affected embryos among all embryos with coloboma 

was also decreased in CyA-treated siblings (Fisher Exact test, p<0.02). E: Embryos 
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were derived from zic2agbt133/+; zic2buw1116 parents and treated starting at 3 hpf with 

4.5 uM Cya. CyA-treated groups exhibited reduction in coloboma penetrance (Fisher’s 

Exact test p<0.04) compared to vehicle-treated control siblings (2 expts; Fig. S3B). F: 

Embryos were derived from zic2agbt133/+; zic2buw1116/+ parents and treated as in D with 

4.5 uM CyA or vehicle starting at 3 hpf. Proportion of embryos with coloboma was not 

affected by exposure to cyclopamine (2 expts). Embryos with unilateral mild coloboma 

were scored as “mild”; embryos with bilateral mild coloboma were scored as 

“moderate”, and embryos with bilateral moderate coloboma were scored as “severe”. 
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Figure 5. RNA sequencing transcriptome analysis identifies a set of Zic2-dependent 

targets 

A: Embryos derived from zic2agbt133/+; zic2b1127/+ parents were sorted by presence or 

absence of coloboma into zic2 mutants and sibling groups, respectively. RNA 

extracted from individual embryos (4 wildtype and 5 with coloboma) was used to 

prepare cDNA libraries for illumina high-throughput sequencing. Genes with assigned 

value of False-Discovery Rate below 0.05 were preliminarily selected. The heat-map 

color represents relative expression levels of differentially expressed genes; 4 out of 

5 coloboma-representing libraries are shown to maintain visual balance with the 4 

normal sibling samples. B, C: Representative sibling and zic2 mutant embryos derived 

from zic2agbt133/+;zic2buw1116/+ parents show normal dlx2a expression by WISH in the 

telencephalon and diencephalon. D: normal dlx2a expression in branchial arch 
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primordia. E: depleted branchial arch dlx2a expression (arrowhead) was observed in 

7 out of 127 (6%, 3 expts.) of embryos from this cross. F: Only zic2b− homozygotes 

exhibited dlx2a reduction in branchial arch primordia. G: normal cldn11a expression 

adjacent to the optic stalk of embryo with normal retinal morphology. H: depleted 

cldn11a expression in zic2 mutant with coloboma. Embryos in B – E are shown in 

lateral views, anterior to the left. Embryos in G and H are shown in dorsal views, 

anterior to the left. 
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Figure 6. Alx1 is a novel target of zic2 in the periocular neural crest 

Embryos derived from zic2agbt133/+; zic2bt104/zic2bt104 parents were stained for alx1 

expression by WISH. A: normal expression in periocular mesenchyme of sibling 

embryo. B: depleted expression in zic2 (arrow) in mutant embryo (39 out of 112 total, 

2 expts). C–G: wild type embryos stained for alx1 expression by WISH. C–D: alx1 is 

expressed in frontonasal neural crest at 16 hpf. E, F: alx1 is expressed in periocular 

mesenchyme (*) at 24 hpf and 36 hpf. G: alx1 is expressed in the ethmoid plate 

(arrowhead) at 48 hpf. Embryos in A, B, C, and E are shown in lateral views, anterior 

to the left. Embryo in D is shown dorsally, anterior to the left. Embryos in F and G are 

shown in anterior views, ventral at the top. 
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Figure 7. Frontonasal and pharyngeal neural crest is depleted in MZ-zic2 mutants 

A–C: normal crestin expression in frontonasal and pharyngeal neural crest. D–F: 

depleted crestin expression in 14 of 55 embryos from a zic2agbt133/+; zic2bt104/zic2bt104 

incross. Arrows point to periocular neural crest. Arrowhead points to pharyngeal arch 

expression. Embryos are shown in lateral views, anterior to the left. 
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Figure 8. Ventral periocular neural crest is depleted in MZ-zic2 mutants 

Single confocal sections through optic cups of embryos derived from zic2agbt133/+; 

zic2buw1116/zic2buw1116 parents. A–C′: embryo with normal retinal morphology. D–F′: 

embryo with coloboma. Embryos were imaged in lateral mounts. Cyan = nuclei 

visualized by DAPI; yellow=F-actin cytoskeleton visualized by phalloidin. Arrowheads 

point to aberrant gap in the ventral retina (coloboma). Embryos are shown in lateral 

views, anterior to the right (A–C) or anterior to the left (E–G). B′, C′, E′, F′ are enlarged 

from B,C,E and F, respectively. 
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Supplementary Figure 1. Generation and characterization of mutant alleles at zic2a 

and zic2b loci. 

A: zic2agbt133 was identified in an insertional mutagenesis screen (Clark et al., 2011). 

This insertion in the first coding exon of zic2a, near the N-terminus of the predicted 

open reading frame of zic2a. This allele is predicted to be a functional null. Tracks from 

individual embryos deep-sequenced on the Illumina platform show that the insertional 

allele inhibits transcription of the first coding exon of zic2a. B: CRISPR and TALEN 

nucleases were designed to target different sites in the first coding exon of zic2b.Two 

mutant alleles of zic2b were generated using CRISPR mutagenesis (uw1127 and 

uw1116). A third allele of zic2b was generated using TALEN mutagenesis (uwt104). 

Uwt104 and uw1116 cause frameshifts; uw1127 is an in-frame insertion that contains 

a translational termination codon. All three alleles encode truncated proteins that do 

not contain the ultra-conserved zinc binding domains. C: normal 5 dpf sibling and D: 

zic2 mutant with cerebral edema (arrow) from a zic2 heterozygous carrier incross. 
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Supplementary Figure 2. PCR genotyping assays used to identify zic2a and zic2b 

mutant alleles.  

A: Two sets of primers were used to identify the viral insertion in zic2agbt133. gbt forward 
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and reverse primers amplify a 202 nt band in carriers only. wt forward and reverse 

primers amplify a 582 nt band from the wildtype allele of zic2a. 

B: zic2b(crispr) forward and reverse primers amplify a 134 nt fragment from the wild 

type allele, and a 150 nt fragment from the zic2b1116 allele. 

C: zic2b(talen) forward and reverse primers amplify 78 nt and 82 nt fragments from 

zic2bt104 and wild type alleles, respectively. 
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Supplementary Figure 3. Results of cyclopamine treatments of zic2 mutant embryos. 

A: Embryos were derived from three independent zic2agbt133/+; zic2bt104 parental 

crosses. Each clutch was divided into two groups, one treated with 3 or 4.5 μM 

cyclopamine and the other with vehicle control, starting at 3-5 hpf. Drug was removed 

at 24 – 26 hpf. At 3 dpf, retinal morphology was scored blind to treatment condition. B: 

Embryos were derived from zic2agbt133/+; zic2buw1116 parents. Each clutch was divided 

into three groups, treated as follows: vehicle only added at 3 hpf; 4.5 μM cyclopamine 
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added at 3 hpf; and 4.5 μM added at 6 hpf. C: Embryos were derived from zic2agbt133/+; 

zic2buw1116/+ parents and treated as in A. In all experiments, embryos with unilateral 

mild coloboma were scored as “mild”; embryos with bilateral mild coloboma were 

scored as “moderate”, and embryos with bilateral moderate coloboma were scored as 

“severe.” 
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Supplemental Figure 4. Aberrant expression of Atoh7 and vax2 in MZ-zic2 mutants. 

Embryos derived from zic2agbt133/+; zic2bt104/zic2bt104 parents were stained for atoh7 

(A,B) and vax2 (C,D) expression by WISH. A: normal atoh7 expression in retinal 

precursor cells (arrowhead); B: depleted atoh7 expression in 8 out of 33 embryos 

(24.2%). C: normal vax2 expression in choroid fissure (arrow); D: depleted vax2 

expression. Embryos are shown in lateral views, anterior to the left. 
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Supplementary Table 1. Frequency of coloboma in zic2 mutant crosses 

 

 

 

Supplementary Table 2. Frequency of craniofacial defects in zic2 mutant crosses 
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Supplementary Table 3. Gene expression data for the replicate RNA-Seq libraries 

representing wild type and coloboma zebrafish embryos.  

Genome-wide data ("All Data") and genes differentially expressed between coloboma 

and wild type samples, defined by FDR < 0.05 of edgeR differential expression test 

("Responsive"). Column A, gene ID; column B, False Discover Rate from edgeR; 

columns C to F, gene expression (Transcript Per Million - TPM - values) for wildtype 

libraries; columns G to K, gene expression (TPM) for coloboma-representing libraries; 

columns L and M - average expression levels for wild type and coloboma libraries, 

respectively; column N, bidirectional fold change values for coloboma vs. wild type 

comparison (genes downregulated in coloboma are assigned negative fold change 

values); columns O and P, gene name and gene product description, where available. 
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Gene Expression at 24 hpf References 

dlx2a pharyngeal neural crest, 

telencephalon, ventral  

thalamus 

(Akimenko et al., 1994) 

dlx4a pharyngeal neural crest (Talbot et al., 2010) 

barx1 pharyngeal neural crest (Sperber et al., 2008) 

aox5  

(prev. names  

xdh, aox3) 

xanthophore precursors (Parichy et al., 2000) 

gch2 xanthophore precursors (Parichy et al., 2000) 

cax1 xanthophore precursors, 

pharyngeal neural crest 

(Manohar et al., 2010) 

 

Supplementary Table 4. Neural crest lineage genes with reduced expression in zic2 

mutants 

 

Akimenko, M.A., Ekker, M., Wegner, J., Lin, W., Westerfield, M., 1994. Combinatorial 

expression of three zebrafish genes related to distal-less: part of a homeobox gene 

code for the head. The Journal of neuroscience : the official journal of the Society for 

Neuroscience 14, 3475-3486. 

Manohar, M., Mei, H., Franklin, A.J., Sweet, E.M., Shigaki, T., Riley, B.B., Macdiarmid, 

C.W., Hirschi, K., 2010. Zebrafish (Danio rerio) endomembrane antiporter similar to a 



106 

 

yeast cation/H(+) transporter is required for neural crest development. Biochemistry 

49, 6557-6566. 

Parichy, D.M., Ransom, D.G., Paw, B., Zon, L.I., Johnson, S.L., 2000. An orthologue 

of the kit-related gene fms is required for development of neural crest-derived 

xanthophores and a subpopulation of adult melanocytes in the zebrafish, Danio rerio. 

Development 127, 3031-3044. 

Sperber, S.M., Saxena, V., Hatch, G., Ekker, M., 2008. Zebrafish dlx2a contributes to 

hindbrain neural crest survival, is necessary for differentiation of sensory ganglia and 

functions with dlx1a in maturation of the arch cartilage elements. Developmental 

biology 314, 59-70. 

Talbot, J.C., Johnson, S.L., Kimmel, C.B., 2010. hand2 and Dlx genes specify dorsal, 

intermediate and ventral domains within zebrafish pharyngeal arches. Development 

137, 2507-2517. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



107 

 

 

 

 

Chapter III 

Zebrafish alx1 and alx3 regulate craniofacial 

and ocular morphogenesis 

 

 

 

This chapter is currently in prep for publication. 

Authors: Yoon, B., Bluhm, L., Kawasaki, K., Yeung, P., Santistevan, N., 

Dubielzig, R.R., Liao, E.C., Grinblat, Y. 

 

 

 

 



108 

 

Introduction  

Proper genetic and environmental regulation is critical for the development of 

craniofacial complex, including the anterior segment of the eyes (anterior segment) 

and anterior neurocranium. Frontonasal dysplasia (FND), linked with mutations of the 

ALX, aristaless-like homeobox protein, gene family (Pini et al., 2020; Uz et al., 2010), 

and fetal alcohol syndrome (FAS), associated with prenatal ethanol exposure 

(Kaminen-Ahola, 2020), are two major congenital defects that negatively affect 

craniofacial complex development. While the occurrence of hereditary FND is very 

rare (Pini et al., 2020), the occurrence of FAS is very common worldwide (Lovely et 

al., 2017). Genetic susceptibility to ethanol toxicity has been previously characterized 

(de la Morena-Barrio et al., 2018; Eberhart and Parnell, 2016; Kaminen-Ahola, 2020; 

Lovely et al., 2017); however, it remains not fully understood.  

The formation of both the anterior segment and the anterior neurocranium is 

heavily influenced by anterior cranial neural crest (aCNC), a group of migratory stem 

cells from the posterior diencephalon and midbrain neural plate that migrates around 

the eyes (Kish et al., 2011; Serbedzija et al., 1992; Wada et al., 2005). aCNC 

differentiates into various anterior segment cell types (Cavodeassi et al., 2019; Cvekl 

and Tamm, 2004; Ma and Lwigale, 2019; Williams and Bohnsack, 2015), vascular 

pericytes of hyaloid vasculature (Gage et al., 2005; Trost et al., 2013), and anterior 

neurocranium (Kague et al., 2012; Kuratani, 2018). Despite the significance of aCNC 

in craniofacial complex development, little is known about how aCNC development is 

regulated genetically and environmentally. 

The alx gene family plays essential roles in craniofacial complex development 

through regulating aCNC-derived lineages. The alx gene family is co-expressed in 
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aCNC that gives rise to anterior neurocranium (Dee et al., 2013; McGonnell et al., 

2011; Qu et al., 1999; ten Berge et al., 1998), anterior segment (Ma and Lwigale, 2019), 

and periocular neural crest (Ma and Lwigale, 2019; Sedykh et al., 2017). In humans, 

ALX mutations are linked with FND and ocular defects (Pini et al., 2020; Uz et al., 

2010). Alx gene function in craniofacial complex development is highly conserved 

throughout vertebrates as shown in the Burmese cat (Lyons et al., 2016), mouse 

(Beverdam et al., 2001; Forsthoefel, 1963; Lakhwani et al., 2010; Qu et al., 1999; Zhao 

et al., 1996), and zebrafish (Dee et al., 2013; Pini et al., 2020). A recent report 

demonstrates that alx1 is required for regulating neural crest differentiation and 

migration in vitro and in vivo (Pini et al., 2020). While these data suggest that the alx 

gene family regulates aCNC lineages, the extent of alx gene family contribution to 

aCNC development is not well understood.  

aCNC development is very sensitive to external oxidative stress (Sakai et al., 

2016). Oxidative stress reduces the production of antioxidative defense genes in 

neural crest (Wentzel and Eriksson, 2011) and activates excessive apoptosis of neural 

crest (Wang et al., 2015), which, in both cases, threaten neural crest survival. In 

humans, dysregulation of oxidative state has been implicated in FAS (Brocardo et al., 

2011; Dong et al., 2010; Eberhart and Parnell, 2016; Kaminen-Ahola, 2020; Lovely et 

al., 2017). Notably, mouse alx3 is found to regulate oxidative stress through activating 

foxo1, which then promotes the oxidative stress defense response (Garcia-Sanz et al., 

2017). It is necessary to have a robust animal model to fully understand the gene-

environmental interaction on aCNC development.  

Here we report that ALX1 homozygous loss-of-function mutation is associated 

with severe ocular malformation in human. Likewise, we show that alx1 mutant adult 
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fish develop with ocular impairments. We use CRISPR/Cas9-mediated mutagenesis 

to target the alx3 locus in alx1 mutant background to generate alx1; alx3 double 

mutants to investigate the genetic interaction within the alx gene family members. We 

demonstrate a requirement for alx1 and alx3 in craniofacial cartilage development 

through regulating the migration of aCNC to the median element of anterior 

neurocranium. In addition, we show that alx1 and alx3 are required for anterior 

segment development, along with hyaloid and ocular vasculature formation. We find 

no evidence that alx1 and alx3 function are required for retinal ganglion cell 

differentiation and vision. Lastly, we identify that alx1 confers genetic robustness 

against environmental perturbations, namely, alcohol exposure. Collectively, these 

data establish an alx1 mutant and an alx1; alx3 double mutant zebrafish model for 

dissecting the gene – environmental interactions of the alx gene family during 

craniofacial complex development.  

 

Materials and Methods 

 

Zebrafish strains and embryo manipulation 

 

Adult zebrafish were maintained according to established methods 

(Westerfield, 1993). All experimental protocols using zebrafish, including adult 

euthanasia, were approved by the University of Wisconsin Animal Care and Use 

Committee and carried out in accordance with the institutional animal care protocols. 

Embryos were obtained from natural matings and staged according to Kimmel 
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(Kimmel et al., 1995). The following mutant strains of zebrafish were used: alx1uw2016 

(Pini et al., 2020) and alx1uw2016; alx3uw2113, generated by CRISPR/Cas9 mutagenesis 

in the course of this study. Alx1; alx3 double mutants were obtained by introducing 

alx3 CRISPR (GGAGTCCCCAGTCAAGCCGT) into alx1uw2016 mutant background. 

For adults, alx1uw2016 and alx3uw2113 mutant alleles were identified by PCR genotyping 

of genomic DNA extracted from tail clips.  

Ethanol treatment was carried out as follows: Embryos were treated with 0.5% 

ethanol diluted in E3 starting at 6 hours post fertilization (hpf). At 2 days post 

fertilization (dpf), embryos were transferred to fresh E3 and raised until 5 dpf to score 

for craniofacial defects or until 2 months to score for ocular defects.  

 

Sequencing and PCR genotyping of alx1, alx3, pappaap170 mutant alleles 

 

To determine alx1 and alx3 genotypes, DNA was extracted from individual 

embryos or adult fish and subjected to PCR with the following primers: alx1 forward: 

5’- CGTGACTTACTGCGCTCCTA – 3’ (Pini et al., 2020), alx1 reverse: 5’- 

CGAGTTCGTCGAGGTCTGTT  - 3’ (Pini et al., 2020), alx3 forward: 5’- 

CTATCCCGCTCTGGACTCAG - 3', alx3 reverse: 5’- TCCTCCAGTTGAAAGGTGCT 

- 3'. Alx3 PCR fragments were subcloned via TA cloning into pGEMT-Easy (Promega) 

and sequenced to characterize the mutations. To determine pappaap170 genotype, 

DNA was extracted from individual larvae and subjected to PCR with the following 

primers: pappaap170 forward: 5’- CACTCTGGAGCCTCCAGCTTGCGGT– 3’ (Wolman 

et al., 2015), pappaap170 reverse: 5’- TTGCTGACGTTGTGTACG– 3’ (Wolman et al., 
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2015). The PCR product was digested with Mse1 (New England Biolabs), cleaving the 

mutant allele and producing a 245 bp fragment distinguishable from the 271 bp wild-

type (WT) allele. Subsequently, metaphor (Lonza) gel electrophoresis was used to 

genotype individual embryos and adult fish. 

 

Immunohistochemistry 

 

Embryos were fixed in 4% paraformaldehyde (PFA)/ PBS overnight. After 

fixation, the embryos were bleached in 1% KOH/6% H2O2 and then washed with 

PBST-X (1X PBS with 0.5% TritonX-100). To enhance permeability, embryos were 

treated with proteinase-K (1:5000) for 5 minutes and post-fixed with 4% PFA/PBS for 

30 minutes room-temperature (RT). Embryos were blocked with PBSTD-X (1X PBST-

X mixed with 1% DMSO, 10% Bovine serum albumin mixed with 1X PBS, 10% goat 

serum) for 2 hours in RT before primary antibody incubation. Primary antibody mouse-

anti zn5 antibody (Zebrafish International Resource Center; 1:100) was detected 

fluorescently with Alexa-488 goat anti-mouse antibodies (Invitrogen; 1:500). For nuclei 

staining, embryos were stained with DAPI (Molecular Probes; 1:5000). Embryos were 

mounted in VectaShield (Vector laboratories) and imaged on an Olympus IX81 

inverted confocal microscope with the Fluoview 1000 confocal package, using a 60x 

water immersion objective (NA 1.10). 
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In situ hybridization and alcian blue staining 

 

In situ hybridization was carried out as previously described (Gillhouse et al., 

2004), using the following probes: col2a1a (Yan et al., 1995). After whole mount in situ 

hybridization (WISH), embryos were mounted in 100% glycerol and imaged on Leica 

MZ FLIII stereo microscopes equipped with Leica DFC310 FX camera and LAS v4.0 

software. For cartilage staining, zebrafish larvae were fixed at 5 dpf in 4% PFA/PBS 

overnight and stained with alcian blue according to Kimmel (Kimmel et al., 1998). 

Stained zebrafish larvae were further dissected using forceps for imaging jaw cartilage 

and anterior neurocranium. Jaw cartilage and anterior neurocranium were imaged on 

NIKON eclipse E600 microscope equipped with Q Imaging QIclick 1.4MP CCD 

Monochrome Microscope camera and NIS-elements software. 

 

O-dianisidine staining and alkaline phosphatase staining 

 

Staining the hemoglobinized red blood cells with o-dianisidine was carried out 

as previous described (Paffett-Lugassy and Zon, 2005). To visualize the intraocular 

red blood cell population, embryos were bleached with 1% KOH/6% H2O2. Embryos 

were mounted in 100% glycerol and imaged on Leica MZ FLIII stereo microscopes 

equipped with Leica DFC310 FX camera and LAS v4.0 software. 

Staining endogenous alkaline phosphatase activity of anterior segment and 

hyaloid vessels was previously described in (Goehlert et al., 1981; Lessell and 

Kuwabara, 1964). Zebrafish larvae were fixed at 5 dpf in 4% PFA/PBS overnight and 
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stained with alkaline phosphatase according to (Alvarez et al., 2007). Eyes were 

pierced with a tungsten microneedle and forceps as previously described (Vorontsova 

et al., 2019). Lens were imaged on NIKON eclipse E600 microscope equipped with Q 

Imaging QIclick 1.4MP CCD Monochrome Microscope camera and NIS-elements 

software. 

 

Adult ocular histology 

 

Adult alx1uw2016 zebrafish were euthanized and then preserved in 4% 

paraformaldehyde fixative.  Each fish was photographed on both sides to document 

eye morphology, and the entire body was immersed for 30 minutes in a solution of 12% 

hydrochloric acid (Decal II, Surgipath) to decalcify the bone. Transverse sections were 

made through the head. The resulting head blocks containing the eyes were submitted 

for paraffin embedding and step sectioned at 100 microns to sample beyond the 

midway of the globes. Extra slides were saved at each step. The selected sections 

were stained using standard protocol with hematoxylin and eosin. Rough 

measurements were made of each globe in the axial plane and in the vertical plane 

using the histology slide.  
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Lineage tracing and fluorescent imaging  

 

Embryos derived from alx1uw2016; Tg(sox10:kaede) were injected with alx3 

CRISPR and raised until 20-somite stage, whereupon they were dechorionated, 

selected for strong fluorescent expression, and mounted in low melting agarose 

containing 0.013% tricane. Embryos were photoconverted using the 405nm UV laser 

on a Leica scanning confocal microscope, with regional selectivity accomplished by 

using region of interest features. Selected cells were exposed to the photoconverting 

laser at full power for 3-5 minutes, depending on the size of the region, or until red 

kaede was present. Embryos were raised until 4 day-post-fertilization when they were 

once again mounted in low melting agarose with tricane and imaged on the confocal 

microscope.  

  For fluorescent imaging of the ANC and Meckel’s cartilage, both uninjected 

siblings and larvae at 4dpf with different genotype on a Tg(sox10:kaede) background 

were dissected and flat-mounted. 

 

Behavior testing, video recording, and analysis 

 

From 1 dpf, larvae were raised at 29°C in E3 on a 14:10 hr light/dark cycle. 

Larvae were behaviorally tested on 5 dpf and were held in 60mm-wide Petri dishes 

with 25 larvae/dish in 10mL E3, kept on a white light box (800 W/cm2) for at least 1 

hour, and then transferred to a 4x4 grid. Larvae were illuminated from above with a 

mounted LED light (MCWHL5 6500 K LED, powered by LEDD1B driver, Thorlabs) and 
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below with an infrared light source (IR Illuminator CM-IR200B, C&M Vision 

Technologies). In the grid, larvae were acclimated to the illuminated testing stage 

(85W/cm2) for 5 min before exposure to a series of 10 dark flash stimuli. The O-bend 

behavior was elicited using an automated behavioral platform in which the mounted 

LED light and the timing of dark flashes could be controlled (Burgess and Granato, 

2007; Wolman et al., 2011). Each stimulus lasted for 1 s and stimuli were presented 

at a 30 s interstimulus interval. Flote was used to analyze video images responses in 

an experimenter independent, automated manner (Burgess and Granato, 2007). Flote 

tracks the position of individual larvae frame by frame and characterizes locomotor 

maneuvers according to predefined kinematic parameters that distinguish these 

maneuvers. After testing in the 4 x 4 grid, larvae were transferred to a 96-well plate 

and genotyped for alx1, alx3, and pappaap170 post hoc.   

 

Statistics 

 

Statistical analyses, including calculation of means, SEM, and ANOVA, 

Fisher’s exact test, Chi-square test, were performed using GraphPad Prism software 

(GraphPad Software). P-values below 0.05 were considered statistically significant.  
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Result 

 

Human ALX1 and zebrafish alx1 function in ocular development 

 

Consanguineous parents had 13 children and 4 out of 13 children were born 

with complex FND (Fig. 1A). We previously carried out whole-exome sequencing and 

identified a missense L165F variant in ALX1 homeodomain and identified that the FND 

phenotype was inherited in an autosomal recessive manner (Pini et al., 2020). Notably, 

all of the children affected with complex FND presented with ocular defects, such as 

anophthalmia, microphthalmia, and retinal coloboma, along with oblique facial cleft 

(Fig. 1B). The severity of the ocular defects varied among children. While subject 3 

presented with unilateral microphthalmia and unilateral coloboma, subjects 4, 5, and 

6 presented with bilateral anophthalmia with eyelid defects (Fig. 1C). This suggests 

that human ALX1 is required for ocular development. 

We next asked if zebrafish alx1 function is required for ocular development. 

Previously, we showed zebrafish alx1 mutant embryos developed with low-penetrant 

craniofacial malformations and were adult viable (Pini et al., 2020). While the 

phenotype was incompletely penetrant, 21% of alx1 mutant adults (Fig. 2H) developed 

with ocular impairments, including aberrant pupils (Fig. 2A,C OS and 2B,D OD), 

aphakia (Fig. 2A,C OS), iridial dysplasia (Fig. 2B,D OD), coloboma (Fig. 2F), and mild 

ocular hemorrhaging (Fig. 2G), which are associated with anterior segment defects. 

Alx1 mutants significantly exhibited these ocular impairments (p < 0.0001, Fisher’s 

exact test; Fig. 2H). Together, these data support a conserved functional requirement 
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for alx1 during ocular development but do not explain the difference in severity 

between human and zebrafish mutants. 

 

Zebrafish alx1 and alx3 functions are required for craniofacial lineage formation 

 

Previously, we hypothesized that the low penetrance of craniofacial 

malformations in alx1 mutants is due to genetic compensation by other alx gene family 

members and demonstrated that alx3 transcription was upregulated in alx1 mutants 

(Pini et al., 2020). To understand the genetic interaction between alx1 and alx3, we 

used CRISPR/Cas9 mutagenesis to generate a frameshift allele in the second exon 

of the alx3 locus in the alx1 mutant background. A mutant allele was isolated that 

contained a 13 nucleotides insertion (alx3uw2113). A mutant allele triggered premature 

stop codons and lost homeodomain and transactivation domains; thus, its function 

was presumably null (Supp Fig. 1). In parallel, we adapted G0 knockout zebrafish (Wu 

et al., 2018) against alx3 in alx1 mutant background (alx1 -/-; alx3 CRISPant) to rapidly 

evaluate the craniofacial phenotype (Supp Fig. 2).  

We asked if both alx1 and alx3 functions were required for craniofacial lineage 

formation by assessing the craniofacial phenotypes in progeny from a cross between 

alx1uw2016; alx3uw2113/+ parents. At 5 dpf, alx1; alx3 double mutants develop with 

shortened neurocranium and aberrant jaw cartilage formation (Fig. 3B). To visualize 

the ethmoid plates, we stained craniofacial cartilage with alcian blue and dissected the 

embryos. We found alx1; alx3 double mutant embryos developed with abnormal 

ethmoid plate formation with various degrees of severity (Fig. 3D-F). Notably, alx1; 
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alx3 +/- embryos also developed with abnormal ethmoid plate formation (Fig. 3G). At 

the same time, we assessed the craniofacial phenotypes of alx1 -/-; alx3 CRISPants. 

While alx1 mutants and alx3 CRISPants developed with normal craniofacial cartilage, 

alx1 -/-; alx3 CRISPants exhibited midline cleft (Supp Fig. 2G) along with abnormal 

trabeculae and ethmoid plate formation (Supp Fig. 2O), consistent with the severe 

phenotype observed in alx1; alx3 double mutants (Fig. 3F). These data suggest that 

both alx1 and alx3 are required for proper craniofacial development.  

We next asked if cartilage precursors were mispatterned in alx1; alx3 double 

mutants at 2 dpf, prior to the craniofacial abnormalities at 5 dpf. We examined col2a1a, 

a craniofacial cartilage precursor marker (Yan et al., 1995), expression in WT, alx1 

mutant, and alx1; alx3 double mutant embryos using whole mount in situ hybridization 

(WISH). 88% of the embryos derived from alx1 -/- parents exhibited normal expression 

of col2a1a overall while only 24% from alx1 -/-; alx3 +/- parents did (Fig. 3M). Alx1; 

alx3 double mutant embryos developed with truncated or depleted ethmoid plate 

precursors (Fig. 3I, I’, L). The zebrafish scleral ring consists of a cartilaginous structure 

surrounding the anterior segment (Gestri et al., 2012). Notably, col2a1a expression in 

putative scleral precursors was reduced in alx1 mutants and alx1; alx3 double mutants 

(Fig. 3K, L). These data suggest an early requirement of alx1 and alx3 function in 

craniofacial lineage formation.  

To further understand an early requirement of alx1 and alx3 in craniofacial 

lineage formation, we performed a lineage tracing analysis of cranial neural crest cells. 

We identified that in WT larvae, anterior and medial CNC labeled by kaede 

photoconversion (Fig. 4A, B) always migrated to the median element of anterior 

neurocranium (Fig. 4E,F). However, in alx1 -/-; alx3 CRISPants, anterior and medial 
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CNC (Fig. 4C, D) failed to reach to the median element of anterior neurocranium and 

ectopically populated near the eyes (Fig. 4G, H). Collectively, these data indicate that 

alx1 and alx3 contribute to craniofacial lineage formation by regulating the migration 

of cranial neural crest cells. 

 

Zebrafish alx1 and alx3 function are required for ocular morphogenesis  

  

 Ocular malformations were incompletely penetrant in alx1 mutant adult fish 

(Fig. 2). To investigate if alx3 function compensates during ocular morphogenesis, we 

observed the ocular phenotypes of progeny from a cross between alx1 -/-; alx3 +/- 

parents. Starting at 3 dpf, alx1; alx3 double mutants exhibited obviously misshapen 

eyes. At 5 dpf, alx1; alx3 double mutants exhibited both misshapen eyes and 

craniofacial abnormalities (Fig. 5B, D) and these phenotypes were not seen in 

progenies from WT incross (p = 0.0009, Fisher’s exact test; Fig. 5E). Genotypic 

analysis revealed that this phenotype was restricted to alx1; alx3 double mutants and 

alx1; alx3 heterozygotes larvae (Fig. 5F).  

 Because alkaline phosphatase is expressed in anterior segment, such as 

ciliary epithelium, lens epithelium, and corneal endothelium of the fish (Lessell and 

Kuwabara, 1964), we examined endogenous alkaline phosphatase activity of progeny 

from a cross between WT or alx1 -/-; alx3/+ parents at 5 dpf to elucidate whether 

anterior segment is malformed in alx1; alx3 double mutants. In WT and alx1 mutants, 

endogenous alkaline phosphatase is correctly expressed in anterior segment (Supp 

Fig. 3A, B). However, some alx1; alx3 heterozygotes and all alx1; alx3 double mutants 
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developed with aberrantly formed anterior segment shown as partially missing 

endogenous alkaline phosphatase expression (asterisk in Supp Fig. 3C), misshapen 

eyes (arrowhead in Supp Fig. 3C), and coloboma shown as two separately protruded 

hyaloid vessels, where endogenous alkaline phosphatase is also expressed (Alvarez 

et al., 2007) (arrow in Supp Fig. 3D). We found that the anterior segment defect is 

specific to some alx1; alx3 heterozygotes and all alx1; alx3 double mutants (p < 0.0001, 

Fisher’s exact test; Supp Fig. 3E).  

 Alx1 mutants and alx1; alx3 double mutants also exhibited intraocular (Fig. 6B, 

D) and/or periocular hemorrhaging (Fig. 6C, F). To visualize the red blood cell 

population within and surrounding the eyes, we stained embryos with o-dianisidine 

and bleached them. We found that the hemorrhaging phenotype was significantly 

increased in alx1 mutants compared with WT (p < 0.0001, Fisher’s exact test; Fig. 6G). 

Notably, we identified that the hemorrhaging phenotype is linked with misshapen eyes 

in alx1; alx3 double mutants and both phenotypes were significantly increased 

compared with WT (p < 0.0001, Chi-square test; Fig. 6H).  

In zebrafish, the hyaloid vessel starts to form a branched hyaloid network 

within the lens soon after the hyaloid loop is completely formed around the lens at 32 

hpf, which stays until at least 5 dpf (Hartsock et al., 2014). To identify if the hyaloid 

network is abnormally formed in alx1; alx3 double mutants, we scored for ocular and 

craniofacial defects in 5 dpf progeny from a cross between WT or alx1 -/-; alx3/+ 

parents, stained for endogenous alkaline phosphatase, and dissected the lens for 

imaging. WT embryos developed with normal hyaloid network formation (Supp Fig. 

4A). Embryos derived from alx1 -/-; alx3/+ parents exhibited aberrant hyaloid network 

development regardless of the presence and the severity of ocular defects. Embryos 
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with normal eyes developed with reduced hyaloid network (Supp Fig. 4B), those with 

mildly misshapen eyes had unorganized hyaloid network (Supp Fig. 4C), and those 

with severely misshapen eyes had unorganized hyaloid network (Supp Fig. 4D) or no 

hyaloid network (Supp Fig. 4E).  

 We next asked if aberrant eye phenotypes in alx1; alx3 double mutant embryos 

were associated with vision loss. Since retinal ganglion cell (RGC) neurons are 

required for sending visual information to the brain (Dhande and Huberman, 2014), 

we examined the differentiated RGC population through immunohistochemistry 

against zn5, a differentiated RGC marker (Lee et al., 2008), and imaged using a high-

resolution confocal microscope. We identified that RGC differentiation was not 

impaired in absence of alx1 or both alx1 and alx3 function (Fig. 7A-H).  

In addition, we performed the dark flash assay to assess the behavioral 

response to a sudden change in visual field illumination (Burgess and Granato, 2007). 

In response to an abrupt absence of light, larval zebrafish execute a turning behavior 

termed the “O-bend” in which they turn their bodies ~180 degrees (Burgess and 

Granato, 2007) (Fig. 7I). As a negative control, we used pappaap170 mutants which 

have been shown to exhibit a marked reduction in O-bend initiations compared to WT 

(Miller et al., 2018). We exposed 5 dpf WT, alx1 homozygous mutants, alx1; alx3 

double mutants, alx1;alx3 heterozygotes, and pappaap170 mutant larvae to 10 dark 

flashes and evaluated the probability of larvae to initiate an O-bend maneuver in 

response to the abrupt absence of light. Alx1 mutants, alx1; alx3 double mutants, and 

alx1; alx3 heterozygotes show no difference in O-bend initiations compared to WT (p 

> 0.9999; ANOVA with Kruskal-Wallis, Fig. 7J). pappaap170 mutants, however, show a 

marked reduction in O-bend initiation compared to WT (p < 0.0001; ANOVA with 
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Kruskal-Wallis, Fig. 7J). These data suggest that vision is not significantly impaired in 

alx1; alx3 double mutant larvae at 5 dpf as larvae are able to detect and respond to 

luminescence changes in their visual field. 

 

Zebrafish alx function is required for protecting aCNC lineage against environmental 

perturbations. 

  

 Oxidative stress triggered by environmental assaults, such as prenatal ethanol 

exposure (Brocardo et al., 2011; Dong et al., 2010; Lovely et al., 2017) and maternal 

diabetes (Garcia-Sanz et al., 2017; Wang et al., 2015), is a major risk factor for 

congenital craniofacial and ocular malformations, which are typically caused by neural 

crest defects (Sakai et al., 2016). Because alx gene function is required for early neural 

crest development, we asked if zebrafish alx protects the aCNC lineages against 

environmental assaults. We exposed progenies derived from WT incross, alx1 -/- and 

alx1 +/- outcross, and alx1 -/- incross to low concentration of ethanol (0.5%) so that 

most WT embryos were not affected by ethanol toxicity. Ethanol exposed alx1 mutant 

embryos exhibited a mild reduction of the anterior element of ethmoid plates (Fig. 8B), 

with rare “stick” ethmoid plates (Fig. 8C). While only few ethanol exposed WT embryos 

develop with craniofacial defects, the penetrance of craniofacial defects significantly 

increased in ethanol exposed embryos derived from alx1 -/- and alx1 +/- outcross (p = 

0.0237, Fisher’s exact test; Fig. 8D) and alx1 -/- incross (p = 0.0005, Fisher’s exact 

test; Fig. 8D). Among ethanol exposed embryos, embryos from alx1 -/- incross were 
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the most notably effected, suggesting that ethanol exposure has a greater impact on 

embryos that lack functional alx1. 

 We also observed the ocular morphology of embryos derived from WT incross 

and alx1 -/- incross after introducing low concentrations of ethanol. Ethanol exposed 

WT embryos and alx1 mutants exhibit a mildly misshapen eye phenotype (Fig. 9B). 

The penetrance of ocular defects significantly increased in ethanol exposed embryos 

derived from alx1 -/- incross (p = 0.0005; Fisher’s exact test; Fig. 9C). In addition, the 

penetrance of ocular defects significantly increased in both unexposed alx1 mutants 

(p = 0.0003, Fisher’s exact test; Fig. 9C) and ethanol exposed alx1 mutants (p < 

0.0001, Fisher’s exact test; Fig. 9C) compared to unexposed WT and ethanol exposed 

WT, respectively. We performed the dark flash assay on ethanol exposed and 

unexposed WT and alx1 mutants at 5 dpf. We observed no difference in O-bend 

initiations between ethanol exposed larvae and their unexposed siblings of the same 

genotype (p > 0.9999, ANOVA with Kruskal-Wallis; Supp Fig. 5), suggesting that low 

concentration ethanol exposure does not significantly impair vision in larvae at this 

developmental stage.  

Next, we raised ethanol exposed embryos derived from alx1 -/- incross to 2 

months and observed their ocular morphology. Ethanol exposed alx1 adult mutants 

developed with ocular defects (Fig. 9D, E). The penetrance of ocular defects in ethanol 

exposed alx1 adult fish increased compared with unexposed alx1 adult fish, but not 

significantly (p = 0.1022, Fisher’s exact test, Fig. 9F). Together, these data identified 

a protective role for the alx gene family in craniofacial and ocular lineages against 

environmental assaults. 
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DISCUSSION 

 

 Our work establishes alx mutants as a robust genetic model to study gene-

environment interactions that influence anterior neural crest in zebrafish. We show a 

functional requirement of alx1 for ocular morphogenesis is conserved between human 

and zebrafish and demonstrate an early requirement of zebrafish alx1 and alx3 

function during craniofacial complex development through regulating aCNC migration. 

We also identify that alx gene family confers protection for aCNC-derived lineages 

against environmental assaults.  

 

How does the alx gene family function during craniofacial development? 

 

Although mutations in the ALX gene family are associated with FND in humans, 

the analysis of FND is very complicated as a wide spectrum of phenotypes and various 

modes of inheritance have been reported (Farlie et al., 2016). This correlates with the 

complexity of human craniofacial development and molecular mechanism involved 

with this development. To understand the complex roles of ALX gene during human 

craniofacial development, it is necessary to have various model organisms to study. 

In mouse, Alx1 and Alx3 are required for early head mesenchyme survival and 

neural tube closure (Lakhwani et al., 2010; Zhao et al., 1996) and Alx3 and Alx4 

function redundantly for facial midline development (Beverdam et al., 2001; Qu et al., 

1999) While these phenotypes are not fully consistent with those reported in human 

cases, these data show that the alx gene family may have overlapping functions during 
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craniofacial development. Likewise, we demonstrated that zebrafish alx1 mutants 

exhibit low penetrant craniofacial defects, likely due to genetic compensation by other 

alx gene family members (Pini et al., 2020).  

To investigate the genetic interactions among the alx gene family during 

craniofacial development, we remove the functions of other alx gene family members 

along with alx1. We identify that alx1; alx4b double mutants do not exhibit more 

penetrant craniofacial defects than alx1 mutants (data not shown), consistent with 

previous qPCR data showing alx4b transcript was not upregulated in alx1 mutants 

(Pini et al., 2020). We remove both alx1 and alx3 function, which significantly 

enhances the penetrance and expressivity of craniofacial defects resulting from 

depleted cartilage precursors for the ethmoid plates. This shows that alx1 and alx3 

function redundantly during craniofacial development. For future studies, it is 

necessary to design triple knockout alx zebrafish model (alx1; alx3; alx4a mutants) or 

quadruple knockout alx zebrafish model (alx1; alx3; alx4a; alx4b mutants) to fully 

understand the genetic interactions among the alx gene family.  

A previous report shows that alx1 regulates aCNC migration to the median 

element of the anterior neurocranium (Pini et al., 2020). While some aCNC population 

successfully migrates to the median element of the anterior neurocranium in alx1 

mutants (Pini et al., 2020), here we show that the aCNC population fails to migrate to 

the destination but ectopically spreads around the eyes in alx1 -/-; alx3 CRISPants. 

This indicates that both alx1 and alx3 are necessary for correct aCNC migration and 

facial midline formation. Because alx1 has been characterized for its requirement in 

collective cell migration in vivo and in vitro (Saunders and McClay, 2014; Wu and 

McClay, 2007; Yao et al., 2015; Yuan et al., 2013) and neural crest migrates collectively 
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(Szabo and Mayor, 2018; Szabo et al., 2016), it is plausible that the alx gene family is 

required for collective cell migration of aCNC lineages. Future studies are needed to 

directly address the cell migration pattern of alx-expressing aCNC during 

embryogenesis, potentially through high resolution live imaging of alx knock-in 

zebrafish. 

Our alx1 mutants are susceptible to ethanol toxicity and, as a result, develop 

with more penetrant and severe craniofacial defects. Prenatal ethanol exposure has 

been shown to cause the production of reactive oxygen species (ROS), which 

increases oxidative stress (Brocardo et al., 2011; Dong et al., 2010; Lovely et al., 2017). 

Subsequently, oxidative stress reduces the antioxidative defense genes in neural crest 

(Wentzel and Eriksson, 2011) and activates excessive apoptosis of neural crest (Wang 

et al., 2015), which, in both cases, threaten neural crest survival. We hypothesize that 

alx1 protects ocular and craniofacial lineages against ethanol toxicity through 

regulating oxidative stress defense mechanism. Comparative transcriptomic analysis 

between ethanol exposed and unexposed alx1 mutants to identify oxidative stress 

defense mechanism regulators, such as foxo1 (Garcia-Sanz et al., 2017), would be an 

approach to test our hypothesis. 

 

How does the alx gene family function during ocular development? 

 

 In humans, defective periocular neural crest development is associated with 

anterior segment dysgenesis (ASD), a congenital disorder that leads to visual 

impairment and blindness (Evans and Gage, 2005; Hendee et al., 2018; Portal et al., 
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2019; Reis and Semina, 2011). ASD is very difficult to cure because periocular neural 

crest cells populated in anterior segment are highly heterogenous (Van Der Meulen et 

al., 2020) and the functional requirement of many guidance molecules for periocular 

neural crest, such as pax6 and TGF-beta from lens (Takamiya et al., 2020), is not fully 

understood.  

While ALX1 mutation is often linked with ocular diseases, such as 

microphthalmia, anophthalmia, and ocular coloboma, in humans (Pini et al., 2020; Uz 

et al., 2010), nothing is known about how the alx gene family functions during anterior 

segment or posterior segment, such as retina, development. In mouse, anterior 

segment development seems normal in the absence of Alx1, Alx3, or Alx4 function. 

The only reported ocular phenotype is open eyelids characterized in Alx1 or Alx4 

mutant mice (Curtain et al., 2015; Zhao et al., 1996). In mouse, it is possible that the 

alx gene family members functionally compensate for ocular development. To test this, 

it is necessary to rigorously examine the ocular morphology in Alx double mutant mice.  

While zebrafish alx1 morphants have reduced differentiation of lens fibers and 

disorganized corneal layers (Dee et al., 2013), this phenotype has not been rigorously 

examined in alx1 mutant embryos.  

Here we show that alx1 mutant embryos develop with mildly misshapen eyes 

but normal retina, and they develop with more pronounced anterior segment defects, 

such as iridial dysplasia, aphakia, iridial coloboma, and aberrant pupils, in adulthood. 

However, all these phenotypes show incomplete penetrance. This suggests that alx1 

function for anterior segment development is likely compensated by other members of 

the alx gene family. Indeed, alx1; alx3 double mutants exhibit a fully penetrant 

misshapen eye phenotype, consistent with our hypothesis. While periocular neural 
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crest that gives rise to anterior segment is very robust to ethanol toxicity (Eason et al., 

2017), the genetic mechanism of how periocular neural crest resists to ethanol toxicity 

is not known. The appearance of ASD phenotypes in adult alx1 mutants leads us to 

hypothesize that alx gene function is required for protecting the periocular neural crest 

cell lineages against environmental perturbations. We identify that ethanol-treated alx1 

mutant develop with higher penetrant ocular defects in both embryonic and adult 

stages, supporting our hypothesis. 

 Alx1 mutants and alx1; alx3 double mutants exhibit intraocular and/or 

periocular hemorrhaging at 3 dpf. In addition, embryos derived from alx1; alx3/+ 

incross exhibited reduced and mispatterned hyaloid network formation at 5 dpf. These 

suggest a potential requirement of alx1 and alx3 function during hyaloid vasculature 

formation. Both alx1 and alx3 are expressed in periocular neural crest (Dee et al., 

2013) and vascular pericytes derived from periocular neural crest (Gage et al., 2005; 

Trost et al., 2013) stabilize the hyaloid vasculature (Jo et al., 2013). Therefore, we 

hypothesize that alx1 and alx3 function in periocular neural crest differentiation to 

vascular pericytes. For future studies, using a vascular pericyte marker, such as pdgfr-

b (Wang et al., 2014), in alx-knock in zebrafish to visualize the differentiation of alx-

expressing neural crest to vascular pericytes would test this hypothesis. 

While alx1 mutants and alx1; alx3 double mutants exhibit ocular defects, their 

retinal ganglion cell differentiation at 2 dpf is normal and their vision at 5 dpf seems 

normal. Larval zebrafish are able to detect and behaviorally respond to changes in 

luminescence in their visual field by 5 dpf (Burgess and Granato, 2007). In addition, 

electroretinogram recordings of larvae at this age have demonstrated retinal function, 

where light input is processed, in response to changes in illumination (Chrispell et al., 
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2015; Miller et al., 2018). Here we show that alx1 mutants, alx1; alx3 double mutants, 

and alx1; alx3 heterozygotes larvae show normal initiation of O-bends following 

sudden flashes of darkness, suggesting that they are able to detect variation in 

luminescence and have functioning vision at this stage. The growing evidence in the 

mouse model shows that an early onset anterior segment dysgenesis is associated 

with the postnatal death of retinal ganglion cells (Mao et al., 2011; Mao et al., 2017; 

Martino et al., 2016). Therefore, it is possible that alx1 mutants and alx1; alx3 double 

mutants have visual impairments when they reach to adulthood. This hypothesis is 

partially supported by the appearance of ocular defects in adult alx1 mutants, but 

additional studies are needed to investigate if they are visually impaired.  

In addition, while hyaloid vessels are known to supply oxygen for developing 

retina (Sun and Smith, 2018), early retinal development in zebrafish is not dependent 

upon gas exchange from hyaloid vessels until 6 dpf (Dhakal et al., 2015; Pelster and 

Burggren, 1996). Therefore, it is plausible that abnormal hyaloid vasculature formation 

in alx1 mutants and alx1; alx3 double mutants may not influence their RGC 

differentiation at 2 dpf and visual perceptions at 5 dpf. However, zebrafish cloche 

mutants, which lacks hyaloid vessels, exhibit abnormal retinal neurogenesis (Dhakal 

et al., 2015) and zebrafish hyaloid vasculature does not regress for retinal 

angiogenesis but instead remains within the retina for angiogenic remodeling (Alvarez 

et al., 2007). Therefore, improper hyaloid vasculature formation in alx1 mutants and 

alx1; alx3 double mutants may negatively affect retinal neurogenesis and 

angiogenesis, leading to retinal degeneration in adults.  
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How does this study inform our understanding of craniofacial complex defects? 

 

Different from humans, mouse and zebrafish alx gene family members 

genetically compensate one another during craniofacial complex development. In 

mouse, a single mutation of Alx1 or Alx3 does not generate phenotypes similar to FND 

(Lakhwani et al., 2010; Zhao et al., 1996) but Alx1; Alx4 double mutant or Alx3; Alx4 

double mutant develop with midline fusion defects (Beverdam et al., 2001; Qu et al., 

1999). In addition, Alx1 mutant (Zhao et al., 1996) or Alx4 mutant mouse (Curtain et 

al., 2015) develop with open eyelid, which does not fully recapitulate the ocular defects 

in human ALX1-related FND or ALX4-related FND (Pini et al., 2020; Uz et al., 2010). 

In zebrafish, alx1 morphants largely recapitulate the craniofacial and ocular defects in 

human ALX1-related FND (Dee et al., 2013) but alx1 mutants exhibit very low 

penetrance of craniofacial defects, likely due to transcriptional upregulation of other 

alx gene family members (Pini et al., 2020). Alx1; alx3 double mutant phenotypes 

replicate the phenotypes observed in alx1 morphants (Dee et al., 2013) while alx1; 

alx4b double mutants do not (data not shown), reflecting the complexity of functional 

compensation mechanisms among the zebrafish alx gene family during craniofacial 

complex development.   

Because aCNC heavily contributes to both craniofacial cartilage and anterior 

segment development, human craniofacial abnormalities are often linked with ocular 

defects resulting from defective neural crest migration and differentiation. Our data 

show that human ALX1-related FND is associated with ocular defects, such as 

coloboma, microphthalmia, and anophthalmia. On the other hand, we show that 

zebrafish alx1 mutants and alx1; alx3 double mutants develop with anterior segment 
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defects besides their craniofacial abnormalities. Through lineage tracing experiments, 

we identify that alx1 (Pini et al., 2020) and alx1 and alx3 are necessary for correct 

aCNC migration. It is important to note that our zebrafish alx1; alx3 double mutants 

exhibit comparable ocular and craniofacial phenotypes found in zebrafish pitx2 mutant, 

a model reflecting Axenfeld-Rieger syndrome (Bohnsack et al., 2012; Hendee et al., 

2018; Liu and Semina, 2012). Because pitx2 is known to function in the anterior 

segment, it might be a potential target or regulator of the alx gene family. 

Interestingly, both alx1 mutants and alx1; alx3 double mutants exhibit 

intraocular and/or periocular hemorrhaging, reminiscent of the phenotype shown in 

zic2 mutants (Sedykh et al., 2017). This hemorrhaging phenotype has not been 

characterized in humans diagnosed with either ALX1-related FND or ZIC2-linked 

holoprosencephaly and any other zebrafish models up to date. While the cause of this 

hemorrhaging phenotype remains unknown, we speculate that it is due to 

underpopulated periocular neural crest derived vascular pericytes, which maintain the 

vascular integrity of hyaloid vasculature (Jo et al., 2013). Because both Zic2 and Alx1 

are expressed in periocular neural crest (Ma and Lwigale, 2019) and zebrafish zic2 

promotes alx1 transcription at periocular neural crest (Sedykh et al., 2017), it is 

plausible that zic2 and alx1 functions in periocular neural crest regulate the 

differentiation of vascular pericytes, which would be a novel regulatory mechanism of 

maintaining the vascular integrity to alleviate or cure human ocular diseases.  

Our data demonstrate the first alx zebrafish model to study the gene-

environment interaction during craniofacial complex development. While, in mouse, 

alx3 was found to regulate oxidative stress through activating foxo1, which then 

promotes oxidative stress defense mechanism (Garcia-Sanz et al., 2017), alx-
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environment interaction has not been tested in other animal models. We show that 

ethanol treated alx1 mutants develop with more penetrant and pronounced 

craniofacial and ocular defects, suggesting that the alx gene family protects aCNC 

lineages against environmental assaults. Interestingly, the penetrance of ocular 

defects is much lower than the penetrance of craniofacial defects in ethanol treated 

alx1 mutant embryos. This can be explained by the fact that each neural crest lineage 

reacts to oxidative stress in varying degrees. While cranial neural crest that gives rise 

to craniofacial cartilage is highly susceptible to oxidative stress, periocular neural crest 

that forms anterior segment is much less affected (Eason et al., 2017). This explains 

that individuals diagnosed with FAS are frequently associated with craniofacial 

abnormalities but rarely with ASD.  

Together, our data identify a genetic and environmental interaction of alx gene 

family for aCNC lineage development and establish new disease models to 

understand the interconnection of several human craniofacial and ocular defects 

caused by genetic and/or environmental factors, including FND, ASD, and FAS.    

Besides of its role in craniofacial development, we show a novel role for alx gene family 

contributing to anterior segment development and protecting aCNC lineage against 

environmental perturbations. These models should be useful for further investigating 

an early requirement of alx gene family for collective migration of neural crest (Szabo 

and Mayor, 2018; Szabo et al., 2016) and for exploring the genetic pathways that alx 

gene family regulates during craniofacial complex development. 
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Figure 1. Severe ocular malformations are associated with ALX1L165F homozygosity.  

A: Consanguineous parents produced 13 children, 4 have complex frontonasal 

dysplasia (FND), subject numbers noted in red. Unaffected individuals do not have 

any eye or facial phenotypes suggestive of FND. B: Diagram summarizing the 

anophthalmia, coloboma and bilateral Tessier oblique facial clefts (ObFC). C: Human 

subjects displayed various severities of ocular malformation, ranging from 

microphthalmia with coloboma to anophthalmia. The eldest sibling (subject 3) with 

FND presented with right coloboma, left micro-ophthalmia and bilateral Tessier 4 

oblique facial clefts (ObFC). The next child (subject 4) presented with bilateral 

anophthalmia with fused eyelids and shallow orbits, with bilateral ObFC. Subject 5 

presented with bilateral anophthalmia with open shallow orbits and the upper and 

lower eyelids are absent, exposing the orbital mucosa, with bilateral ObFC. The nasal 

ala is also malformed with nodular skin tags. Subject 6 has bilateral anophthalmia, 

fused eyelids, shallow orbit and bilateral ObFC, similar to subject 4. 
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Figure 2. Adult zebrafish alx1 mutants develop with ocular defects. 

A-B. Adult alx1 mutant fish in each side of the eye (OD: oculus dexter, right eye, OS: 

oculus sinister, left eye) C: Transverse section of fish (A) with reduced pupil shows a 

normal right eye and aphakia (absent lens), displaced vitreous, and retinal 
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inflammation of the left eye. D: Transverse section of fish (B) shows a normal left eye 

and aphakia (absent lens), absent pupil, and iridal dysplasia in the right eye (1 trial). 

E: Majority of adult alx1 mutants develop normally. F: Adult alx1 mutants develop with 

coloboma (arrow, n = 2/99). G: Adult alx1 mutants develop with hemorrhage (asterisk, 

n = 1/99) H: Several ocular defects, including abnormal pupil (n = 17/99), coloboma 

(n= 2/99), opaque lens (n= 1/99), and ocular hemorrhage (n= 1/99), appears in adult 

alx1 mutant fish (****: p < 0.0001 using Fisher’s exact test) (1 WT fish tank, 3 alx1 

mutant fish tanks combined) All fish are shown in lateral views, anterior to the left. 
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Figure 3. Zebrafish alx1 and alx3 are required to control ethmoid plate formation. 

Embryos derived from alx1; alx3/+ incross were fixed at 5 dpf for alcian blue staining 

(A-G) and embryos derived from WT, alx1, alx1; alx3/+ were stained for col2a1a 

expression by WISH at 2 dpf. (H-M). A: Normal facial structure in wildtype embryos at 

6 dpf. B: Alx1; alx3 double mutants develop with shortened neurocranium (asterisk) 

and abnormal jaw cartilage (arrowhead) by 6 dpf. C - F: Alcian blue staining reveals 

mutant ethmoid plate (EP) morphologies that range from mildly (D) or moderately (E) 

reduced, to severely hypoplastic (F). G: Penetrance and severity of cartilage defects 

increase in alx1; alx3 double mutants (2 trials). H, H’’: Normal col2a1a expression in 

WT embryos. I, I’: alx1; alx3 double mutants develop with truncated ethmoid plates 

(arrow). J: Normal col2a1a expression in WT embryos. K: Alx1 mutants develop with 

normal ethmoid plates but thinner sclera (asterisk). L: Alx1; alx3 double mutants 

develop with abnormal ethmoid plate (arrow) and putative scleral precursors (asterisk) 

formation. Abbreviation: EP = ethmoid plates, OV = optic vesicle, PA = pharyngeal 

arches, FB= fin bud, SC= sclera. M: 75% of the embryos derived from alx1; alx3/+ 

have aberrant EP and reduced cartilage precursors for sclera (**: p = 0.0097, ****: p < 

0.0001 using Fisher’s exact test) (2 separate trials for WT and alx1; alx3/+ incross and 

1 trial for alx1 incross). Embryos in A, B, H- I’ are shown in lateral views, anterior to 

the left. Embryos in J - L are shown in ventral views, anterior to the left.  
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Figure 4. Zebrafish alx1 and alx3 are for correct migration of anterior cranial neural 

crest 

Fate map of aCNC at the 20-somite stage (A-D, star sign marks the anterior) to the 

anterior neurocranium at 4 days post fertilization (E-H; I-L show red channel only with 

eye mask; anterior to the left) shows that aCNC labeled by kaede photoconversion 

(red cells, arrowheads in A,B and I,J) always contribute to the median element of the 

ethmoid plates (arrowheads in E,F) at 4dpf in WT. Alx1 -/-; alx3 CRISPants exhibit a 

midline cleft (G,H) with the lateral elements (asterisks) separated as the median 

element is missing. In alx1 -/-; alx3 CRISPants, aCNC fails to reach its destination and 
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ectopically populates near the eye (arrowheads in G,H and K,L). Note that the red 

color of the eye is due to autofluorescence from iridophores and not kaede 

photoconversion (E-H). Scale bar: 100µm. 
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Figure 5. Zebrafish alx1 and alx3 are required for ocular morphogenesis 

A-D: Larvae generated from alx1;alx3/+ incross were scored at 5 dpf for ocular defects. 

Compared to normal siblings (A,C), alx1; alx3 double mutants develop misshapen 

eyes (B,D, arrowhead). E: Misshapen eye phenotype is specific to the embryos 

derived from alx1; alx3/+ incross (***: p = 0.0009 using Fisher’s exact test) (2 trials). 

F: Genotypic analysis shows that the misshapen eye phenotype is linked with either 

alx1; alx3 heterozygotes or alx1; alx3 double mutants. Severity of the misshapen eye 

significantly increases in alx1; alx3 double mutants (***: p = 0.0002 using Fisher’s 

exact test) (2 trials). All embryos are shown in lateral views, anterior to the left.   
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Figure 6. alx1 and alx3 are required for vascular integrity. 

Embryos derived from WT or alx1; alx3/+ incross were stained for red blood cells using 

o-dianisidine staining A: Normal retina morphology. B: Alx1 mutants develop with 

ocular hemorrhage (arrowhead). C: Alx1 mutants develop with periocular hemorrhage 

(asterisk). D: Alx1; alx3 double mutants develop with ocular hemorrhage (arrowhead). 

E: Normal blood vessel patterning in WT. F: In alx1; alx3 embryos, severe blood 

leakage occurs periocularly (asterisk) near the optic artery and optic vein and 

intraocularly. In addition, blood vessels surrounding the pharyngeal arch are not 

correctly formed. G: Hemorrhage phenotype is specific to alx1 mutants (****: p < 

0.0001, ns: p = 0.3710 using Fisher’s exact test; 5 trials). H: Hemorrhage phenotype 

is specific to alx1; alx3 heterozygotes or alx1; alx3 double mutants developed with 

misshapen eye (****: p < 0.0001 using Chi-square test; 2 trials) and is more penetrant 

than alx1 mutants (G). Embryos in A-D are shown in lateral views, anterior to the left. 

Embryos in E and F are shown in ventral views, anterior to the top. Abbreviation: OA 

= Optic artery, OV = Optic vein, PLV = Palatocerebral vein 
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Figure 7. alx1 mutants and alx1; alx3 double mutants have normal retinal development. 

Embryos derived from WT or alx1; alx3/+ parents were stained with zn5, a 

differentiated retinal ganglion cell marker, using immunohistochemistry at 2 dpf (A-H). 

Normal differentiated RGC expression in WT (A,B; 4 embryos), alx1 mutants (C,D; 2 

embryos), alx1; alx3 heterozygotes (E,F; 4 embryos), and alx1; alx3 double mutants 

(G,H; 2 embryos). Left eyes of embryos were taken. All embryos are shown in lateral 

views, anterior to the left. Scale bar = 25µm. I: The dark flash stimulus elicits O-bend 

turn responses in 5 dpf larval zebrafish. J: Mean frequency of O-bend initiations to a 
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series of 10 dark flash stimuli (n.s.: p > 0.9999 vs WT control. ****: p <0.0001 vs WT 

control. ANOVA with Kruskal-Wallis. Error bars indicate SEM.) 
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Figure 8. Zebrafish alx1 protects facial lineages against ethanol toxicity. 

Embryos derived from WT incross, from a cross between alx1 homozygotes and alx1 

heterozygotes (alx1 x alx1/+), or from alx1 mutant incross were treated with ethanol 

and stained with alcian blue (A-C). A: Normal ethmoid plates. B, C: alx1 mutants 

develop with mild ethmoid plate reduction (B) or “stick” palate (C). D: Penetrance of 

craniofacial defects is increased by transient exposure to ethanol in embryos derived 

from WT incross (**: p = 0.0045), alx1 x alx1/+ cross (*: p = 0.0237), and alx1 mutant 

incross (***: p = 0.0005). Fisher’s exact test was used to measure the statistical 

significance (3 trials for WT and 2 trials for alx1 x alx1/+ and alx1 mutant).  
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Figure 9. Zebrafish alx1 protects ocular lineages against ethanol toxicity. 

A-C: Embryos derived from WT or alx1 mutant incross were treated with 0.5% ethanol 

and scored for ocular defects at 5 dpf. A: Normal ocular morphology. B: Abnormal 

ocular morphology. C: Penetrance of abnormal ocular phenotype is increased by 
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transient exposure to EtOH in both WT (*: p = 0.0448) and alx1 mutants (***: p = 

0.0005). In addition, compared to WT, abnormal ocular phenotype is more penetrant 

in alx1 mutants without EtOH (***: p = 0.0003) and with EtOH treatment (****: p < 

0.0001). Fisher’s exact test was used to measure the statistical significance (1 trial for 

WT and 2 trials for alx1 mutants). D-F: Embryos derived from alx1 mutant incross were 

treated with 0.5% ethanol and raised for 2 months to score for ocular defects. EtOH 

treated alx1 mutant fish develop with microphthalmia (D) and coloboma (E). F: 

Penetrance of ocular phenotypes increases following embryonic exposure to alcohol 

but is not statistically significant (n.s.: p= 0.1022 using Fisher’s exact test) (1 trial). All 

embryos and fish are shown in lateral views, anterior to the left. 
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Supplementary Figure 1. Generation of mutant alleles at the zebrafish alx3 locus 

Alx3 allele consists of 4 exons with homeobox (red) and transactivation (grey) domain. 

Alx3 mutant allele was induced by CRISPR/Cas9 mutagenesis in the second exon. 

Alx3uw2113 allele has a net insertion of 13 nt. Red letters indicate abnormal sequence 

resulted from frameshift mutation. 
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Supplementary Figure 2. alx1 -/-; alx3 CRISPants phenocopy alx1; alx3 double 

mutants. 
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Embryos derived from Tg(sox10:kaede) embryos or alx1 -/-; Tg(sox10:kaede) were 

injected with alx3 CRISPRs, dissected, and flat-mounted to fluorescently represent 

anterior neurocranium (ANC) and ventral cartilage at 4 dpf. alx1 -/-; alx3 CRISPants 

develop with midline cleft (arrowhead in G), with the lateral elements (asterisks in G) 

separated as the median element is missing. I – P: Dissected flat-mount alcian blue 

stained cartilage in larvae of different genotype at 4 dpf, anterior to the left. While WT 

embryos develop with normal paired trabeculae (tr) and an ethmoid plate (ep) (I), alx1 

-/-; alx3 CRISPants exhibit defective trabeculae fusion (asterisks in O) and depleted 

ethmoid plate. Q: Percentage of embryos displaying malformed anterior neurocranium 

(ANC) phenotype in 4 dpf larvae of different genotype. All embryos were shown in 

anterior to the left. Scale bar: 100µm. 
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Supplementary Figure 3. alx1 and alx3 are required for anterior segment development. 

Embryos derived from WT or alx1; alx3/+ parental crosses were stained with alkaline 

phosphatase (AP) to visualize endogenous AP expression within the anterior segment 

at 5 dpf. A: Normal AP expression at anterior segment. B: Alx1 mutants exhibit normal 

AP expression at anterior segment. C, D: alx1; alx3 heterozygotes and alx1; alx3 

double mutants develop with anterior segment defects shown as partially missing AP 

expression at anterior segment (asterisk), misshapen eyes (arrowhead), and 

coloboma (arrow). E: The anterior segment defect is specific to some alx1; alx3 

heterozygotes and all alx1; alx3 double mutants (****: p < 0.0001, Fisher’s exact test, 

2 trials). All embryos are shown in lateral view, anterior to the left.  
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Supplementary Figure 4. alx1 and alx3 are required for hyaloid network formation 

Embryos derived from WT (A) or alx1; alx3/+ (B – E) were first scored for the presence 

of misshapen eyes and stained for alkaline phosphatase to visualize the hyaloid 

vasculature on lens at 5 dpf. A: Normal hyaloid network formation in WT (6/6 lens), B: 

Embryos with normal eyes have reduced hyaloid network formation (5/6 lens), C: 

Embryos with mild misshapen eyes have unorganized hyaloid network formation (5/6 

lens). D-E: Embryos with severe misshapen eyes have unorganized hyaloid network 

(D; 2/5 lens) or no hyaloid network (E; 2/5 lens).  
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Supplementary Figure 5. Ethanol treatment does not affect visually guided O-bend 

initiations 

Mean frequency of O-bend initiations to a series of 10 dark flash stimuli with and 

without ethanol treatment (n.s.: p>0.9999. *: p = 0.0305. ANOVA with Kruskal-Wallis. 

N at base of bars indicates number of larvae. Error bars indicate SEM). 
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Chapter IV 

A novel gene regulatory network that controls 
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Introduction 

Vertebrate eye morphogenesis begins when the neural retina evaginates from 

the forebrain and is shaped into bilayered optic cups (Chow and Lang, 2001; 

Fuhrmann, 2010). The optic cup is transiently attached to the forebrain through the 

optic stalk (later becoming optic nerve) and continues to develop as the choroid fissure, 

a transient opening in the ventral surface of retina, forms (Bibliowicz et al., 2011; 

Fuhrmann, 2010). Hyaloid vasculature, which is derived from mesoderm and anterior 

neural crest lineages (Gage et al., 2005), invades into the eyes guided by optic stalk 

through the choroid fissure prior to fusion (James et al., 2016; Morcillo et al., 2006; 

Tao and Zhang, 2014; Weaver et al., 2020). The choroid fissure must close for retinal 

vasculature development inside of the retina and for transmission of visual information 

to the brain (Alvarez et al., 2007; Patel and Sowden, 2019). In humans, failure of 

choroid fissure formation and closure is associated with coloboma, which leads to 

blindness and visual impairment worldwide (Eckert et al., 2019; Gordon et al., 2018; 

Gregory-Evans et al., 2004; Williamson and FitzPatrick, 2014). Despite the clinical 

significance, little is known about the regulatory mechanism of ventral retina 

morphogenesis. 

The ventral retina is surrounded by various tissues and cell lineages including 

the ventral forebrain, optic stalk, hyaloid vessels, and neural crest-derived 

mesenchyme that gives rise to craniofacial cartilage and structures of the anterior 

segment of the eye, such as the cornea and lens. Future cartilage neural crest cells 

migrate around the eye on their way to their destination, oral ectoderm (Eberhart et al., 

2008), and future anterior segment neural crest cells enter the eye through the choroid 

fissure (Takamiya et al., 2020; Van Der Meulen et al., 2020). Due to their proximity, 
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these lineages can signal one another to ensure the correct ventral retina formation, 

but the details of these signaling interactions are poorly understood.   

Optic stalk is important for choroid fissure formation and closure (Bassett et al., 

2010; Eckert et al., 2019; Wen et al., 2015), and hyaloid vasculature formation (Alvarez 

et al., 2007). Sonic hedgehog (Hh) signaling is the best-known regulator of their 

formation. Hh, which originated from the ventral midline of forebrain, induces optic 

stalk and choroid fissure formation while separating them from the retina (Chiang et 

al., 1996; Lee et al., 2008; Macdonald et al., 1995; Zhao et al., 2012). At this point, the 

genetic mechanism of how Hh regulates optic stalk and ventral retina development. 

Therefore, it is necessary to identify and examine the genetic regulators of Hh 

signaling. 

Pax2 is one such important genetic regulator. Its transcription in presumptive 

optic nerve glia (Nornes et al., 1990) is induced by Hh signaling from the ventral 

midline of the forebrain (Chiang et al., 1996; Macdonald et al., 1995). Subsequently, it 

plays various roles during ventral retina morphogenesis, including retinal astrocyte 

migration and differentiation in the optic stalk (Chu et al., 2001; Sehgal et al., 2009), 

choroid fissure closure (Sehgal et al., 2008), optic nerve trajectory formation (Torres 

et al., 1996), and hyaloid vasculature recruitment (Weaver et al., 2020). In humans, 

dysregulation of PAX2 is linked with coloboma (Okumura et al., 2015; Sanyanusin et 

al., 1995; Schimmenti, 2011). Together, these observations suggest that pax2 is 

required for ventral retina development. To fully understand the mechanism of pax2 

functions in the developing embryo, it is essential to dissect these functions further 

while investigating potential regulators of pax2.  

Our lab has previously shown that zic2, zinc-finger transcription factor, is 
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another target of Hh signaling that is important for optic stalk and ventral retina 

formation. Furthermore, it functions to restrict pax2a transcription at the optic stalk 

during retinal development (Sanek et al., 2009; Sedykh et al., 2017). In humans, 

mutations in SHH and ZIC2 are associated with holoprosencephaly, a congenital 

forebrain malformation (Dubourg et al., 2004; Grinblat and Lipinski, 2019; Kruszka et 

al., 2018). Zic2 has been shown to interact with Hh signaling mediator gli proteins 

physically and functionally in vitro (Koyabu et al., 2001; Mizugishi et al., 2001). 

However, this interaction has not been tested in vivo to date. In zebrafish, zic2 mutants 

exhibit ocular defects, namely coloboma and ocular hemorrhaging (Sedykh et al., 

2017). I hypothesize that these ocular defects occur due to dysregulation of the Hh 

downstream target, pax2a. In this chapter, I further investigate the genetic regulations 

of ocular development focusing on pax2a. 

Here, I present two novel genetic regulatory mechanisms of pax2a 

transcription mediated by zic2 and highlight the role of pax2a during ocular and 

craniofacial development. I identify that zic2 cooperates with gli proteins to inhibit 

pax2a transcription at the optic stalk. I also identify that cldn11, a novel downstream 

target of zic2 (Sedykh et al., 2017), inhibits pax2a transcription expanding to ventral 

retina. After reducing pax2a transcription, I observe that coloboma, but not ocular 

hemorrhaging, is rescued in zic2 mutants and pax2a function is required for hyaloid 

vasculature and craniofacial cartilage development.  
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Methods 

 

Zebrafish husbandry and embryo manipulation  

 

Adult zebrafish were maintained according to established methods 

(Westerfield, 1993). All experimental protocols using zebrafish were approved by the 

University of Wisconsin Animal Care and Use Committee and carried out in 

accordance with the institutional animal care protocols. Embryos were obtained from 

natural matings and staged according to Kimmel (Kimmel et al., 1995).  

Embryos derived from NHGRI (WT) (LaFave et al., 2014), zic2agbt133/+; 

zic2bt104/+, zic2bt104, or zic2agbt133/+; zic2bt104 were injected with CRISPRs (Table 1) 

and Cas9 protein (IDT) accordingly. The final concentation for each CRISPR and Cas9 

protein were adjusted to 5 µM. 

Embryos derived from Tg(hsp70l;gli2aDR-eGFP) (Shen et al., 2013) were 

injected with zic2 CRISPRs (2.5 µM final concentration) (Table 1) and Cas9 protein (5 

µM final concentration) at 1 cell stage and heat-shocked at 37oC for an hour at 8 hours 

post fertilization (hpf).  

 

O-dianisidine staining  

 

Staining the hemoglobinized red blood cells with o-dianisidine was carried out 

as previous described (Paffett-Lugassy and Zon, 2005). To visualize the intraocular 
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red blood cell population, embryos were bleached with 1% KOH/6% H2O2. Embryos 

were mounted in 100% glycerol and imaged on Leica MZ FLIII stereo microscopes 

equipped with Leica DFC310 FX camera and LAS v4.0 software. 

 

Immunohistochemistry 

 

Embryos were fixed in 4% paraformaldehyde (PFA)/ PBS overnight. After 

fixation, the embryos were bleached in 1% KOH/6% H2O2 and then washed with 

PBST-X (1X PBS with 0.2% TritonX-100). To enhance permeability, embryos were 

dechorionated and deyolked. Embryos were blocked with PBSTD-X (1X PBST-X 

mixed with 1% DMSO, 10% Bovine serum albumin mixed with 1X PBS, 10% goat 

serum) for 2 hours in RT before primary antibody incubation. Rabbit-anti pax2a 

antibody (GeneTex; 1:500) and mouse-anti GFP antibody (Millipore; 1:500) were 

detected fluorescently with Alexa-594 goat anti-rabbit antibodies (Invitrogen; 1:500) 

and Alexa-488 goat anti-mouse antibodies (Invitrogen; 1:500), respectively. For F-

actin and nuclei staining, embryos were stained with phalloidin Alexa-568 (Invitrogen; 

1:100) and DAPI (Molecular Probes; 1:5000), respectively. Embryos were mounted in 

VectaShield (Vector laboratories) and imaged on an Olympus IX81 inverted confocal 

microscope with the Fluoview 1000 confocal package, using a 60x water immersion 

objective (NA 1.10). 
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In situ hybridization and alcian blue staining 

 

In situ hybridization was carried out as previously described (Gillhouse et al., 2004), 

using the following probe: pax2a (Hoyle et al., 2004). After whole mount in situ 

hybridization (WISH), embryos were mounted in 100% glycerol and imaged on Leica 

MZ FLIII stereo microscopes equipped with Leica DFC310 FX camera and LAS v4.0 

software. For cartilage staining, zebrafish larvae were fixed at 5 days post fertilization 

(dpf) in 4% PFA/PBS overnight and stained with alcian blue according to Kimmel 

(Kimmel et al., 1998). Stained zebrafish larvae were further dissected using forceps 

for imaging jaw cartilage and ethmoid plates. Jaw cartilage and ethmoid plates were 

imaged on NIKON eclipse E600 microscope equipped with Q Imaging QIclick 1.4MP 

CCD Monochrome Microscope camera and NIS-elements software. 

 

Statistics 

 

Statistical analyses, including Welch’s t-test, Fisher’s exact test, and Chi-

square test, were performed using GraphPad Prism software (GraphPad Software). 

P-values below 0.05 were considered statistically significant.  
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Result and Discussion 

 

Zebrafish zic2 is required for hyaloid vascular development. 

 

 Our lab previously generated a genetic model of zebrafish ZIC2-linked HPE 

model to examine the role of zic2 during ventral retina morphogenesis (Sedykh et al., 

2017). We found that zebrafish zic2 mutants exhibit coloboma with intraocular and/or 

periocular hemorrhaging at 3 days post fertilization (dpf) (Fig. 1A-D; asterisk), 

suggesting that zic2 may function in hyaloid vasculature development.  

I next asked if hyaloid vasculature patterning and/or morphology were 

disrupted in zic2 mutants at 28 hpf, when the hyaloid loop forms around the lens 

(Hartsock et al., 2014). Through whole mount immunohistochemistry, I examined 

hyaloid vasculature (marked with fli1:GFP) and optic stalk and choroid fissure (marked 

with pax2a) in zic2 mutants. In zic2 mutants, pax2a is ectopically expanded (Fig 1G, 

H; arrowhead) and hyaloid vasculature clusters ventrally and periocularly (Fig 1G, H; 

arrow).  

 

Pax2a is regulated by the interaction between zic2 and glis  

 

Hh signaling secreted from the ventral midline of the forebrain is required for 

patterning early vertebrate ocular morphogenesis such that it promotes pax2 in the 

optic stalk but represses pax6 in the retina to set the boundary between optic stalk 



170 

 

and retina (Chiang et al., 1996; Ekker et al., 1995; Macdonald et al., 1995; Zhao et al., 

2012). Gli proteins are Hh signaling mediators that differentially activate or repress in 

various cellular contexts (Cavodeassi et al., 2019). For optic stalk development, gli3 

has been shown to restrict the expression of pax2 at the optic stalk (Furimsky and 

Wallace, 2006; Wiegering et al., 2019). While the expression of Gli proteins overlaps 

at ventral forebrain in zebrafish (Sanek and Grinblat, 2008), an early functional 

requirement of Gli proteins for optic stalk development remains very poorly understood. 

In addition, while zic2 restricts pax2a at optic stalk (Sanek et al., 2009; Sedykh et al., 

2017) and gli proteins physically and functionally interacts with zic2 in vitro (Koyabu et 

al., 2001; Mizugishi et al., 2001), the interaction between zic2 and Gli proteins for optic 

stalk development has not been characterized and tested in vivo to date.  

In zebrafish, gli2 function can activate or repress Hh signaling downstream 

targets depending on the cellular context (Karlstrom et al., 2003), but its functional 

requirement for optic stalk development has not been tested. I first asked if zic2 

functionally interacts with gli2 for optic stalk development. To test this, I overexpressed 

a dominant negative isoform of gli2a (gli2-DN) to deplete all gli functions (Karlstrom et 

al., 2003), while simultaneously abrogating zic2 function. I mutagenized both zic2a 

and zic2b through CRISPR/Cas9 mutagenesis (Fig. 2A, B) in embryos derived from 

parental crosses of Tg(hsp70l;gli2aDR-eGFP) (Shen et al., 2013) and induced with 

heat-shock at 8 hpf for an hour (Fig. 2C). I observed that gli depleted embryos develop 

with U-shaped somites (Supp Fig. 1B, C), consistent with previous data (Shen et al., 

2013). I next examined pax2a expression using WISH. WT embryos develop with 

normal pax2a expression at optic stalk and choroid fissure (Fig. 2D, n = 11/11) 

whereas gli2-DN embryos develop with mispatterned pax2a expression (Fig. 2E, n = 
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13/42). I observed a similar result in zic2 CRISPants (Fig. 2F, n = 9/12) and gli2-DN; 

zic2 CRISPants (Fig. 2G, n = 5/7). Compared to WT, the proportion of mispatterned 

pax2a expression significantly increases in gli2-DN, zic2 CRISPants, and gli2-DN; zic2 

CRISPants (Fig. 2H; p = 0.0474, p = 0.0003, p = 0.0025, respectively, Fisher’s exact 

test). This suggests that both zic2 and glis inhibit pax2a transcription at optic stalk (Fig. 

8). 

In addition, to test a functional interaction between zic2 and gli3 for optic stalk 

development, I used CRISPR/Cas9 mutagenesis targeting exon 3, exon 6, and exon 

7 of the gli3 locus (Fig. 3A) in embryos derived from WT, zic2a +/-; zic2b +/- (Zygotic-

zic2; Z-zic2), zic2a +/+; zic2b -/- (Maternal/zygotic-zic2b; MZ-zic2b), and zic2a +/-; 

zic2b -/- (Maternal/zygotic-zic2; MZ-zic2) and examined pax2a expression using 

WISH. While very few gli3 CRISPants from WT and Z-Zic2 develop with mispatterned 

pax2a expression (Fig. 3E, n= 4/76 from WT, n= 3/47 from Z-zic2), gli3 CRISPants 

from MZ-zic2b (Fig. 3C) or MZ-zic2 (Fig. 3D) parental incross significantly develop 

with mispatterned pax2a expression (Fig. 3E, n = 3/14 from MZ-zic2b and n = 40/64 

from MZ-zic2). This finding suggests that zic2 and gli3 synergistically restrict pax2a 

transcription at the optic stalk (Fig. 8). While there is yet much to learn about the 

mechanism of the interaction between zic2 and gli proteins, investigating this 

interaction further would provide clues to how Hh signaling separates the fate of the 

optic stalk from the forebrain and retina.  
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Cldn11 represses pax2a transcription in retina. 

 

Cldn11, a claudin gene family, is a tight junction protein that is enriched in 

myelinating sheath of the central nervous system and Sertoli cells in testes (Devaux 

and Gow, 2008; Morita et al., 1999; Tiwari-Woodruff et al., 2001). In zebrafish, cldn11 

has two homologs: cldn11a and cldn11b. Initially, zebrafish cldn11a was reported as 

a vascular endothelial marker (Cannon et al., 2013); however, we identified a novel 

domain of cldn11a expression, which overlaps with periocular neural crest, at 24 hpf 

(Sedykh et al., 2017). Through WISH and RNA-sequencing, we showed that cldn11a 

expression is significantly downregulated in zic2 mutants (Sedykh et al., 2017). On the 

other hand, cldn11b function and expression has not yet been reported to date.  

While nothing is known about the role of cldn11 during ventral retina 

morphogenesis, recent reports show that cldn11 is required for epithelial-to-

mesenchyme transition (EMT) and collective cell migration (Hutchins and Bronner, 

2019; Li et al., 2019), which are the two requirements for neural crest migration. 

Because anterior neural crest-derived periocular mesenchyme contributes to ventral 

retinal morphogenesis (Gestri et al., 2018; Lupo et al., 2011; McMahon et al., 2009) 

and cldn11a expression overlaps with the domain where periocular neural crest 

presents (Sedykh et al., 2017), I investigated if cldn11a contributes to optic stalk 

development. To test this, I used CRISPR/Cas9 mutagenesis to target exon 1 and 

exon 3 of cldn11a locus (Fig. 4A). I found that all cldn11a CRISPants normally develop. 

Because a transcriptional adaptation mechanism is triggered by mutant mRNA 

degradation in the zebrafish genome (El-Brolosy et al., 2019), I reasoned that cldn11b, 

a paralog of cldn11a, may upregulate to compensate the loss of cldn11a function. I 
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next mutagenized two targets at exon 1 of cldn11b locus (Fig. 4B) along with same 

targets for cldn11a. Surprisingly, cldn11a; cldn11b double CRISPants develop with 

craniofacial and ocular defects (Supp. Fig. 2C, n = 24/42). Similar to cldn11a 

CRISPants, all cldn11b CRISPants develop normally.  

 To investigate if ventral retinal patterning is disrupted by loss of cldn11a and 

cldn11b function, I examined pax2a expression in cldn11a; cldn11b double CRISPants 

using WISH. Surprisingly, pax2a expression is ectopically expanded in cldn11a; 

cldn11b double CRISPants (Fig. 4E – G; p < 0.0001, Fisher’s exact test, 1 trial), 

reminiscent of zic2 mutants (Sedykh et al., 2017), gli2-DN; zic2 CRISPants (Fig. 2), 

and zic2; gli3 CRISPants (Fig. 3). Taken together, our data demonstrate that cldn11 

plays a critical early role during ventral retina morphogenesis through repression of 

pax2a transcript in the retina (Fig. 8). While the interaction between cldn11 and pax2a 

and the role of cldn11 in anterior neural crest migration need to be further investigated, 

this finding suggests the potential role of cldn11 in optic stalk development. In addition, 

because cldn11 is a tight junction protein that shares a structural similarity with other 

claudin genes, such as cldn5 expressed in hyaloid vasculature (Xie et al., 2010), 

cldn11 might be a novel gene that regulates vascular integrity of hyaloid vasculature.  

 

Reduction of pax2a transcription rescues coloboma but not ocular hemorrhaging in 

zic2 mutants. 

 

 Hh secreted from the ventral midline of the forebrain is required for ventral 

retina morphogenesis (Chiang et al., 1996; Lee et al., 2008; Macdonald et al., 1995; 
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Zhao et al., 2012). In the absence of Hh expression, pax2a expression is lost at the 

optic stalk (Varga et al., 2001). Conversely, ectopic Hh expression induces the 

expansion of pax2a at optic vesicle and optic stalk (Ekker et al., 1995). Likewise, 

mutation of zic2 results in ectopic expansion of pax2a (Fig. 1G, H). Therefore, I 

hypothesized that coloboma and ocular hemorrhaging in zic2 mutants were due to 

aberrant pax2a transcriptional level.  

To investigate if reduction of pax2a transcript rescues coloboma and ocular 

hemorrhaging, I used CRISPR/Cas9 mutagenesis targeting exon 2 and exon 4 of the 

pax2a locus (Fig. 5A). Pax2a CRISPants develop with no midbrain-hindbrain boundary 

(no isthmus, noi) (Supp Fig. 3B; asterisk) and mild coloboma (Supp Fig. 3D; arrow), 

consistent with previous findings in mutants (Kelly and Moon, 1995; Krauss et al., 1992; 

Lun and Brand, 1998; Macdonald et al., 1997; Pfeffer et al., 1998; Weaver et al., 2020). 

I conclude that pax2a CRISPRs effectively mutagenized pax2a transcript (Supp Fig. 

3E; p < 0.0001, Chi-square test, 6 trials).  

I introduced pax2a CRISPRs into zic2 mutants and scored for coloboma and 

ocular hemorrhaging at 3 dpf in zic2 mutants/pax2a CRISPants (going forward, I will 

refer to as zic2; pax2a CRISPants). The penetrance of coloboma significantly reduced 

in zic2; pax2a CRISPants (Fig. 5B, p < 0.0001, Chi-square test, 9 trials) as well as the 

severity (normal in Fig. 5C, p = 0.003; mild in Fig. 5D, p = 0.0313; moderate in Fig. 5E, 

p = 0.0313; severe in Fig. 5F, p = 0.0001, Welch’s t-test. 9 trials). These findings are 

consistent with a significant alleviation of coloboma phenotype in zic2 mutants treated 

with cyclopamine, a Hh inhibitor (Sedykh et al., 2017), suggesting that dysregulation 

of Hh signaling is associated with coloboma. However, the penetrance of ocular 

hemorrhaging did not significantly reduce in zic2; pax2a CRISPants (Fig. 5G, p = 



175 

 

0.1082; Fisher’s exact test, 7 trials). 

 

Pax2a is required for hyaloid vasculature formation. 

 

I asked if ocular hemorrhaging in zic2 mutants is associated with dysregulation 

of Hh signaling. Since ptch2 is a transmembrane protein serving as a Hh inhibitor 

(Cavodeassi et al., 2019), I used embryos derived from ptch2 +/-; Tg(fli1:GFP) parents 

to examine the hyaloid vasculature in overactivation of Hh signaling. I scored ptch2 

mutants by examining the mild coloboma phenotype at 2 dpf (Gordon et al., 2018; Lee 

et al., 2008) and immunostained for GFP. Both normal siblings and ptch2 mutants 

develop with normal hyaloid vasculature formation at 2 dpf and 5 dpf (Fig. 6A – D). 

Conversely, I investigated hyaloid vasculature formation in reduction of Hh 

signaling. I introduced pax2a CRISPRs into Tg(fli1:GFP), scored for noi phenotype to 

ensure CRISPR efficacy at 24 hpf, and stained for pax2a and GFP to visualize the 

optic stalk/choroid fissure and hyaloid vasculature, respectively, at 28 hpf. WT 

embryos develop with normal hyaloid loop formation (Fig. 6E) with normal pax2a 

expression at choroid fissure (Fig. 6F) whereas pax2a CRISPants exhibit partially 

incomplete hyaloid loop formation (Fig. 6G) with completely depleted pax2a 

expression (Fig. 6H). A recent report shows that pax2a mutants exhibit reduced 

hyaloid vascularization (Weaver et al., 2020), which is consistent with our data. 

Together, our data suggest that pax2a is required for hyaloid vasculature formation.  

It is currently unclear whether Hh directly or indirectly influences hyaloid 

vasculature development. While previous reports show that Hh acts directly on 
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vascular endothelium of several cellular contexts (Chinchilla et al., 2010; Nagase et 

al., 2008), several reports demonstrate that Hh indirectly promotes angiogenesis 

through promoting vascular endothelium growth factor (VEGF) (Nagase et al., 2008; 

Pola et al., 2001; Weiss et al., 2017). Because zebrafish pax2a mutants show 

significant depletion of VEGF (Weaver et al., 2020) and Hh-dependent VEGF is 

required for ventral retinal vascular patterning (Weiss et al., 2017), it is likely that Hh 

indirectly influences initial hyaloid vasculature development through promoting VEGF. 

In addition, recent reports show that Hh regulates vascular integrity within the retina 

(Diaz-Coranguez et al., 2017; Pollock et al., 2020); hence, it is possible that Hh 

indirectly controls hyaloid vasculature development through promoting the 

differentiation of neural crest derived vascular pericytes that stabilize the hyaloid 

vasculature (Alvarez et al., 2007; Saint-Geniez and D'Amore, 2004). Additional studies 

are needed to investigate if pax2a function is required for regulating retinal vascular 

integrity.  

 

Pax2a function is required for craniofacial development.  

 

To investigate if pax2a function is required for craniofacial cartilage formation, 

Lauren and I examined the craniofacial structure following reducing pax2a 

transcription. I raised normal siblings and pax2a CRISPants until 5 dpf and Lauren 

used alcian blue staining to visualize craniofacial cartilage structure. Lauren further 

dissected the embryos to image the jaw cartilages and ethmoid plates. While all 

normal siblings develop with normal jaw cartilages and ethmoid plates (Fig. 7A, C), 
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pax2a CRISPants develop with reduced jaw cartilages and ethmoid plates (Fig. 7B, 

D). The craniofacial defects significantly appear in pax2a CRISPants (Fig. 7E; p < 

0.0001, Fisher’s exact test, 3 trials). This finding suggests pax2a function is required 

for craniofacial cartilage.  

 The craniofacial cartilage is derived from two different sources of cranial neural 

crest. Cranial neural crest that arises from diencephalon and midbrain migrates 

anteriorly to form the ethmoid plate (Wada et al., 2005) whereas cranial neural crest 

that arises from the hindbrain migrates in three separate streams ventrolaterally and 

develops into the jaw cartilages of the pharyngeal arches (Schilling and Kimmel, 1994, 

1997; Trainor and Krumlauf, 2001). Anteriorly migrated cranial neural crest is 

influenced by the developing eyes as it requires signals from the eyes to start a 

directed migration (Langenberg et al., 2008). In the developing eyes, the optic stalk 

has been further characterized for its role in attracting anteriorly migrated cranial 

neural crest to optic stalk via platelet-derived growth factor (pdgf)-mediated cues. 

Without proper attractive cues, ethmoid plates abnormally form (Eberhart et al., 2008). 

Ventrolaterally migrated cranial neural crest and pharyngeal endoderm interact 

together to correctly form jaw cartilage and pattern pharyngeal arches, respectively 

(Trainor and Krumlauf, 2001). Morphogenesis and patterning of jaw cartilage depend 

upon the signals arising from pharyngeal endoderm (Couly et al., 2002; David et al., 

2002; Swartz et al., 2012).  

Although pax2a is not expressed in cranial neural crest, loss of pax2a function 

results in abnormal ethmoid plates and jaw cartilages (Fig. 7B, D). This suggests that 

pax2a function may non-cell-autonomously regulate both anteriorly and ventrolaterally 

migrated cranial neural crest. The molecular mechanism of pax2a for ethmoid plates 
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and jaw cartilage development is currently unknown. For future studies, it is necessary 

to examine if neural crest migration is disrupted in the absence of pax2a function 

through live imaging of Tg(sox10:GFP) embryos injected with pax2a CRISPRs. 
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Figure 1. Zic2 mutants exhibit ocular coloboma and hemorrhage. 

Embryos derived from zic2agbt133/+ ; zic2bt104 parents were stained with o-dianisidine 

to visualize the hemoglobinized red blood cells at 3 dpf (A-D) and those from 

zic2agbt133/+; zic2bt104; Tg(fli1:GFP/+) parents were immunostained for GFP and pax2a 

at 28 hpf (E-H). A: Normal retina morphology. B-D: Zic2 mutants exhibit intraocular 

hemorrhaging (B), coloboma (asterisk) with periocular (C) or both periocular and 

intraocular hemorrhaging (D). E, F: Single confocal stack of representative normal 

retina. G, H: Single confocal stack of representative zic2 mutant retina. Zic2 mutants 

exhibit abnormal pax2a expansion (arrowhead) and ectopic hyaloid vessel clustering 

ventrally and periocularly (arrow). red = pax2a; green = fli1:GFP; cyan = nuclei 

visualized by DAPI. All embryos are shown in lateral views, anterior to the left.  
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Figure 2. Zic2 interacts with gli2 to restrict pax2a transcription at optic stalk. 

A, B: CRISPRs were designed to target three sites in exon 1 of zic2a locus (A) and 

three sites in exon 1 of zic2b locus (B). C: Schematic of the heat shock treatment 

between uninjected and zic2 CRISPants. D – G: Embryos were stained for pax2a 

expression using whole mount in situ hybridization (WISH) at 24 hpf. D: Normal 
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embryos have pax2a expression restricted at optic stalk (n = 11/11). E – G: gli2-DN (E, 

n = 13/42), zic2 CRISPants (F, n = 9/12), and gli2-DN; zic2 CRISPants (G, n = 5/7) 

have mispatterned pax2a expression (asterisk). H: Comparison of WT with gli2-DN, 

zic2 CRISPants, and gli2-DN; zic2 CRISPants (1 trial). WT – gli2:DN: p = 0.0474, WT 

– zic2 CR: p = 0.0003, WT – gli2:DN; zic2-CR: p = 0.0025. P-values were calculated 

using Fisher’s exact test.  
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Figure 3. Zic2 interacts with gli3 to restrict pax2a transcription at optic stalk. 

A: CRISPRs were designed to target three sites in exon 3, exon 6, and exon 7 of gli3 

locus. B-E: Embryos derived from WT, zic2agbt133/+; zic2bt104/+ (Z-zic2), zic2bt104 (MZ-

zic2b), or zic2agbt133/+; zic2bt104 (MZ-zic2) incrosses were injected with gli3 CRISPRs 

at one cell stage and stained for pax2a using WISH at 24 hpf. B: Normal embryos 

have pax2a expression restricted at optic stalk (n = 95/95). C,D: MZ-zic2b (B; n= 3/14) 

and MZ-zic2 (C; n = 40/64) have mispatterned pax2a expression (asterisk). All 
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embryos are shown in ventral views, anterior to the top. E: Comparison between 

uninjected and CRISPants from each group. WT: p = 0.0373, 3 trials; Z-zic2: p = 

0.6501, 2 trials; MZ-zic2b: p = 0.3170, 2 trials; MZ-zic2: p = 0.0001, 3 trials. P-values 

were calucluated using Fisher’s exact test. 
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Figure 4. cldn11a regulates pax2a transcription. 

A, B: CRISPRs were designed to target two sites in exon 1 and exon 3 of cldn11a 

locus (A) and two sites in exon 1 of cldn11b locus (B). Embryos derived from WT 

crosses were injected with cldn11a and cldn11b CRISPRs (Cldn11 CRISPants) at one 

cell stage and stained for pax2a using WISH at 24 hpf. C, D: WT embryos have normal 

pax2a expression at optic stalk (n = 24/24). E, F: Cldn11 CRISPants develop with 

ectopic expansion of pax2a expression (arrowheads) (n = 28/51). G: Cldn11 

CRISPants develop with significantly abnormal pax2a expression (****: p < 0.0001, 

Fisher’s exact test, 1 trial).  
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Figure 5. Pax2a depletion rescues retinal coloboma but not hemorrhaging in zic2 

mutants. 

A: CRISPRs were designed to target two sites in exon 2 and exon 4 of pax2a locus. 

B-G: Embryos derived from zic2bt104; zic2agbt133/+ parents were injected with pax2a 

CRISPRs, stained with o-dianisidine at 3 dpf and scored for coloboma and 

hemorrhaging. Embryos with unilateral mild coloboma were scored as “mild”; embryos 

with bilateral mild coloboma were scored as “moderate”, and embryos with bilateral 
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moderate coloboma were scored as “severe.” B: Both penetrance and expressivity of 

coloboma decrease in zic2; pax2a CRISPant (****: p < 0.0001; Chi-square test; 9 trials). 

C: The penetrance of normal retinal morphology significantly increases in zic2 mutant; 

pax2a CRISPant (**: p = 0.003; Welch’s t-test; 9 trials). D: The penetrance of mild 

coloboma significantly increases in zic2; pax2a CRISPant (*: p = 0.0313; Welch’s t-

test; 9 trials). E: The penetrance of moderate coloboma significantly decreases in zic2; 

pax2a CRISPant (*: p = 0.0313; Welch’s t-test; 9 trials). F: The penetrance of severe 

coloboma significantly decreases in zic2; pax2a CRISPant (***: p = 0.0001; Welch’s t-

test; 9 trials). G: The penetrance of hemorrhaging does not significantly decrease in 

zic2 mutant; pax2a CRISPant (ns: p = 0.1082; Fisher’s exact test; 7 trials).  
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Figure 6. Pax2a function is required for hyaloid vasculature development. 

Embryos derived from ptch2 +/-; Tg(fli1:GFP) incross (A-D) or Tg(fli1:GFP) were  

injected with pax2a CRISPRs (E-H) and immunostained for GFP. (A-D) Fli1:GFP, an 

endothelial marker, was visualized in both normal siblings (A and C) and ptch2 mutants 

(B and D) at 2 dpf and 5 dpf. Normal siblings developed with normal hyaloid vessels 

at 2 dpf (A) and 5 dpf (C), while ptch2 mutants developed with mild coloboma (asterisk 

in B, n = 4/4) at 2 dpf, hyaloid vessel formation is normal at both stages (B and D). (E-

H) Both uninjected and pax2a CRISPants were stained for GFP (fli1) and pax2a at 28 

hpf. Uninjected embryos have normal hyaloid loop formation (E, n = 2/2) and pax2a 

expression (F, n = 2/2). Pax2a CRISPants have partially incomplete hyaloid loop 

formation (G, asterisk, n = 4/5) and no pax2a expression (H, arrow, n = 5/5). green = 

fli1:GFP, red = pax2a. Embryos are shown in lateral views, anterior to the left (A, B, 

E-H) or in ventral views with anterior to the top (C, D).   
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Figure 7. Pax2a function is required for craniofacial cartilage development. 

Embryos derived from WT were injected with pax2a CRISPRs at one cell stage and 

stained for alcian blue to visualize craniofacial cartilage at 5 dpf. Embryos were 

dissected to visualize jaw cartilages (A, B) and ethmoid plates (C,D). A: Normal jaw 

cartilages in WT. B: Jaw cartilages are reduced in pax2a CRISPants. C: Normal 

ethmoid plates in WT. D: The anterior element of ethmoid plates is reduced or 

truncated in pax2a CRISPants. E: Both jaw cartilages and ethmoid plates are 

significantly abnormal in pax2a CRISPants. (****: p < 0.0001, Fisher’s exact test, 2 

trials). 
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Figure 8. A model of pax2a regulation in the zebrafish optic stalk 

Pax2a expression is restricted at optic stalk by two different genetic mechanisms: (1) 

gli2/3 expressed in ventral forebrain inhibits pax2a transcription along with zic2. (2) 

zic2 activates cldn11, a potential periocular neural crest marker, which subsequently 

inhibits pax2a transcription.  
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Supplementary Figure 1. Heat shock inducible repression of Hh signaling  

Tg(hsp70l:gli2aDR-GFP) embryos were treated with 37oC heat shock at 8 hpf for an 

hour and imaged at 2 dpf. A: WT embryos without heat shock develop normally (n = 

95/95, 2 trials). B-C gli2-DN embryos develop with U-shaped somites (asterisk; n= 

101/115) and some without pigment at the eye (arrowhead in B; n = 19/101) (2 trials). 

Embryos are shown in lateral view, anterior to the left.  
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Supplementary Figure 2. Cldn11 CRISPR efficacy 

A-C: WT embryos were injected with cldn11a + cldn11b CRISPRs (cldn11 CRISPants) 

at one cell stage and imaged in group at 5 dpf for craniofacial defects. A: All WT 

embryos have normal craniofacial and ocular morphology (n = 24/24, 1 trial). B, C: 

Cldn11 CRISPants with normal (B; n = 18/42) or abnormal craniofacial and ocular (C; 

n = 24/42) morphology (1 trial). 
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Supplementary Figure 3. Pax2a CRISPRs effectively mutagenize pax2a in somatic 

cells. 

A, B: At 1 dpf, injected embryos were scored for the presence of midbrain-hindbrain 

boundary to determine efficacy of somatic mutagenesis. Pax2a CRISPants develop 

no midbrain-hindbrain boundary (no isthmus; noi) (asterisk in B). C, D: Single confocal 

stack through representative retina of normal (C) and pax2a CRISPants (D) at 2.5 dpf. 

Pax2a CRISPants exhibit coloboma (white arrow). Green = pax2a, Red = F-actin 

visualized by phalloidin, Blue = nuclei visualized by DAPI. Scale bar = 25 um. F: All 

the uninjected embryos develop normally while 88% of pax2a CRISPants develop no 

isthmus (****: p < 0.0001; Chi-square test, 6 trials). Embryos are shown in lateral view, 

anterior to the left.  
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CRISPR Sequence Source 

pax2a CRISPR #1 ATCGTGGAGCTCGCACACCA 

IDT 

pax2a CRISPR #2 CACCATCCTCCGACGGCAC 

cldn11a CRISPR #1 AGGGGTTGTGGGCAGACTGT 

cldn11a CRISPR #2 CTGTGTGGTTTCCCATCGGG 

cldn11b CRISPR #1 CGCGACCTCCACAAATGATT 

cldn11b CRISPR #2 GGAGACCAAAGGCTTGTGGA 

zic2a CRISPR #1 AGATGCGACTCGGACTACCA 

zic2a CRISPR #2 AAGGTGCCCACTCCCAAACC 

zic2a CRISPR #3 CAAGGCCACATTCTGTTCCC 

zic2b CRISPR #1 TCACCAGGTGCCCAATACGC 

zic2b CRISPR #2 GTAGGTGACCCTGACCTTCT 

zic2b CRISPR #3 TAGGGGTTGGCACGTTCACA 

gli3 CRISPR #1 CGGTTTATCAGCCTAGGACT 
 

Synthego 
 

gli3 CRISPR #2 CCCTCAGTGGGGTCCACAAC 

gli3 CRISPR #3 GACCACACCCTGCCCTATCG 

 

Table 1. CRISPR sequence information 
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 In the preceding chapters, I discussed several genetic controls regulating 

vertebrate ocular and craniofacial cartilage development (Fig. 1). Chapter 2 focused 

on zic2. We showed that zebrafish zic2 mutants develop with several craniofacial 

complex defects. This led us to hypothesize that zic2 is required for ventral retina 

morphogenesis through restricting pax2a, a Hh-downstream target. Through RNA 

sequencing analysis, we found that zic2 activates alx1 transcription at the periocular 

neural crest. We also found that zic2 activates cldn11a transcription at the anterior to 

the retina where the periocular neural crest is likely populated. This work begins to 

elucidate the molecular mechanism of how zic2 regulates ventral retina 

morphogenesis and illustrates a novel role of zic2 for periocular neural crest formation.  

Chapter 3 focused on the alx gene family. We presented two zebrafish models 

(alx1 mutants and alx1; alx3 double mutants). Both ALX1 mutation in humans and alx1 

zebrafish mutants are associated with ocular defects. To investigate the genetic 

interaction among the alx gene family, alx1; alx3 double mutants were generated. Alx1; 

alx3 double mutants develop with truncated ethmoid plates resulting from abnormal 

migration of the anterior neural crest. Along with craniofacial abnormalities, alx1; alx3 

double mutants also develop with ocular defects. Despite ocular defects, we found 

that alx1; alx3 double mutant embryos develop with normal retinal function. Through 

ethanol exposure at early embryonic stages, we identified that alx1 protects the neural 

crest from environmental perturbations. This work establishes the first zebrafish alx 

model for dissecting conserved genetic-environmental interactions during craniofacial 

complex development.  

Chapter 4 focused on pax2a. Pax2a transcription at the optic stalk is restricted 

by zic2 in two different genetic mechanisms: cooperative inhibition through the 
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interaction between zic2 and gli proteins, Hh signaling mediators, and inhibition by 

cldn11, which is activated by zic2. Coloboma in zic2 mutants was rescued after 

reduction of pax2a transcription. We identified that pax2a function is required for 

hyaloid vascular formation and craniofacial cartilage development. This work dissects 

the genetic regulatory mechanisms of pax2a transcription and demonstrates the role 

of pax2a during ocular development. In addition, this work characterizes a novel 

requirement of pax2a function for craniofacial development.  

In this final chapter, I address some of the most urgent questions raised by this 

work and provide suggestions for future experiments.  

 

How does the alx gene family mediate the role of zic2 in craniofacial complex 

development?  

 

 In chapter 3, we showed that both anterior neural crest (aCNC)-derived 

structures (anterior neurocranium and anterior segment of the eye) are aberrantly 

formed in alx1; alx3 double mutants. Through lineage tracing experiment, we identified 

that aCNC abnormally migrates in the absence of normal alx1 and alx3 function, 

suggesting that alx1 and alx3 control craniofacial complex development through 

regulating aCNC migration. To further elucidate an early requirement of the alx gene 

family for aCNC migration, alx1 knock-in reporter will be introduced to Tg(sox10:GFP) 

zebrafish line, which labels the neural crest (Clay and Halloran, 2013), using 

GeneWeld targeted integration (Wierson et al., 2020). This knock-in zebrafish line will 

be useful to observe an early migration pattern of alx1-expressing aCNC through live 
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imaging between 13 hpf (hours post fertilization), when aCNC begins migration (Rocha 

et al., 2020), and 24 hpf, when aCNC passes the optic stalk to localize at presumptive 

anterior neurocranium (Eberhart et al., 2008). Introducing alx3, alx4a, or alx4b knock-

in reporter to Tg(sox10:GFP) will be helpful to further elucidate where each alx gene 

is expressed during aCNC migration.   

To fully understand the functional interactions among the alx gene family, it is 

ideal to knock out the entire alx gene family. Because both alx1 mutant and alx1; alx3 

double mutant embryos do not fully recapitulate ocular defects found in ALX1-related 

FND patients, such as microphthalmia and retinal coloboma, we hypothesize that the 

zebrafish alx gene family functionally compensates for early ocular morphogenesis. 

We are currently generating alx1; alx3; alx4a; alx4b mutant/CRISPant hybrids through 

mutagenizing both alx3 and alx4a alleles in already established alx1; alx4b double 

mutants. We are expecting to observe early ocular defects in alx1; alx3; alx4a; alx4b 

mutant/CRISPant hybrids that are comparable to those found in human ALX-related 

FND if our hypothesis is true.  

To further dissect the genetic regulation of the alx gene family for craniofacial 

and anterior segment development, it is necessary to perform RNA-seq analysis on 

alx1; alx3 double mutants and investigate the role of alx1 and alx3 during early neural 

crest migration. To identify the downstream effectors of alx1 and alx3, embryos derived 

from alx1; alx3/+ parental incross will be used and lysed at 16 hpf and 24 hpf, two 

representative developmental stages when aCNC migrates anteriorly from the dorsal 

surface to the eye (DeLaurier et al., 2012) and aCNC populates at optic stalk and 

localizes at presumptive anterior neurocranium (Eberhart et al., 2008), respectively. 

Because alx1; alx3 double mutants do not exhibit obvious phenotypes until 3 dpf (days 
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post fertilization), a lot of individual embryos at 16 hpf and 24 hpf will be sequenced 

and their genotypes will be deduced from alx3 transcriptional level. Both alx1 and alx3 

are expressed in chondrogenic and periocular neural crest in zebrafish (Dee et al., 

2013; Sedykh et al., 2017). This led us to hypothesize that alx gene family directly 

controls craniofacial development through regulating chondrogenic neural crest 

development and indirectly regulates ocular development through functioning in 

periocular neural crest development. Identifying the downstream chondrogenic and 

periocular neural crest markers through RNA-seq will test this hypothesis.  

 

How does pax2a control neural crest migration and craniofacial complex development? 

  

In chapter 4, we showed that both anterior neurocranium and jaw cartilage are 

aberrantly formed in pax2a CRISPants, suggesting that pax2a function may be 

required for cranial neural crest migration. Because pax2a is not expressed in the 

neural crest, we hypothesize that pax2a regulates cranial neural crest lineages in a 

non-cell-autonomous manner. To investigate whether pax2a-expressing optic stalk 

and/or midbrain-hindbrain boundary interacts with cranial neural crest, pax2a knock-

in reporter will be introduced to Tg(sox10:GFP) zebrafish line. This zebrafish line will 

be used to elucidate when and where the cranial neural crest interacts with pax2a-

expressing optic stalk and/or midbrain-hindbrain boundary through live imaging 

between 13 hpf and 24 hpf.  

Pax2a CRISPants develop with abnormal ethmoid plates and jaw cartilages, 

which led us to hypothesize that pax2a function is required for correct cranial neural 
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crest migration. In order to test this, a lineage tracing experiment will be performed on 

Tg(sox10:kaede) zebrafish line (Dougherty et al., 2012) injected with pax2a CRISPRs. 

Photoconverted cranial neural crest populated in anteromost domain at 10 cell stage 

migrates to the median element of the anterior neurocranium at 4 dpf while 

photoconverted cranial neural crest in the first pharyngeal arch migrates to jaw 

elements of the pharyngeal arches at the same developmental stages (Dougherty et 

al., 2012). If our hypothesis is correct, cranial neural crest ectopically migrates in 

pax2a CRISPants.  

While we showed that pax2a is required for the optic stalk and ventral retinal 

morphogenesis, how pax2a regulates this process remains elusive. Therefore, it is 

critical to investigate the downstream effectors of pax2a that are specifically expressed 

at the optic stalk and choroid fissure. Pax2a CRISPRs will be injected into WT embryos. 

At 24 hpf, RNA will be extracted for RNA-seq and the transcriptional level will be 

compared between uninjected siblings and pax2a CRISPants to find out potential 

candidate target genes of pax2a.  

 

How do zic2 and the alx gene family regulate hyaloid vasculature development? 

 

 In chapter 2 and 4, we showed that zic2 mutants develop with periocular and/or 

intraocular hemorrhaging. Although zic2 expression has not been reported in 

endothelial cells, it is possible that it is expressed there at low levels or transiently. 

Thus, it is premature to rule out a cell-autonomous zic2 function in endothelial lineage. 

To test this, we propose a rescue experiment. Tg(UAS:zic2a-YFP), which allows for 
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zic2a overexpression by introducing tissue-specific Gal4 (Teslaa et al., 2013), will be 

introduced into zic2 mutant background. Tg(kdrl:Gal4), which is restricted to the 

endothelium (Totong et al., 2011; Uemura et al., 2016), will be introduced into 

Tg(UAS:zic2a-YFP);zic2 embryos. This will lead to specific expression of zic2a only in 

the endothelium. The embryos will be examined for (1) expression of zic2a-YFP and 

(2) hemorrhage and vascular network using the o-dianisidine assay at 3 dpf and 

alkaline phosphatase assay at 5 dpf to determine if zic2a expressed in endothelium is 

sufficient to rescue periocular and intraocular hemorrhaging.  

It is also possible that zic2 regulates hyaloid vasculature development 

indirectly via a primary function in the periocular neural crest. In chapter 3, our data 

indicated that alx1 mutants and alx1; alx3 double mutants exhibited periocular and 

intraocular hemorrhaging, reminiscent of the phenotypes shown in zic2 mutants 

(chapter 2, 4). We also showed that some alx1; alx3 heterozygotes and all alx1; alx3 

double mutants develop with aberrant hyaloid vasculature network. Because zic2 

promotes alx1 in periocular neural crest (Sedykh et al., 2017) and abnormal hyaloid 

vasculature formation can result from underpopulated vascular pericytes, which 

stabilize vascular endothelium (Jo et al., 2013), we hypothesize that the alx gene 

family regulates vascular pericyte development. To test this hypothesis, alx1 or alx3 

knock-in reporter will be introduced into Tg(pdgfrb:mCherry) zebrafish line, which 

visualizes vascular pericytes by 3 dpf (Ando et al., 2016). This will allow us to examine 

if alx1-expressing or alx3-expressing periocular neural crest differentiates to vascular 

pericytes. If alx1 and/or alx3-expressing periocular neural crest differentiates to 

vascular pericytes, Tg(pdgfrb:mCherry); alx1; alx3 double mutants will be generated 

to investigate whether alx1 and alx3 function are required for vascular pericyte 
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development. The vascular pericyte population at 3 dpf will be compared and embryos 

will be genotyped post-hoc. If our hypothesis is correct, we are expecting to observe 

a significant reduction of vascular pericytes in alx1; alx3 double mutants.  

 

How do pax2a and cldn11a regulate hyaloid vasculature development? 

 

In chapter 4, I showed that pax2a CRISPants develop with improper hyaloid 

vasculature formation. While a recent finding suggests that pax2a is necessary for 

hyaloid vasculature recruitment (Weaver et al., 2020), whether pax2a exerts its 

function for vascular integrity has not been characterized. Although cldn11 has 

structural similarity with other claudin gene family such as cldn5, expressed in hyaloid 

vasculature (Xie et al., 2010), and zebrafish cldn11a was initially reported as a vascular 

endothelial marker (Cannon et al., 2013), it is unknown whether cldn11 is required for 

hyaloid vasculature. In both pax2a CRISPants and cldn11 CRISPants, alkaline 

phosphatase will be stained at 5 dpf to observe the hyaloid vascular network. If there 

is a defect, pax2a or cldn11 will be mutagenized in Tg(pdgfrb:mCherry) zebrafish line 

(Ando et al., 2016) and the vascular pericyte population in each CRISPant will be 

examined. As a quantitative analysis, some of the known hyaloid vasculature markers, 

such as tln1, a regulator for vascular endothelium migration through choroid fissure 

(James et al., 2016), cldn5, a tight junction protein of hyaloid vasculature (Xie et al., 

2010), and VEGF, a growth factor for vascular endothelium (Garcia et al., 2009), will 

be quantified and analyzed through qPCR analysis in pax2a CRISPants and cldn11 

CRISPants.  
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How does the alx gene family protect aCNC lineages from oxidative stress? 

 

 The interaction between the alx gene family and environment has not been 

characterized until recently when alx3 was found to promote foxo1, which 

subsequently activates oxidative stress defense mechanism against hyperglycemia in 

mouse (Garcia-Sanz et al., 2017). In chapter 3, we showed that ethanol exposed alx1 

mutant embryos develop with more penetrant ocular and craniofacial defects, 

suggesting alx1 function for protecting aCNC lineages against oxidative stress. 

Because oxidative stress disrupts the survival of the neural crest by triggering neural 

crest cell death (Wang et al., 2015), we hypothesize that alx1 function is required to 

prevent neural crest cell death in response to oxidative stress. To test this hypothesis, 

embryos derived from Tg(sox10:GFP) and alx1; Tg(sox10:GFP) will be exposed with 

ethanol and stained for GFP and activated caspase 3, an apoptotic cell marker 

(Sorrells et al., 2013). Through colocalization analysis, the number of dead neural 

crest cells between ethanol exposed and unexposed groups will be scored. If our 

hypothesis is correct, we are expecting to observe an extensive neural crest cell death 

in ethanol exposed alx1 mutants. 

Because oxidative stress also diminishes the production of antioxidant genes 

from neural crest (Wentzel and Eriksson, 2011), we hypothesize that alx1 promotes 

an oxidative stress defense mechanism. The simplest approach to test this hypothesis 

is to incubate alx1 mutants in antioxidants. We are currently treating ethanol exposed 

and unexposed alx1 mutants with methylene blue (Vaccaro et al., 2012) and 

unexposed alx1 mutants with vitamin C (Xiang et al., 2018) to observe if the ocular 
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and craniofacial defects in alx1 mutants are alleviated after antioxidant treatment. 

However, the expressivity and the penetrance of ocular and craniofacial defects in alx1 

mutants were not significantly reduced after introducing antioxidants. These data are 

preliminary and will be confirmed in additional trials. As an alternative approach, RNA-

seq analysis will be done on alx1 mutants exposed with or without ethanol at multiple 

developmental stages ranged from 2 dpf to 5 dpf. Analysis of oxidative stress defense 

mechanism regulators, such as foxo1 (Garcia-Sanz et al., 2017), nrf2 (nuclear factor 

erythroid 2-related factor) (Hahn et al., 2015), and oxr1 (oxidation resistance gene 1) 

(Xu et al., 2020), and antioxidant genes, such as Gpx (glutathione peroxidase), Cat 

(catalase), Gst (gluthione-S-transferase) and SOD (superoxide dismutase) (Arnold et 

al., 2016; Jin et al., 2010; Xu et al., 2020), between ethanol exposed and unexposed 

alx1 mutants will elucidate whether alx1 promotes oxidative defense regulators, which 

then activate antioxidant genes. 

 

How does the alx family contribute to retinal development?  

 

In chapter 3, we showed that alx1 mutants, alx1; alx3 heterozygotes, and alx1; 

alx3 double mutants develop with anterior segment defects and ocular hemorrhaging. 

Despite their ocular defects, their retinal ganglion cell differentiation and visual 

perception are normal. We showed that alx1 mutant embryos develop with mildly 

misshapen eyes and they exhibit more pronounced anterior segment defects, such as 

aphakia, iridial dysplasia, iridial coloboma, and aberrant pupils, in adulthood. While 

there is growing evidence showing the correlation of early on-set anterior segment 

defects and retinal degeneration (Mao et al., 2011; Mao et al., 2017; Martino et al., 
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2016), whether alx1 and alx3 function are required for retinal function in has not been 

characterized in a preceding chapter.  

Electoretinogram (ERG), an electrophysiological instrument to evaluate the 

function of the retina, has been optimized in zebrafish larva and adults (Chrispell et al., 

2015; Tanvir et al., 2018). The eyeballs of adult alx1 mutants, alx1; alx3 heterozygotes, 

and alx1; alx3 double mutants with or without ocular defects (3 months to 1 year old) 

will be dissected and these eyeballs will be prepared for ERG as described in Tanvir 

(Tanvir et al., 2018). Through ERG, the function of each retinal cell types can be 

analyzed by recording the ERG waveforms, such as photoreceptors (a-wave), ON-

bipolar cells (b-wave), Müller glial cells (c-wave), and OFF-bipolar cells (d-wave),  

(Chrispell et al., 2015). The waveform patterns between the fish with ocular defects 

and the one without will be compared to identify the retinal cell types that are defective 

in fish with ocular defects. This method can also be applicable for adult alx1 mutants 

with ethanol treatment to elucidate whether the alx gene family protects the retina from 

environmental perturbations since it has been optimized to understand the effects of 

environmental stress to retinal function in adult zebrafish (Tanvir et al., 2018). 

 

What are the other transcriptional targets of zic2? 

 

 In chapter 2, we performed RNA-seq experiments from normal siblings and 

zic2 mutants derived from zic2a +/-; zic2b +/- parental incross (Z-zic2 mutants). 

Although we found several chondrogenic neural crest markers and few ventral 

retina/optic stalk markers were significantly downregulated in Z-zic2 mutants, we have 
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likely missed several known targets of zic2 in the context of developing embryos. For 

example, zic2 has been shown to interact with nodal (Houtmeyers et al., 2016) and 

canonical wnt signaling (Fujimi et al., 2012; Nyholm et al., 2009; Pourebrahim et al., 

2011). Zic2 synergistically interacts with cdx1, caudal-related homeobox, to activate a 

neural crest enhancer from the 5’-flanking region of pax3 in the caudal neuroectoderm 

(Sanchez-Ferras et al., 2014). In addition, zic2 modulates the chromatin remodeling 

as an enhancer-binding factor (Frank et al., 2015; Luo et al., 2015; Matsuda et al., 

2017). In the future, embryos derived from zic2a +/-; zic2b -/- parental incross (MZ-

zic2 mutants) will be used for RNA-seq analysis. MZ-zic2 mutant will be useful to 

identify maternal zic2b function dependent downstream targets, which we missed from 

Z-zic2 mutants.  

Recently, single cell RNA-seq technique has been optimized for zebrafish to 

understand the cell-type specific transcriptional changes during early development 

(Farnsworth et al., 2020; Farrell et al., 2018; Raj et al., 2018). Considering zic2 

functions in many cell lineages, single cell RNA-seq analysis would be useful to 

identify cell-type specific downstream targets of zic2 in several different developmental 

stages. Because zic2a mutant allele can be selected by RFP fluorescence screening 

(Clark et al., 2011; Sedykh et al., 2017), RFP-positive cells will be isolated by 

fluorescence-activated cell sorting (FACs) from heterozygous and homozygous zic2a; 

zic2b mutant embryos derived from MZ-zic2 parental incross. RFP-positive cells will 

be sequenced, and cell types will be identified via unsupervised clustering of 

transcriptomic data. Differential gene expression analysis between heterozygous and 

homozygous zic2a; zic2b mutant embryos will identify the cell-type specific 

downstream targets of zic2.         
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Figure 1. Model representation of several general factors for zebrafish craniofacial 

complex development 

 Chapter 2 describes the role of zic2 for restricting pax2a at the optic stalk, 

activating alx1 at the periocular neural crest, and activating cldn11a at the potential 

periocular neural crest.  

 Chapter 3 describes alx1 and alx3 function in aCNC lineages, which 

differentiates into several cell types of anterior segment, craniofacial cartilages, and 

potentially vascular pericytes for hyaloid vasculature. 

 Chapter 4 describes pax2a at the optic stalk is restricted by gli-zic2 interaction 

and cldn11. Pax2a is required for choroid fissure, hyaloid vasculature, and craniofacial 

cartilage development.   
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Alx1-related frontonasal dysplasia results from 

defective neural crest cell development and 

migration  
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Preface 

 As a 7th co-author, I conducted zebrafish alx1 mutant experiments and my data 

contributed figure 6 and supplementary figures 4 and 5. 

 

Abstract 

A pedigree of subjects presented with frontonasal dysplasia (FND). Genome 

sequencing and analysis identified a p.L165F missense variant in the homeodomain 

of the transcription factor ALX1 which was imputed to be pathogenic. Induced 

pluripotent stem cells (iPSC) were derived from the subjects and differentiated to 

neural crest cells (NCC). NCC derived from ALX1L165F/L165F iPSC were more 

sensitive to apoptosis, showed an elevated expression of several neural crest 

progenitor state markers, and exhibited impaired migration compared to wild-type 

controls. NCC migration was evaluated in vivo using lineage tracing in a zebrafish 

model, which revealed defective migration of the anterior NCC stream that contributes 

to the median portion of the anterior neurocranium, phenocopying the clinical 

presentation. Analysis of human NCC culture media revealed a change in the level of 

bone morphogenic proteins (BMP), with a low level of BMP2 and a high level of BMP9. 

Soluble BMP2 and BMP9 antagonist treatments were able to rescue the defective 

migration phenotype. Taken together, these results demonstrate a mechanistic 

requirement of ALX1 in NCC development and migration. 
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Introduction 

The central part of the human face contains key anatomic features and sensory 

organs that enable us to interact with the environment and each other. The 

embryologic processes that form midface structures, including the eyes, nose, upper 

lip, and maxilla, are tightly regulated (Johnston, 1966; Minoux & Rijli, 2010; Rada‐

Iglesias et al, 2012). The midface structures form as the centrally located frontonasal 

prominence extends anteriorly, coalescing with elements derived from the paired 

maxillary prominences (Johnston, 1966, 1975; Le Lièvre & Le Douarin, 1975; Le 

Lièvre, 1978; Sadaghiani & Thiébaud, 1987). The embryonic facial prominences are 

derived from distinct migrating streams of cranial neural crest cells (NCC) that are 

conserved across vertebrates (Le Douarin et al, 1993; Schilling et al, 1996; Chai et al, 

2000; Olsson, et al, 2002; Trainor et al, 2002; Barrallo‐Gimeno et al, 2004; 

Wada, 2005; Dougherty et al, 2012). NCC migration and differentiation are highly 

coordinated and are associated with dynamic gene expression patterns (Simoes‐

Costa & Bronner, 2015). Key signaling pathways that regulate NCC development 

involve BMP, Wnt, FGF, or Notch which activate the expression of transcription factors 

such as PAX3, ZIC1, TFAP2a, MSX1/2, and DLX5 (Meulemans & Bronner‐

Fraser, 2002; Khudyakov & Bronner‐Fraser, 2009; Stuhlmiller & Garcia‐Castro, 2012; 

Rada‐Iglesias et al, 2013; Simoes‐Costa & Bronner, 2015). Disruptions of NCC 

development contribute to a number of congenital malformations such as 

Waardenburg syndrome (WS), velocardiofacial syndrome/DiGeorge syndrome, 

Hirschsprung's disease, congenital heart conditions, and craniofacial anomalies 

(Sedano et al, 1970; Fox et al, 1976; Pierpont et al, 2007; Uz et al, 2010). 

Frontonasal dysplasia (FND) is considered a rare “orphan” disease 
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(ORPHA250), with very few cases reported in the literature. The true prevalence of 

FND and its etiology remain unknown. To date, six genetic causes of subtypes of FND 

with varying patterns of inheritance have been described in individual case 

reports: EFNB1 (MIM 300035) in X‐linked craniofrontonasal syndrome (MIM 304110); 

ALX3 (MIM 606014) in FND type 1 (MIM 136760); ALX4 (MIM 605420) in FND type 2 

(MIM 613451); ALX1 (MIM 601527) in FND type 3 (MIM 613456); ZSWIM6 (MIM 

615951) in dominant acromelic frontonasal dysostosis (MIM 603671); 

and SPECC1L (MIM 614140) in Teebi syndrome (MIM 145420; Bhoj et al, 2015; 

Kayserili et al, 2009; Smith et al, 2014; Twigg et al, 2004, 2009; Ullah et al, 2016; 

Uz et al, 2010; Wieland et al, 2004). The heterogeneity of clinical phenotypes, 

including a wide range of possible ocular and craniofacial components, likely 

corresponds to different underlying genetic variants, genetic environments, and 

epigenetic modifications. 

This study examined a pedigree of FND and identified a pathogenic variant in 

the homeodomain of transcription factor ALX1 resulting in a likely loss of function. A 

human stem cell model of FND was generated in order to investigate the effect 

of ALX1 mutations on NCC behavior. Cellular and molecular characterizations 

identified a number of differences between subject‐derived and control NCC that shed 

light on the developmental processes that are disrupted in FND. In 

vivo characterization of alx1 in zebrafish revealed defective migration of the most 

anterior cranial NCC. This study underscores the utility of complementary human iPSC 

and zebrafish models to gain mechanistic insight into the molecular and cellular basis 

of ALX1‐related FND. 
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Materials and Methods 

 

Approvals to perform research with human samples and zebrafish  

 

The collection of human blood and discard specimens, genome sequencing, 

and generation of iPSC was approved by the Institutional Review Board of Partners 

Healthcare (IRB No. 2015P000904). Informed consent was obtained from the parents 

of the patients prior to all sample collections. All experimental protocols using zebrafish 

were approved by the Animal Care and Use Committees of Massachusetts General 

Hospital (IACUC No. 2010N000106) and the University of Wisconsin and carried out 

in accordance with institutional animal care protocols. 

 

iPSC and EB generation 

 

Peripheral blood mononuclear cells were isolated using whole blood from two 

individuals (subjects 5 and 6: ALX1165F/165F), the unaffected father (subject 

1: ALX1165L/165F), and three unrelated healthy individuals (controls: ALX1165L/165L). 

Samples were diluted in an equal volume of PBS and gently transferred to a tube 

containing 4 ml of FICOLL. After centrifuging the sample for 10 min at 350 g, the 

FICOLL‐plasma interface containing the PBMCs was recovered and washed several 

times in PBS. After 24 h of recovery in StemPro‐34 SFM medium (Invitrogen) 

supplemented with 100 ng/ml Stem Cell Factor (SCF, PeproTech, Rocky Hill, NJ), 
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100 ng/ml Fms‐related tyrosine kinase 3 ligand (Flt3L, PeproTech), 20 ng/ml 

Interleukin‐3 (IL‐3, PeproTech) and 20 ng/ml IL‐6 (PeproTech), 1 million PBMC were 

processed using the CytoTune‐iPS 2.0 Sendai Reprogramming Kit (Invitrogen, 

Carlsbad, CA), following manufacturers instruction, for iPSC generation. One million 

PBMCs were infected with three different Sendai Viruses containing the Yamanaka 

reprogramming factors, OCT4, SOX2, KLF4, and c‐MYC, in StemPro‐34 SFM 

medium supplemented with cytokines. Starting on day 21, individual iPSC clones were 

picked based on morphologic criteria. Subsequently, the iPSC were maintained in 

StemFlex medium and passaged 1–2 a week using ReLSR (STEMCELL Technologies, 

Vancouver, BC, Canada) dissociation buffer. Since iPSC can exhibit genetic instability 

after reprogramming, the clones were expanded up to passage 10 before 

characterizing each cell line. The genetic stability of the cells was assessed analyzing 

copy number variants through genome‐wide microarray analysis (Thermo Fisher). 

Epigenetic differences were controlled for in a limited manner by ensuring that all 

major experiments were performed in both biologic and technical triplicate at the 

identical passage number. 

To form embryoid bodies (EB), iPSC were harvested using ReLSR dissociation 

buffer and clumps were transferred to a low adherent 6‐well plate in differentiation 

medium containing 80% DMEM‐F12, 20% Knock out Serum Replacer (Invitrogen), 

1 mM nonessential amino acids, 1 mM Penicillin/Streptomycin, and 100 μM 2‐

mercaptoethanol. The medium was changed daily. After 14 days of differentiation, 

cells were recovered for RNA extraction and subsequent qPCR analysis of markers of 

the ectoderm, endoderm, and mesoderm. 
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Derivation of NCC and multilineage differentiation 

 

In order to derive NCC, a previously published protocol for mesenchymal 

differentiation was adapted (Pini et al, 2018). iPSC medium was replaced by NCC‐

inducing medium containing DMEM‐F12, 10% fetal bovine serum (FBS), 1 mM sodium 

pyruvate, 1 mM Penicillin/Streptomycin, 1 mM nonessential amino acid, 110 μM 2‐

mercaptoethanol, and 10 ng/ml epidermal growth factor (EGF). The medium was 

changed every 2 days. After 1 week, cells were recovered using 0.25% trypsin‐EDTA 

and transferred to new cultureware for an additional week. Following this, cells were 

harvested, phenotypically characterized by flow cytometry for their expression of NCC 

markers and assayed for their mesenchymal differentiation ability. 

Schwann cell differentiation was performed as previously described 

(Kawano et al, 2017). NCC were plated on glass coverslips in 24‐well tissue culture 

plates (0.2 × 105 cells per well) in neuronal differentiation medium consisting of a 3:1 

ratio of DMEM‐F12 and neurobasal medium supplemented with 0.25× B‐27, 1 mM 

glutamine, and 1 mM Penicillin/Streptomycin for 5 weeks. The medium was changed 

weekly. At the end of the differentiation, cells were fixed in 4% formaldehyde and 

analyzed by immunohistochemistry for S100B (Thermo Fisher, Waltham, MA) and 

GFAP expression (Abcam, Cambridge, United Kingdom). 

Adipocyte and chondrocyte differentiation was performed as previously 

described (Pini et al, 2018). Adipogenesis was investigated using the StemPro 

adipogenesis differentiation kit (Life Technologies, Carlsbad, CA). NCC were seeded 

at 5 × 104 per well, in a 24‐well plate, and cultured for 2 weeks, in complete 
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adipogenesis differentiation medium. Lipid deposits were observed following staining 

with Oil Red O (MilliporeSigma, St. Louis, MO), according to manufacturers’ 

instructions. After washing, cells were counterstained with Mayer's hematoxylin. 

Chondrogenic differentiation was performed using the StemPro 

chondrogenesis differentiation kit (Life Technologies). NCC were seeded in a 12‐well 

plate, in aggregates containing 8 × 104 cells, in 5 μl of NCC medium, and placed in a 

37°C, 5% CO2 incubator for 1 h. Following this, the NCC medium was replaced by 

chondrogenesis differentiation medium, and cultured for 20 days. The medium was 

changed once a week. Chondrogenic matrix formation was observed following Alcian 

blue, Safranin O and Toluidine Blue staining. 

Osteoblast differentiation was performed using the StemPro osteogenesis 

differentiation kit (Life Technologies). NCC were plated in 12‐well tissue culture plates 

(5 × 105 cells per well) in osteogenesis differentiation medium for 14 days. At the end 

of the differentiation, the presence of mineralized nodules was assessed using Alizarin 

Red S, Von Kossa (silver nitrate) and Alkaline Phosphatase staining. 

Images were acquired using the RETIGA OEM fast camera and Qcapture 

software (Teledyne QImaging, Surrey, BC, Canada). 
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Genomic DNA extraction and sequencing 

 

Genomic DNA was extracted with the REDExtract‐N‐Amp tissue PCR kit 

(MilliporeSigma), following the manufacturer's instructions. Sanger sequencing 

of ALX1 to ensure ALX1 sequence integrity in all iPSCs clones was carried out as 

previously described (Umm‐e‐Kalsoom et al, 2012). The four ALX1 exons encoding 

the open reading frame were amplified using the CloneAmp HiFi PCR premix (Takara 

Bio Inc., Kusatsu, Shiga, Japan) and exon‐specific ALX1 oligonucleotides. All exon‐

specific PCR products were purified using the Qiaquick PCR purification kit (Qiagen, 

Hilden, Germany) prior to sequencing. 

 

Whole-exome sequencing and analysis 

 

Whole‐exome sequencing (WES) of the affected subjects 3 and 4, an 

unaffected sibling, and the parents was performed and analyzed assuming a recessive 

mode of inheritance given the presence of multiple affected siblings. Three compound 

heterozygous variants and one homozygous recessive variant were identified in the 

affected siblings (ALX1 c.493C>T). This variant was predicted to be causative of the 

phenotype based on known gene function, the previously identified role of ALX1 in 

frontonasal development, and the effect of the variant (substitution of phenylalanine 

for the highly conserved leucine in a DNA‐binding domain). Polymorphism 

Phenotyping v2, Sorting Intolerant from Tolerant, MutationTaster, and Functional 
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Analysis through Hidden Markov Models (v2.3) were used for functional variant 

consequence prediction (Lowe, 1999; Adzhubei et al, 2010; Schwarz et al, 2014; 

Shihab et al, 2014). The gnomAD platform was used to identify any other missense 

variants at the location identified in the subjects (preprint: Karczewski et al, 2019). 

Clustal Omega was used for multiple sequence alignment (Sievers et al, 2011). 

Domain Graph was used to create the annotated schematic diagrams of ALX1 and 

ALX1 (Ren et al, 2009). 

 

RNA extraction and processing 

 

RNA was isolated using the RNAeasy Plus mini kit (Qiagen), following the 

manufacturer's recommendations. One μg of RNA was reverse‐transcribed using the 

SuperScript III first‐strand synthesis system (Thermo Fisher). All PCR reactions on 

cDNA were performed using the GoTaq DNA polymerase (Promega, Madison, WI) 

unless otherwise noted. For zebrafish RNA extraction, 24 hpf Tübingen zebrafish 

embryos were harvested and homogenized using a micropestle in TRIzol reagent 

(Thermo Fisher), following manufacturer's instructions. Total RNA was then purified 

using phenol‐chloroform. One μg of total RNA was reverse‐transcribed using the 

SuperScript III First‐Strand Synthesis Kit (Thermo Fisher), following manufacturer's 

recommendations. 
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Flow cytometry analysis 

 

Neural crest cells were harvested and suspended in FACS buffer solution 

consisting of PBS with Ca2+ and Mg2+, 0.1% bovine serum albumin (BSA), and 0.1% 

sodium azide. Approximately 2 × 105 cells were incubated with the desired cell surface 

marker antibodies or isotype controls at 4°C for 15 min. Specific antibodies for CD90, 

CD73, CD105, and CD57 (BD Biosciences, San Jose, CA), and isotype control 

immunoglobulin IgG1 (BD Biosciences) were used for labeling. Antibodies were 

diluted in FACS buffer. After three washes in FACS buffer, samples were fixed in 0.4% 

formaldehyde and processed using an LSR II flow cytometer (BD Biosciences). The 

data acquired were analyzed using FlowJo software (FlowJo, LLC). 

 

Immunohistochemical analysis of iPSC 

 

Cells were fixed with 4% formaldehyde in PBS for 15 min at room temperature, 

permeabilized with 1% saponin in PBS, and blocked using 3% BSA in PBS for 30 min 

at room temperature. The cells were then incubated with the primary antibodies for 3 h 

at room temperature. The following primary antibodies and dilutions were used: rabbit 

anti‐OCT4 (1:100, Life Technologies), mouse anti‐SSEA4 (1:100, Life Technologies); 

rat anti‐SOX2 (1:100, Life Technologies), mouse anti‐TRA‐1‐60 (1:100, Life 

Technologies), rabbit anti‐GFAP (1:500, Abcam), and rabbit anti‐S100B (1:500, 

Thermo Fisher). The cells were then incubated with the secondary antibodies (1:1,000, 
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MilliporeSigma) for 1 h at room temperature, washed with PBS, and counterstained 

with DAPI (MilliporeSigma). Secondary antibodies were Alexa 594 donkey anti‐rabbit, 

Alexa 488 goat anti‐mouse, and Alexa 488 donkey anti‐rat and Alexa 594 goat anti‐

mouse (Thermo Fisher). Images were acquired using the RETIGA OEM fast camera 

and Qcapture software (Teledyne QImaging). 

 

Staining of iPSC and mesenchymal NCC derivatives 

 

Alkaline phosphatase activity was measured using the leukocyte alkaline 

phosphatase staining kit (MilliporeSigma), following the manufacturer instructions. 

Cells were first fixed using a citrate/acetone/formaldehyde solution for 30 s, washed 

several times, and stained with Fast Blue for 30 min. After further washing, these cells 

were counter stained with Mayer's hematoxylin. Alizarin Red S., Von Kossa, Alcian 

Blue, and Toluidine Blue staining were performed as previously described 

(Pini et al, 2018). Cells were first fixed in 4% formaldehyde at room temperature for 

15 min. Following a wash, cells were incubated in either 1% Alizarin Red, 1% Silver 

nitrate, 0.1% Toluidine Blue, 0.02% Alcian Blue, or 0.1% Safranine O solution. For 

Von Kossa staining, cells were exposed to UV light until dark staining appeared. 

Images were acquired using the RETIGA OEM fast camera and Qcapture software 

(Teledyne QImaging). 
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Quantitative and nonquantitative polymerase chain reaction 

 

Real‐time PCR assays were conducted on a StepOnePlus real‐time PCR 

system, using PowerUp SYBR Green Master Mix (Applied Biosystems, Waltham, MA). 

Transcript expression levels were evaluated using a comparative CT process (ΔΔCT) 

with human RPLP0 and GAPDH used as reference genes. For 

zebrafish, elfa and 18S were used as reference genes. Specific primers were used for 

amplification as noted (Table EV1). 

 

Apoptosis assay 

 

2 × 105 cells were incubated for 30 min in the dark in 1× Fixable Viability Dye 

(FVD, Invitrogen) solution. After two washes in FACS buffer and one wash in binding 

buffer, cells were incubated 10–15 min in 1× Annexin V (BioLegend, San Diego, CA) 

solution in binding buffer composed of 0.1 M HEPES (pH 7.4), 1.4 M NaCl, and 25 mM 

CaCl2. After one wash in binding buffer, cells were suspended in 200 μl of binding 

buffer and immediately processed using an LSR II flow cytometer (BD Biosciences) 

and analyzed using FlowJo software (FlowJo LLC, Ashland, OR). Apoptosis was 

induced by placing the cell suspension in a water bath at 55°C for 10 min. 
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Wound healing assay and analysis 

 

Migration was investigated using the Radius™ 48‐Well Cell Migration Assay 

(Cell Biolabs, Inc., San Diego, CA), following manufacturer's instructions. Control 

or ALX1165F/165F NCC (1 × 105 cells/well) were plated in a 48‐well plate containing a 

Radium™ Gel spot. Before beginning the migration assay, cells were washed three 

times with medium and incubated with gel removal solution for 30 min at 37°C. 

Following three subsequent washes in medium, the NCC were placed in a culture 

chamber for live cell imaging at 37°C and 5% CO2. Rescue experiments were 

performed through the addition of soluble BMP2, CV2, or a combination of the two at 

a concentration of 10, 50, or 100 ng/ml to the medium at the beginning of the assay. 

For fluorescent pictures, cells were stained in serum‐free media containing 3.6 μM 

CellTracker Green CMFDA (Life Technologies) for 30 min at 37°C and allowed to 

recover for 30 min before starting the experiment. All images were acquired using a 

Keyence BZ‐X800 microscope. The time‐lapse film was made by acquiring images 

every 15 min for 24 h. The fluorescent images were acquired every 6 h. Surface area 

analyses and percentages of recovery were measured using ImageJ software (NIH, 

Bethesda, MD). 
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Multiplex analysis of BMP concentration 

 

The concentration of the BMP family in the supernatant of ALX1165F/165F NCC 

was measured using a bead‐based multiplex array (Forsyth Institute, Cambridge, MA). 

Manufacturers’ protocols were followed for all panels. Reagents were prepared as per 

kit instructions. Assay plates (96‐well) were loaded with assay buffer, standards, 

supernatant from the ALX1165F/165F NCC, and beads and then covered and incubated 

on a plate shaker (500 rpm) overnight at 4°C. After primary incubation, plates were 

washed twice. Following this, the detection antibody cocktail, consisting of BMP‐

specific antibody with biotin (1:10) and the detection antibody streptavidin conjugated 

with PE (1:25), was added to all wells; the plates were covered and left to incubate at 

room temperature for 1 h on a plate shaker. After the incubation, streptavidin‐

phycoerythrin fluorescent reporter was added to all wells, and the plate was covered 

and incubated for 30 min at room temperature on a plate shaker. Plates were then 

washed twice, and beads were resuspended in sheath fluid, placed on shaker for 

5 min, and then read on a Bio‐Plex®  200 following manufacturers’ specifications and 

analyzed using Bio‐Plex Manager software v6.0 (Bio‐Rad, Hercules, CA). 
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Plasmid construct generation 

 

The In‐Fusion Cloning Kit (Takara) and the In‐Fusion Cloning primer design 

tool were used for primer design. Tübingen zebrafish alx1 was amplified via PCR. 

Zebrafish alx1 as cloned into the SpeI and PacI (NEB, Ipswich, MA) restriction sites of 

pCS2 + 8 (Promega). The subsequent reaction product was used to transform One 

Shot TOP10 competent cells (Thermo Fisher) or Stellar competent cells (Takara). 

For the generation of truncated alx1 constructs, the genes were divided into N‐

terminal and C‐terminal sections, with aa181 being designated as the beginning of the 

C‐terminal portion in zebrafish alx1. 

For all plasmid constructs, individual clones were picked, DNA purified 

(Qiagen), and validated using Sanger and Next Generation whole plasmid sequencing. 

 

CRISPR-Cas9 directed mutagenesis of zebrafish 

 

A CRISPR site on exon 2 of the alx1 gene was selected using the Burgess lab 

protocol (Varshney et al, 2015, 2016). The single guide RNA (sgRNA) targeting this 

site (sequence: GGAGAGCAGCCTGCACGCGA), and Cas9 or nCas9n mRNA, were 

prepared as previously described (Gagnon et al, 2014; Shah et al, 2016a,b). 

Genetically defined wild‐type (NIHGRI‐1; LaFave et al, 2014) embryos were injected 

at the one‐cell stage with 50–100 pg of sgRNA and 360–400 pg of Cas9 or nCas9n 
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mRNA. Adult F0 animals were intercrossed to produce the F1 generation. F1 mutant 

carriers were identified by PCR using forward primer CGTGACTTACTGCGCTCCTA 

and reverse primer CGAGTTCGTCGAGGTCTGTT. The PCR products were resolved 

on a MetaPhor gel (Lonza, Basel, Switzerland) and sequenced. A frameshift allele was 

identified: a deletion of 16 nucleotides, termed alx1uw2016 (Fig EV4). 

 

Alx1DN expression in zebrafish embryos  

 

The validated Alx1DN (N‐terminal portion of protein product containing 

homeodomain and nuclear localization domains) clones in pCS2+8 were purified via 

miniprep (Qiagen) alongside a control (C‐terminal portion containing transactivation 

domain) and digested using NotI (NEB), before being gel purified using the Zymoclean 

Gel DNA Recovery Kit (Zymo Research, Irvine, CA). Five hundred microgram of 

purified, digested plasmid DNA served as the input for the mMessage mMachine SP6 

Transcription Kit (Thermo Fisher). The resulting mRNA was then further purified using 

the RNeasy Mini Kit (Qiagen) and frozen in 100 ng/μl aliquots at −80°C. mRNA 

overexpression was accomplished using microinjections. mRNA stock aliquots were 

first diluted to the desired concentration with 0.125% Phenol Red in ultrapure water 

(Invitrogen). A 2 nl drop was then injected into fertilized Tübingen embryos at the 

single cell stage. At 4 h post‐fertilization (hpf), all unfertilized and visibly damaged 

embryos were removed. 
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Alcian blue staining 

 

All injected and uninjected zebrafish were incubated at 28.5°C for 5 dpf in E3 

buffer with 0.0001% methylene blue. At 4 days post‐fertilization (dpf), injected and 

uninjected embryos were fixed overnight at 4°C in 4% formaldehyde, washed stepwise 

with 1 × PBS and 50% EtOH in PBS before being stained in a solution of 0.02% Alcian 

blue, 70% EtOH, and 190 mM MgCl2 overnight at room temperature on a rotating 

platform. Following this, embryos were washed with ddH2O before being bleached in 

a solution of 0.9% H2O2, 0.8% KOH, and 0.1% Tween20 for 20 min. Stained embryos 

were then imaged in 4% methylcellulose in E3 solution and stored in 4% PFA at 4°C. 

Images were captured using a Nikon DS‐Fi3 digital camera. 

 

Lineage tracing 

 

The application of Tg:sox10;kaede in cell labeling has previously been 

reported,  where photoconversion of the kaede protein from green to red in selected 

cells under confocal microscopy can be used to follow distinct NCC migration patterns 

across time. 

Alx1DN injected or control sox10:KAEDE transgenic embryos were imaged 

using a Leica SP8 confocal microscope at 19 to 20‐somite stage to identify neural 

crest structures in a manner previously described (Dougherty et al, 2012, 2013). The 
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most distal population of the migrating stream of cranial neural crest cells was excited 

for 15 s for photoconversion with the FRAP module and a 405 nm laser at 25% power. 

Embryos were then placed back into a 28.5°C incubator. Both the photoconverted red 

(488 nm) and nonphotoconverted green (572 nm) neural crest populations were 

captured at 4 days post‐fertilization (dpf) using a Leica Sp8 and analyzed with the 

Leica Application Suite X (Leica Microsystems, Buffalo Grove, IL) software for image 

capturing. A composite image was subsequently generated using ImageJ (NIH; Fig 

8D, Film 3). 

 

Statistical analysis 

 

Each experiment was performed on six independent healthy 

control ALX1165L/165L clones, three heterozygous ALX1165L/165F clones, and nine 

homozygous ALX1165F/165F clones, and repeated at least three times. The qualitative 

craniofacial analysis of alx1−/− zebrafish and Alx1DN injections was performed three 

times, on three different clutches of embryos. For RT–qPCR experiments, data from 

each clone were pooled and the mathematical mean was calculated. SEM was used 

to determine the standard error. To test statistical significance, Student's t‐test for 

paired data was used. Statistical analysis of the significance of the qPCR results was 

performed with an ANOVA test. A P‐value < 0.05 was considered to be statistically 

significant. Statistical analysis was performed using GraphPad Prism 7.0 software. 

The D'Agostino and Pearson normality test was performed to verify normality. For 

groups that fulfilled normality and equal variance requirements, a one‐way ANOVA 
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with a Sidak comparison test (95% confidence interval to compare all the different 

groups) was performed. For data sets that did not fulfill normality and equal variance 

requirements, a Kruskal–Wallis test was performed. Mean values for each group were 

compared using two‐tailed Student's test for comparisons of two independent groups. 

 

Result 

 

Clinical features of ALX1-related FND in a consanguineous pedigree 

 

A family with four children born of consanguineous parents of Amish heritage 

presented with complex FND. The FND phenotype was inherited in a Mendelian 

recessive fashion. Both parents, one unaffected sibling and three affected children 

(one male and two females), were consented and enrolled in the study (Fig 1A, subject 

numbers indicated in red). The parents (subjects 1 and 2) and nine unaffected siblings 

(including subject 3) had normal facial structures without clinical stigmata suggestive 

of mild FND. All four affected children presented with bilateral oblique facial clefts, 

extending from either side of the nasal bone, involving both the primary and secondary 

palate. Among the affected children, there was some variability of the ocular 

phenotype, where the older affected girl (subject 4) presented with bilateral coloboma 

and asymmetric microphthalmia, whereas the three other affected children (including 

subjects 5 and 6) exhibited bilateral anophthalmia, with deficient upper and lower 

eyelids covering a shallow orbit. Subject 6 was the most severely affected and 

presented with bilateral oblique facial clefts and anophthalmia as well as no upper and 
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lower eyelids, leaving the mucous membranes of both orbits exposed. Her nasal 

remnant also lacked the lateral alar subunits and is surrounded by several nodular 

skin tags. 

 

Identification of pathogenic ALX1 variant 

 

Whole‐exome sequencing (WES) was performed on blood samples collected 

from subjects 1–5, which corresponded to both parents, one unaffected sibling, and 

two affected children. A missense p.L165F variant (c.493C>T) was identified in the 

homeodomain of ALX1, which was heterozygous in the parents (ALX1165L/165F), wild 

type in the unaffected sibling (ALX1165L/165L), and homozygous in both affected 

subjects (ALX1165F/165F; Fig 1B). WES results were confirmed by Sanger sequencing 

of the entire ALX1 coding sequence. The ALX1 p.L165F missense variant has not 

been reported in connection with an ALX1‐related instance of FND in the literature nor 

been recorded as a variant in the gnomAD database (preprint: Karczewski et al, 2019; 

Fig 1C and D). The ALX1 p.L165F amino acid substitution was predicted to be 

damaging and disease causing by in silico tools (Sift, Polyphen, muttaster, fathmm) 

and consistent with the observed autosomal recessive inheritance pattern of this 

pedigree (Lowe, 1999; Adzhubei et al, 2010; Schwarz et al, 2014; Shihab et al, 2014). 
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Generation of patient-derived iPSC model of ALX1-related FND 

 

Induced pluripotent stem cell lines were generated using peripheral blood 

mononuclear cells (PBMC) obtained from whole blood samples that were collected 

from three unrelated wild‐type individuals (ALX1165L/165L), the heterozygous father 

(ALX1165L/165F), and two of the four affected children (Subjects 5 and 6; ALX1165F/165F). 

PBMC were subsequently reprogrammed into iPSC (Fig EV1). Overall, 22 

mutant ALX1165F/165F iPSC clones were successfully isolated and expanded from the 

two affected subjects, 13 ALX1165L/165F clones were isolated and expanded from the 

heterozygous father, and 35 ALX1165L/165L clones were isolated and expanded from 

healthy controls. Six ALX1165F/165F mutant clones (3 for each affected subject), 

3 ALX1165L/165F clones from the heterozygous father, and 9 ALX1165L/165L clones from 

healthy controls (3 from each control) were fully characterized to confirm their 

pluripotency (Fig 1E) and ability to generate the three germ layers (Fig 1F). Sanger 

sequencing confirmed that the affected ALX1165F/165F and the heterozygous 

ALX1165L/165F ‐derived iPSC clones retained the ALX1 p.L165F variant through 

reprogramming. Copy number variant analysis did not show any amplifications or 

deletions. 

 

Generation and characterization of iPSC-derived NCC 

 

Given the primary role of neural crest cells in midface morphogenesis, the 

iPSC clones were differentiated into NCC using a protocol adapted from a previous 
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study (Pini et al, 2018; Fig 2A). All NCC displayed similar morphological features and 

were indistinguishable at the colony level immediately following differentiation at 

passage 1 (Fig 2B). 

 

Overexpression of neural plate border specifier genes in ALX1165F/165F NCC 

 

A panel of marker genes at the center of the gene regulatory network required 

for NCC development and differentiation was selected to be examined in detail across 

the 14 days of the neural crest differentiation protocol (Fig 3; Barrallo‐

Gimeno et al, 2004; Sauka‐Spengler & Bronner‐Fraser, 2008; Sauka-

Spengler et al, 2007; Simoes‐Costa & Bronner, 2015). The NCC gene expression 

results can broadly be divided into three groups. The first group includes genes that 

did not significantly differ between affected, heterozygous, and unaffected controls. 

This group of genes comprises the neural crest specifiers FOXD3 and P75, as well as 

the lineage specifier HAND2. The second group includes genes where the affected 

cells exhibited expression patterns that differed significantly from the heterozygous 

and the unaffected control cells, with no difference between the heterozygote and the 

control. This group of genes includes the neural plate border specifiers ZIC1, PAX7, 

PAX3, MSX1, and DLX5 and the neural crest specifiers SNAI2 and TWIST1 (P < 0.05 

between days 2–8 when comparing subjects’, father, and control NCC for ZIC1, PAX7, 

DLX5; P < 0.05 between days 2–14 when comparing subjects’, father, and control 

NCC for PAX3, MSX1, SNAI2, and TWIST1). The final group includes genes that were 

significantly differentially expressed between the affected homozygous, heterozygous, 

and unaffected control cells. This group comprised the neural plate border 
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specifier MSX2, DLX5, and the neural crest specifier TFAP2A (P < 0.05 between days 

2-14 when comparing subjects’ father and control NCC 

for MSX2, DLX5, and TFAP2A). Of note, all significantly differentially expressed genes 

in the affected cells were overexpressed above the levels observed in the 

heterozygous and unaffected control cells, consistent with a putative role of ALX1 as 

a transcriptional repressor. 

ALX1 itself was found to be differentially expressed between affected cells 

when compared to the heterozygous and unaffected control cells at day 8 during NCC 

differentiation. The unaffected control and heterozygous cells exhibited 

similar ALX1 expression levels, with peak expression level reached at day 8 where 

unaffected cells exhibited a plateaued, lower level of expression. The greatest 

difference in gene expression levels was observed early in the NCC differentiation 

process, around days 2–8 (such as in the cases of ZIC1, PAX3, PAX7, DLX5, 

and TWIST1). This characterization suggests an early function for ALX1 in NCC 

differentiation and identifies the 2–8 day window for in‐depth transcriptome analysis in 

future studies. 

 

Increased sensitivity to apoptosis in ALX1165F/165F NCC 

 

Since anomalies in cell cycle progression predispose cells to apoptosis and 

given the importance of apoptosis in regulating craniofacial development, the impact 

of the ALX1165F/165F gene variant on the sensitivity of the iPSC‐derived NCC to 

apoptosis was analyzed. Basal apoptosis levels, determined by the percentage of 

Annexin V‐positive cells, did not differ between control NCC (4 ± 0.2%) 

and ALX1165F/165F NCC (4.82 ± 0.65%; Fig 4A). After apoptosis induction via heat 
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shock, the percentage of Annexin V‐positive cells significantly increased specifically 

in ALX1165F/165F NCC (87.97 ± 2.44%) versus control NCC (24.15 ± 0.96%). These 

findings suggest that the affected subject's ALX1165F/165F NCC are more sensitive to 

apoptosis. 

These findings also indicate that ALX1 functions in proliferating NCC. To 

determine whether ALX1 function is required for cell cycle progression, we 

investigated expression of Cyclin D1 (CCND1), required for the cell cycle G1/S 

transition, and Cyclin A2 (CCNA2), required for the DNA synthesis during the S‐phase. 

Both cyclins are expressed throughout the active cell cycle, from the G1/S transition 

to the G2/M transition (Pagano et al, 1992; Minarikova et al, 2016). Expression levels 

of CCND1 and CCNA2 were compared between control and ALX1165F/165F NCC at 

passages 2 and 3 post‐differentiation. The ALX1165F/165F NCC were found to express 

significantly more CCNA2 and CCND1 at both passage 2 and passage 3 compared to 

the control NCC, consistent with a greater degree of active cellular proliferation 

(Fig 4B). 

 

ALX1165F/165F NCC do not undergo mesenchymal marker transition 

 

As NCC clones derived from the control ALX1165L/165L, 

heterozygous ALX1165L/165F, and homozygous ALX1165F/165F iPSC were maintained in 

culture, consistent qualitative morphologic differences were observed across cell 

passages. While control‐derived NCC became progressively spindle‐shaped and 

elongated, the mutant ALX1165F/165F NCC remained rounded (Fig 2B). In order to 

investigate these differences more fully, flow cytometry was performed across different 
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cell passage cycles in order to investigate the effect of the in vitro maturation of the 

NCC via an examination of NCC marker expression. At passage cycles 1–4, a number 

of key surface markers were examined. Expression of CD57 (synonym: HNK‐1), 

indicative of NCC precursors before their commitment to downstream cell lineages 

(Minarcik & Golden, 2003), as well as markers of mesenchymal differentiation, CD105, 

CD73, and CD90, was assessed (Fig 4C). 

Table 1 contains the precise percentage values of the FACS analysis of NCC 

at varying passage numbers. At passage 1 following differentiation, control and 

homozygous ALX1165F/165F NCC expressed similar levels of neural crest precursor 

marker CD57. The control and homozygous ALX1165F/165F NCC also expressed similar 

levels of mesenchymal markers CD90, CD105, and CD73. No significant differences 

were observed in marker expression between control and 

homozygous ALX1165F/165F NCC at this stage (P > 0.05). However, by passage 4, 

control NCC exhibited decreased CD57 expression and increased expression of CD90, 

CD105, and CD73, consistent with a progression to MSC differentiation. In contrast, 

homozygous ALX1165F/165F NCC displayed a similar expression of the aforementioned 

NCC and MSC markers at passage 4 as they did at passage 1 (Fig 4C). 

The persistent CD57 expression in the homozygous ALX1165F/165F NCC, taken 

together with the elevated expression of neural crest specifier genes ZIC1, PAX7, 

PAX3, MSX1, MSX2, and DLX5, suggests that the mutant NCC may be unable to 

progress from the progenitor to the differentiating state. To understand whether the 

persistent CD57 expression had an effect on the ability of the 

homozygous ALX1165F/165F NCC to differentiate into downstream cell types, 

multilineage differentiation experiment was performed. Control and 
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homozygous ALX1165F/165F NCC demonstrated equal ability to differentiate into 

Schwann cells (GFAP and S100B‐positive expression), adipocytes (oil Red O. 

staining), chondrocytes (Alcian Blue, Safranin O. and Toluidine Blue staining), and 

osteoblasts (Alizarin Red S., Von Kossa staining and strong alkaline phosphatase 

activity; Fig EV2). The maintenance of CD57 and lack of elevation of CD90 / CD105 / 

CD73 and the same ability to differentiate into NCCs derivatives suggest that the 

homozygous ALX1165F/165F failed to progress through the process of NCCs 

differentiation despite multiple cell passages and are blocked into the progenitor state. 

 

Homozygous ALX1165F/165F NCC display a migration defect 

 

During embryonic development, NCC migrate to specific locations in order to 

form the prominences that coalesce to shape the face. To investigate the migratory 

properties of the iPSC‐derived NCC in vitro, a wound healing assay with a central 

clearing was used. A significant migration defect was observed in the 

homozygous ALX1165F/165F NCC when compared with control NCC (Fig 5A, Movie 

EV1). Control NCC were able to migrate and fully cover the central clearing area of 

the wound healing assay after 24 h (recovery of 95.99 ± 3.22% of the surface area). 

In contrast, the homozygous ALX1165F/165F NCC covered less than half of the central 

clearing surface area (38.79 ± 3.22% for ALX1165F/165F NCC). 

 

ALX1165F/165F NCC show differences in BMP secretion 

 

The family of BMP family of growth factors plays a critical role in NCC migration 

(Tribulo et al, 2003; Sato et al, 2005). This, in combination with the increased 
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expression of TWIST1 in ALX1165F/165F NCC, a known BMP inhibitor, led to us to 

hypothesize that ALX1165F/165F NCC might display abnormal levels of secreted BMP 

when compared to healthy control NCC (Hayashi et al, 2007). To test this hypothesis, 

the levels of secreted BMP in the culture medium of ALX1165F/165F and control NCC 

were measured via multiplex analysis. The concentration of BMP2 was found to be 

significantly reduced in control ALX1165F/165F NCC (11.9 ± 0.65 pg/ml) compared to 

control NCC (19.52 ± 0.9 pg/ml; P < 0.05; Fig 5B). In contrast, the BMP9 

concentration was significantly increased in mutant ALX1165F/165F NCC 

(3.72 ± 0.85 pg/ml) compared to control NCC (0.25 ± 0.02 pg/ml). BMP4, BMP7, and 

BMP10 levels were undetectable. 

To follow‐up on the observed dysregulation of BMPs, we hypothesized that 

treatments to counteract BMP2 reduction or BMP9 elevation could result in an 

improved migration phenotype. The ALX1165F/165F NCC were treated with different 

concentrations of soluble BMP2, the BMP9 antagonist Crossveinless (CV2), or a 

combination of the two (Fig 5C, Fig EV3, Movies EV2 and EV4). Treatment with an 

increasing concentration of BMP2 from 10 to 50 ng/ml was able to restore the 

migration of homozygous ALX1165F/165F NCC in a dose‐dependent manner. However, 

no difference was observed between 50 and 100 ng/ml of BMP2, suggesting a 

saturation effect (64.53 ± 3.17% for 50 ng/ml BMP2, and 67.31 ± 3.25% for 100 ng/ml 

BMP2). 

Likewise, treatment with the BMP9 antagonist CV2 was able to partially rescue 

the migration defect of homozygous ALX1165F/165F NCC. The low dose of 10 ng/ml of 

CV2 did not show a significant effect on the migration defect of treated and 

untreated ALX1165F/165F NCC (37.5 ± 2.5% for 10 ng/ml CV2). As observed with BMP2, 

treatments with both 50 ng/ml and 100 ng/ml of CV2 were able to partially restore the 
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ability of the homozygous ALX1165F/165F NCC to migrate, with no difference found 

between these two concentrations (57.6 ± 4.77% for 50 ng/ml of CV2, and 

64.64 ± 3.36% for 100 ng/ml of CV2). Finally, we asked whether treatment with a 

combination of BMP2 and CV2 would exert an additive or synergistic effect to restore 

cell migration than single compound treatment. No additive effect was identified, as 

BMP2 and CV2 cotreatment at 100 ng/ml was able to rescue the migration defect 

phenotype of mutant ALX1165F/165F NCC at a similar level to what was observed with 

the individual treatments (73 ± 5.89% for BMP2 and CV2 cotreatment). 

 

Evaluation of alx1 function in the zebrafish 

 

We and others previously showed that the zebrafish anterior neurocranium 

(ANC) forms from the convergence of the frontonasal prominence and the paired 

maxillary prominences (Wada, 2005; Eberhart, 2006; Dougherty et al, 2012). Since 

FND malformation is characterized by facial cleft affecting fusion of the frontonasal 

and maxillary structures, examination of the ANC morphology in zebrafish would be a 

sensitive assay for frontonasal development. 

To generate an in vivo model of alx1, we employed CRISPR/Cas9‐mediated 

targeted mutagenesis of the alx1 locus in zebrafish. This approach produced a 

frameshift mutation harboring a 16‐base pair (bp) deletion in exon 2 of alx1 

(NM_001045074), named alx1uw2016 (Fig 6A, Fig EV4). The alx1uw2016 mutation is 

likely to cause complete loss of function since the encoded truncated protein lacks 

both the homeobox and transactivation domains. While the majority 

of alx1uw2016 homozygous zebrafish developed normally and were viable as adults, 
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approximately 5% displayed specific craniofacial defects (Fig EV5). Alcian blue 

staining of alx1uw2016 homozygous larvae at 5 days post‐fertilization (dpf) revealed that 

the posterior neurocranium and ventral cartilages and Meckel's cartilage were formed 

but smaller in size in a subset of zebrafish. In contrast, the ANC appeared dysmorphic, 

i.e., narrower in the transverse dimension and linear, rather than fan‐shaped (Fig 6A). 

The chondrocytes of the ANC appeared cuboidal in mutant larvae, whereas wild‐type 

ANC chondrocytes were lenticular and stacked in an intercalated pattern (Fig 6A). 

The low penetrance of the ANC defect suggests the possibility of gene 

compensation by other alx family members (also see Discussion). To test this 

hypothesis, alx transcripts were quantified by qRT–PCR at several stages of 

embryogenesis in alx1uw2016 homozygotes. We observed that alx1 mRNA level was 

significantly decreased in alx1uw2016 mutants across several time points, likely because 

the mutation triggers nonsense‐mediated decay (Fig 6B; El‐Brolosy et al, 2019). 

Consistent with transcriptional gene compensation, alx3 and alx4a mRNA levels were 

significantly increased in the alx1uw2016 mutant embryos compared to wild‐type 

embryos (P < 0.05 for 10 ss, 24 hpf and 36 hpf embryos for alx3; P < 0.05 for 24 hpf 

and 36 hpf embryos for alx4a). These data suggest that alx3 and alx4a functions may 

compensate for the loss of alx1 during zebrafish development (Fig 6B). 

Given the likely genetic compensation between different alx family members, 

we utilized a dominant‐negative approach to interrogate the function of alx genes in 

embryonic development. It has been reported that ALX1 protein homodimerizes to be 

fully functional (Furukawa et al, 2002). In order to circumvent the genetic 

compensation by alx3 and alx4a, a truncated form of alx1 containing the N‐terminal 

domain (Alx1DN) was generated. The Alx1DN truncation contains the DNA‐binding 



249 

 

homeodomain but is missing the transactivation domain (Herskowitz, 1987). 

Additionally, an alternative truncated protein that lacks the DNA‐binding homeodomain 

and contains the transactivation domain, termed Alx1CT, was generated. We 

reasoned that, if a truncated Alx1 protein can occupy its binding sites but fail to 

dimerize or associate with its coactivators, it may function in a dominant‐negative 

manner. 

When Alx1DN was overexpressed by mRNA injection in wild‐type zebrafish 

embryos, embryos displayed significant craniofacial defects (Fig 6C), while Alx1CT‐

expressing embryos developed normally. On closer inspection with Alcian blue 

staining, Alx1DN‐expressing embryos showed complete abrogation of the frontonasal‐

derived median section of the ANC and Meckel's cartilage, a similar but more severe 

phenotype as expected due to the interference with all alx proteins than that observed 

in alx1uw2016 mutant embryos. Both alx1uw2016 and the Alx1DN mutant phenotypes 

suggest that alx1 regulates the migration of the anterior frontonasal NCC stream that 

contributes to the median portion of the ANC. 

 

Lineage tracing reveals migration defect of NCC 

 

To elucidate whether anterior cranial NCC migration is specifically affected in 

Alx1DN embryos, lineage tracing of the migrating NCC was carried out using 

the Tg(sox10:kaede) reporter line (Wada, 2005; Eberhart, 2006; Dougherty et al, 2012; 

McGurk et al. 2014). The anterior most stream of NCC in wild‐type and Alx1DN 
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injected embryos was labeled at the 10‐somites stage and followed to 96 h post‐

fertilization (Fig 6D). In the wild‐type embryos, at 4 days post‐fertilization (dpf), the 

NCC were able to migrate into the frontonasal region of the palate (Fig 6D). In contrast, 

the anterior cranial NCC of Alx1DN injected embryos were unable to reach their final 

location of the median ANC. Instead, the NCC in the AlxDN injected zebrafish were 

found in an ectopic anterior location outside of the frontonasal domain (Fig 6D, Movie 

EV3). While it is possible that increased cell death and altered cell division that were 

observed in the iPSC model are also operating here in the embryo, these cellular 

derangements are likely minor contributors to explain the ectopic localization of the 

cranial NCC, whereas altered cell migration is the dominant mechanism. 

 

Discussion  

 We report the identification of a novel missense variant of 

human ALX1 associated with FND. Analysis of this putative loss‐of‐function variant in 

patient‐derived iPSC and NCC showed a lack of cellular maturation, an increase in 

apoptosis, and a migration defect. We identified an overexpression of neural plate 

border specifiers in subject‐derived cells, and an imbalance of BMP levels which, when 

addressed, was capable of mitigating the migration defect discovered in the subject's 

NCC. A delay of NCC migration was also recognized as key to the morphologic 

consequences of a loss of alx1 in zebrafish models. We could identify genetic 

compensation between different members of the alx gene family. 
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Human genetics of ALX1 

 

Genes of the ALX family encode homeodomain transcription factors and are 

associated with craniofacial malformations. Like other members of this family, the 

ALX1 protein is composed of two main functional domains: the N‐terminal portion 

containing the DNA‐binding homeodomain with two nuclear localization signals, and 

the C‐terminal portion containing an OAR/aristaless domain required for 

transactivation and protein interaction (Furukawa et al, 2002). In this study's pedigree, 

a novel missense variant p.L165F within the conserved homeodomain was identified. 

Leucine is an aliphatic, branched amino acid, while phenylalanine is an aromatic, 

neutral, and nonpolar amino acid. Due to properties of leucine, the substitution itself 

is likely disruptive to helix II in the DNA‐binding element of the homeodomain within 

which it resides. Disruptive leucine to phenylalanine substitutions have been described 

in a number of published, genotyped disorders (Miller et al, 1992; Gomez & 

Gammack, 1995). Pathogenic missense variants within the homeodomains of 

both ALX3 and ALX4 have previously been identified as the causes of FND types 1 

and 2, respectively (Wuyts et al, 2000; Kayserili et al, 2009; Twigg et al, 2009). 

Pathogenic ALX1 gene variants in FND have been reported in two case studies 

in the literature. The first study described two families (Uz et al, 2010). In the first, three 

siblings of consanguineous parents were described to suffer from a midline defect of 

the cranium, bilateral extreme microphthalmia, bilateral oblique cleft lip and palate, a 

caudal appendage in the sacral region, and agenesis of the corpus callosum. A 

homozygous 3.7 Mb deletion spanning ALX1 was identified in all affected subjects. In 
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a second family, one affected subject was born with a midline defect of the cranium, 

bilateral microphthalmia, bilateral oblique cleft lip and palate, and a thin corpus 

callosum. A donor splice‐site mutation c.531+1G>A of ALX1, homozygous in the child 

and heterozygous in the parents, was identified to be the likely cause of the child's 

phenotype. 

None of the affected subjects from the pedigree reported in this study 

demonstrated midline defects of the cranium or a cerebral phenotype. This is in spite 

of the fact that the missense mutation of the affected subjects in our study lies just 

proximal to that of family 2, within helix II, within the homeodomain. 

A second case report described one family with FND (Ullah et al, 2016). It 

reported on four children born of consanguineous parents that presented with a broad 

nasal root, smooth philtrum, and mouth protrusion. An ALX1 gene variant c.661‐1G>C 

was found to be heterozygous in the parents and homozygous in the affected children. 

The skipping of the exon via alternative splicing likely resulted in a mutant protein with 

some residual function, explaining the relatively mild phenotype. 

 

The ALX gene family: ALX1, ALX3, and ALX4 

 

The ALX gene family consists of three members: ALX1, ALX3, and ALX4 

(McGonnell et al. 2011). In humans, mutations of each ALX gene have been 

associated with craniofacial malformations of the frontonasal‐derived structures with 

variable phenotypic severity (Wu et al., 2000; Wuyts et al., 2000; Mavrogiannis et al., 
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2001; Kayserili et al, 2009; Twigg et al, 2009; Uz et al, 2010). FND is a descriptive 

term that broadly describes a number of malformations of the midface. Previously 

classified based on appearance (see Tessier, Sedano, De Myer classifications), FND 

related to variants within the ALX gene family has recently been reordered on the 

basis of genetics: Type I is caused by mutations of ALX3; type 2 is caused by 

mutations of ALX4; and type 3 is caused by mutations of ALX1. FND types 1 and 2 

appear milder than type 3, frequently presenting with altered appearance of the nasal 

soft tissue (Twigg et al, 2009). 

In mouse and zebrafish, Alx1, Alx3, and Alx4 have been shown to be expressed 

in spatiotemporally restricted regions of the craniofacial mesenchyme 

(Zhao et al, 1994; Qu et al, 1997; ten Berge et al, 1998; Beverdam & Meijlink, 2001; 

Dee et al, 2013; Lours‐Calet et al, 2014). Evidence of gene compensation has 

previously been reported in animal studies (Beverdam et al, 2001; Dee et al, 2013). In 

studies of sea urchins, Alx4 was shown to directly regulated by Alx1 (Rafiq et al, 2012; 

Khor et al, 2019). The question remains how the different ALX family members 

regulate craniofacial development, through transcriptional activation or repression of 

shared and unique target genes. 

 

iPSC-derived NCC for craniofacial disease modeling 

 

 Most craniofacial structures are derived from a transient multipotent embryonic 

population called NCC. The NCC progenitors give rise to a wide variety of cell lineages 
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including peripheral neurons, melanocytes, and craniofacial mesenchyme 

(Betancur et al, 2010; Stuhlmiller & Garcia‐Castro, 2012). NCC exhibit a restricted 

expression of ALX1 in the rostral domain during early developmental stages 

(Zhao et al, 1996; Dee et al, 2013). Cellular and genetic mechanisms that drive 

frontonasal NCC formation are poorly understood. In order to gain insight into the 

functional consequences of the clinically pathogenic ALX1 gene variant identified in 

this study's pedigree, iPSC were differentiated into NCC. 

While a number of sophisticated protocols using chemically defined mediums 

and a combination of adherent and/or suspension culturing approaches have been 

published in recent years, no consensus has been established on a number of 

controversial issues (Bajpai et al, 2010; Leung et al, 2016; Tchieu et al, 2017). 

First, the definition of what a NCC in fact is remains based entirely on the 

transcriptomic profiling performed in animal studies. While we succeeded in identifying 

distinctive differences between the ALX1165F/165F NCC and healthy controls, the results 

suffer from an obvious limitation: a lack of understanding which stage of development 

the NCC represent. The central challenge of the work with iPSC models of human 

disease remains the lack of available human transcriptomic cell data to allow for an 

understanding which stage of development is modeled by the cellular lineages derived. 

NCC are characterized in vitro by the expression of markers identified to be specific 

to this cell population, namely P75, CD57, CD90, CD73, and CD105 (Minarcik & 

Golden, 2003; Billon et al, 2007; Kawano et al, 2017) as well as their multilineage 

differentiation ability. NCC formation is a stepwise process coordinated by a 

spatiotemporally specific gene expression pattern. In this study, a putative loss 

of ALX1 function did not impair NCC differentiation itself or the ability of NCC to 
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differentiate into multiple cell lineages. Rather, it appeared that the clinically 

pathogenic ALX1165F/165F variant maintained the NCC in a precursor state. While 

control cells progressively became craniofacial mesenchymal cells by CD57 

downregulation and increases in MSC associated marker expression, 

ALX1165F/165F NCC did not undergo changes of their morphology or show a transition 

of progenitor to mesenchymal markers. Second, a lack of a 3D representation of NCC 

migration in vitro based studies force scientists to either transplant human iPSC‐

derived NCC into model organisms or retain a 2D system of representation 

(Bajpai et al, 2010; Okuno et al, 2017). We focused on the validation of the findings in 

human iPSC in zebrafish. Third, the development of craniofacial mesenchyme is a 

product of the interactions of derivatives of all three germ layers. This left the role 

of ALX1 in other developmental derivatives unexplored in this study. 

To allow for some insight into the expression profile of key NCC markers during 

the in vitro differentiation process, we surveyed relative expression via qPCR every 

2 days throughout our differentiation protocol. We found the greatest differences 

between the unaffected father and the affected children in the expression of PAX7, 

PAX3, DLX5, SNAI2, and TWIST1. ALX1 has been described as a transcription 

modulator capable of both activating and repressing target gene expression, adapting 

its activity to different cell types and environments (Gordon et al, 1996; Cai, 1998; 

Damle & Davidson, 2011). Its activity as a repressor, for example, has been 

documented with prolactin, as ALX1 binds directly to the prolactin promoter 

(Gordon et al, 1996). In this study, all of the genes were substantially upregulated in 

the affected children, with the greatest changes found in the earlier time points of 
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differentiation. ALX1 appears to play the role of a transcriptional repressor in NCC‐

based craniofacial development. 

Neural crest cells delamination and migration depend on signals from the 

surrounding epidermis, including BMPs, which induce expression of neural plate 

border specifier genes such as PAX3, TFAP2a, MSX1/2 or ZIC1 (Tribulo et al, 2003; 

Sato et al, 2005; Garnett et al, 2012; Dougherty et al, 2013; Simoes‐Costa & 

Bronner, 2015). Fine temporospatial regulation of the level of these signaling 

molecules is critical to allow for delamination and migration of NCC craniofacial 

development. BMPs belong to the transforming growth factor beta (TGFβ) superfamily 

and can be divided into several subcategories based on molecular similarities. The 

two BMPs showing dysregulation in this study, BMP2 and BMP9, belong to different 

subcategories which exhibit different expression patterns and receptors. BMP2 was 

identified as an important factor in migratory NCC development, with a depletion of 

mobile NCC in knockout models in transgenic mice resulting in hypomorphic branchial 

arches. (Kanzler et al, 2000). In a complementary mouse model, BMP2 increased 

migration of NCC when added as a supplement to culture medium 

(Anderson et al, 2006). BMP2 was also found to be required for the migration of NCC 

in the enteric nervous system in the zebrafish and to be significantly decreased in the 

gut of patients affected by Hirschsprung's disease, a disease characterized by 

deficient enteric NCC migration (Huang et al, 2019a). BMP9 on the other hand was 

shown to be required for tooth development in mice (Huang et al, 2019b). It was 

previously identified as a potent inducing factor of osteogenesis, chondrogenesis, and 

adipogenesis during development (Luther et al, 2011; Lamplot et al, 2013). Opposed 
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to other BMPs, including BMP2, BMP9 was found to be resistant to feedback inhibition 

by BMP3 and noggin (Wang et al, 2013). 

The relationship of BMP2 and BMP9 in NCC development, migration, and 

differentiation has yet to be examined. Why BMP2 and BMP9 appeared to play 

antagonistic roles in the NCC modeling of ALX1‐related FND presented in this study 

remains unclear. On the basis of the qPCR data and the multiplex assay revealing a 

decrease in BMP2 and an increase in BMP9 in NCC supernatant, we hypothesized 

that a lack of fully functional ALX1 may account for the overexpression of neural plate 

border specifiers, and the change of BMP signaling. In substituting or repressing 

BMP2 and BMP9, respectively, an almost complete rescue of the migration defect of 

the mutant ALX1165F/165F NCC was achieved. Pretreatment of subject‐derived NCC 

could perhaps result in a complete rescue of migration. 

 

Animal models of ALX1-related FND 

 

Studies in sea urchins have contributed meaningful knowledge to the 

regulatory functions of Alx1 as a transcription factor. In the sea urchin 

Strongylocentrotus puparatus, the alx1 gene was found to activate itself in a self‐

regulatory loop at lower levels. Once its level exceeds a certain 

threshold, alx1 reverses its activity and becomes a repressor of its own transcription 

(Damle & Davidson, 2011). As a transcription factor, alx1 was found to be essential 



258 

 

for the regulation of epithelial–mesenchymal transition, a process of great importance 

for the ability of NCC to delaminate and initiate migration (Ettensohn et al, 2003). 

The specific role of Alx1 in craniofacial development was investigated in 

different animal models. Targeted gene ablation of Alx1 in mice resulted in neural tube 

closure defects in the majority of the pups, a phenotype not observed in any reported 

case report of ALX1‐related FND type 3 (Zhao et al, 1996). A previously published 

morpholino knockdown of alx1 in zebrafish suggested that the gene is essential for the 

migration of NCC into the frontonasal prominence, with a disorganization of NCC in 

the frontonasal stream, and reduction both in the number of NCC and its cellular 

projections (Dee et al, 2013). A major weakness of morpholino gene disruption is 

nonspecific or off target effects. This study utilized germline alx1 mutant allele to 

investigate the effect of alx1 loss‐of‐function, complemented by a dominant‐negative 

disruption approach to address gene compensation of other alx family members. 

These approaches corroborate a requirement for alx1 in median ANC morphogenesis, 

corresponding to formation of the midface in humans. 

In summary, this work describes a novel ALX1 gene variant associated with 

FND. Using complementary human iPSC and zebrafish models, this study showed 

that ALX1 is required for coordinated NCC differentiation and migration. Discordance 

of NCC differentiation from cell migration during midface morphogenesis results in 

FND. Future work will be directed at identifying ALX1 downstream targets and 

characterize the ALX regulated pathways in craniofacial development. 
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Figure 1. Clinical presentation of the FND pedigree and generation of control, father, 

and subject‐derived iPSC 

A: The pedigree family tree includes two unaffected parents, four unaffected male 

siblings, five unaffected female siblings, and two each female and male affected sibling. 

Subjects 1–6, indicated in red, were enrolled in the study. Subjects 4–6 show complex 

FND with ocular involvement. The eldest affected sibling (subject 4) presented with 

right coloboma, left microphthalmia, and bilateral Tessier 4 oblique facial clefts. 

Subject 5 presented with bilateral anophthalmia with fused eyelids and shallow orbits, 

with bilateral oblique facial clefts. Subject 6 presented with bilateral anophthalmia with 

open shallow orbits, absent upper and lower eyelids, exposed orbital mucosa, bilateral 

oblique facial clefts, and malformed nasal ala with nodular skin tags. iPSCs were 

generated using blood samples collected from subjects 1, 5, and 6. 

B: Whole‐exome sequencing was carried out and analysis revealed a missense 

p.L165F variant (c.493 C>T) in the ALX1 homeodomain, heterozygous in the parents 

(ALX1165L/165F), wild type in the unaffected sibling (ALX1165L/165L), and homozygous in 

both affected subjects (ALX1165F/165F). 

C: Schematic of the ALX1 protein structure showing the position of the L165F 

substitution described here (red) and the locations of exon borders affected by two 

reported pathogenic variants (purple; Ullah et al, 2016; Uz et al, 2010). 

D: Schematic of the ALX1 genomic sequence, showing the locations of the three 

reported pathogenic variants. The purple bar at the bottom represents a FND‐

associated homozygous ALX1 deletion previously reported in the literature 

(Uz et al, 2010; Ullah et al, 2016). 
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E: Immunofluorescence staining for pluripotent markers SSEA4, OCT4, SOX2, 

and TRA‐1-60 and alkaline phosphatase staining of iPSC clones. One representative 

iPSC clone is shown for each genotype. Scale bar: 400 μm. 

F: Expression of pluripotent (OCT4, NANOG), endoderm (Endo., AFP, GATA4, 

FOXA2), ectoderm (Ecto., NESTIN, GFAP, SOX1), and mesoderm (Meso., BRACH. 

(BRACHYURY), RUNX1, CD34) gene markers for ALX1165l/165L (green), 

ALX1165L/165F(red), and ALX1165F/165F (blue) iPSC relative to undifferentiated cells 

(UND). Data are represented as pooled mean ± SEM of three experiments on three 

clones from each genotype. Significance: P = 0.0167 for OCT4, P = 0.0005 for 

NANOG, P = 0.000004 for AFP, P = 0.0082 for GATA4, P = 0.0137 for 

FOXA2, P = 0.00002 for NESTIN, P = 0.0167 for GFAP, P = 0.0014 for 

SOX1, P = 0.0117 for BRACHYURY, P = 0.0008 for RUNX1 and P = 0.0068 for CD34 

when comparing undifferentiated and differentiated ALX1165L/165L iPSC. P = 0.0013 for 

OCT4, P = 0.0011 for NANOG, P = 0.0000003 for AFP, P = 0.0003 for 

GATA4, P = 0.0063 for FOXA2, P = 0.0001 for NESTIN, P = 0.027 for 

GFAP, P = 0.000002 for SOX1, P = 0.000009 for BRACHYURY, P = 3e−9 for RUNX1 

and P = 0.000006 for CD34 when comparing undifferentiated and differentiated 

ALX1165F/165L iPSC. P = 0.0201 for OCT4, P = 0.006 for NANOG, P = 1 × 10−12 for 

AFP, P = 5 × 10‐13 for GATA4, P = 0.0031 for FOXA2, P = 0.0292 for 

NESTIN, P = 0.00001 for GFAP, P = 6 × 10‐7 for SOX1, P = 0.0204 for 

BRACHYURY, P = 0.0009 for RUNX1 and P = 0.000003 for CD34 when comparing 

undifferentiated and differentiated ALX1165F/165F iPSC. Data from each clone were 

pooled, and the mathematical mean was calculated. SEM was used to determine the 
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standard error. To test statistical significance, an ANOVA test was performed. A P‐

value < 0.05 was considered to be statistically significant. 
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Figure 2. Generation of iPSC‐derived NCC 

A: Schematic of the differentiation protocol timeline. Maintenance Medium 

(MM) = iPSC medium (StemFlex with 1× penicillin/streptomycin), NCC differentiation 

medium = DMEM‐F12, 10% fetal bovine serum, 1 mM sodium pyruvate, 1 mM 

penicillin/streptomycin, 1 mM nonessential amino acids, 110 μM 2‐mercaptoethanol, 

10 ng/ml epidermal growth factor. 

B: Images of iPSC and iPSC‐derived NCC at Days 0, 14, and passage 4 following 

differentiation. Scale bars: 400 μm (Day 0), 200 μm (Day 14, passage 4). 
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Figure 3. Timeline of key NCC‐associated genes during differentiation 

Gene expression analysis across NCC differentiation of unaffected 

control ALX1165L/165L (green), heterozygous ALX1165L/165F (magenta), and homozygous 

ALX1165F/165F iPSC; ALX1, neural plate border specifier genes ZIC1, PAX7, PAX3, 

MSX1, MSX2, DLX5; neural crest specifier genes FOXD3, P75, TFAP2A, SNAI2, 

TWIST1; and lineage specifier gene HAND2. The RT–qPCR relative expression 

values were normalized to RPLP0 and GAPDH expression. Data are represented as 

pooled mean ± SEM of three experiments on three clones from each genotype. 

Exact P‐values are provided in Table EV1. Data from each clone were pooled, and the 

mathematical mean was calculated. SEM was used to determine the standard error. 

To test statistical significance, an ANOVA test was performed. A P‐value < 0.05 was 

considered to be statistically significant. 
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Figure 4. NCC apoptosis, cell cycle, and differentiation 

A: Homozygous ALX1165F/165F NCC (blue) showed an increase in sensitivity to 

apoptosis when compared to control ALX1165L/165L NCC (black). The data on the left 

represent the mean percentage of Annexin V‐positive cells, indicative of apoptosis, as 

determined by FACS analysis, with the data on the right being an example of one such 

experiment. Apoptosis was induced by immersion in a 55°C water bath for 10 min. 
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Representative experiment for each condition is shown. Data are represented as 

pooled mean ± SEM of three independent experiments. Data obtained of each clone 

from three independent experiments were pooled, and the mathematical mean was 

calculated. SEM was used to determine the standard error. To test statistical 

significance, an ANOVA test was performed. A P‐value < 0.05 was considered to be 

statistically significant. *: Significantly different from the basal apoptosis 

rate: P = 3 × 10−12 between control NCC basal apoptosis and induced apoptosis, and 

between ALX1165F/165F NCC basal apoptosis and induced apoptosis. **Significantly 

different from control NCC (P = 0.0004). 

B: Expression levels of cyclins CCNA2 (blue) and CCND1 (orange) in NCC at 

passages 2 and 3 of ALX1165L/165L and ALX1165F/165F NCC. The RT–qPCR relative 

expression values were normalized to RPLP0 and GAPDH expression. Data are 

represented as pooled mean ± SEM of three experiments on three clones from each 

genotype. *Significantly different from control NCC at passage 2 (P = 0.001 between 

control and ALX1165F/165F NCC at passage 2 for CCNA2, P = 0.0052 for CCND1). 

**Significantly different from control NCC at passage 3 (P = 0.0494 between control 

and ALX1165F/165F NCC for CCNA2, P = 0.0008 for CCND1). 

C: Fluorescence activated cell sorting (FACS) experiments showed that 

control ALX1165L/165L NCC (green) exhibited increased expression of mesenchymal 

markers CD90, CD105, and CD73 with culture time (passages 1 through 4), whereas 

homozygous ALX1165F/165F NCC (blue) showed a consistent expression of the markers 

expressed at passage 1 throughout. Further, control ALX1165L/165L NCC showed a 

downregulation of CD57 expression with culture time, while ALX1165F/165F NCC 

maintained the same level of CD57 across passages. Data are presented as the mean 
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percentage of positive‐stained cells across passage numbers. Data obtained of each 

clone from three independent experiments were pooled, and the mathematical mean 

was calculated. SEM was used to determine the standard error. To test statistical 

significance, an ANOVA test was performed. A P‐value < 0.05 was considered to be 

statistically significant. *Significantly different from control NCC. For CD90, P = 0.0013 

at passage 3 and P = 0.0207 at passage 4. For CD105, P = 0.0016 at passage 

2, P = 0.00004 at passage 3 and P = 0.0021 at passage 4. For CD73, P = 0.0060 at 

passage 2, P = 0.00004 at passage 3 and P = 0.0114 at passage 4. For 

CD57, P = 0.0026 at passage 2, P = 0.000003 at passage 3 and P = 0.000007 at 

passage 4. 
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Figure 5. ALX1165F/165F NCC show a migration defect and a difference in BMP 

secretion 

A: Mutant ALX1165F/165F NCC (blue) exhibited a migration defect in timed coverage of 

the central clearing of the wound assay when compared with 

control ALX1165L/165L NCC (black). Data are presented as percent area recovery of the 

central circular clear area of the wound assay by migrating NCC at the end of a 24‐h 

period. For fluorescent pictures, cells were stained in serum‐free media containing 

3.6 μM CellTracker Green CMFDA (Life Technologies) for 30 min at 37°C and allowed 

to recover for 30 min before starting the experiment. Images were acquired every 6 h 

using a Keyence BZ‐X800 microscope. Surface area analyses and percentages of 

coverage were measured using ImageJ software (NIH). The NCC were monitored over 

24 h. The data are represented as the average of the percentage of closure ± SEM. 

Scale bar = 200 μm. Data obtained of each clone from three independent experiments 

were pooled, and the mathematical mean was calculated. SEM was used to determine 

the standard error. To test statistical significance, an ANOVA test was performed. A P‐

value < 0.05 was considered to be statistically significant. *Significantly different from 

control NCC (P < 0.0001). 

B: Multiplex analysis of BMP2 and BMP9 in the supernatant of cultured NCC showed 

that ALX1165F/165F NCC (blue) secrete less BMP2 and more BMP9 compared to 

control ALX1165L/165L NCC (green). Data are represented as pooled mean ± SEM of 

three clones from each genotype. Statistical significance was determined with an 

ANOVA test. A P‐value < 0.05 was considered significant. *Significantly different from 

control NCC (P = 0.0424 for BMP2 and P = 0.0192 for BMP9). 
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C: Addition of soluble BMP2 or CV2, a BMP9 antagonist, to the culture medium could 

partially rescue the migration defect of ALX1165F/165F NCC. At the beginning of the 

assay, 10, 50, or 100 ng/ml of soluble BMP2, CV2, or a combination of the two at 

100 ng/ml each were added to the culture medium, and the cells were monitored over 

the next 24 h. The data are represented as the average of the percentage of closure 

± SEM. Scale bar: 400 μm. 
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Figure 6. Alx1 function in zebrafish 

A: Dissected flatmount wild‐type and alx1−/− zebrafish larvae craniofacial cartilages 

after Alcian blue staining, the anterior points to the left of the page in all images. The 
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ventral cartilages appear normal, but the alx1−/− anterior neurocranium (ANC) appears 

narrow, with the midline element that is derived from the frontonasal NCC being absent. 

Meckel's cartilage (arrow, MC) is also diminutive. Scale bar: 200 μm. 

B: Zebrafish alx1 mutants (blue) show reduced detectable expression of alx1 but 

increased expression of alx3, alx4a compared to wild‐type controls 

(green). alx4b expression levels are similar between wild‐type and alx1−/− lines. Data 

are represented as the mean of all pooled embryos from three different clutches. The 

RT–qPCR relative expression values were normalized to elfa and 18S expression 

using the ΔΔCT method. Data from each clutch were pooled, and the mathematical 

mean was calculated. SEM was used to determine the standard error. To test 

statistical significance, an ANOVA test was performed. A P‐value < 0.05 was 

considered to be statistically significant. Statistical significance denoted by 

*; P < 0.0001 between WT zebrafish and alx1−/− at all measured time points; at 10 ss, 

24 hpf and 36 hpf for alx3; and at 24 hpf and 36 hpf for alx4a. Refer to Table EV2 for P‐

values. 

C: Dissected flatmount of zebrafish embryos injected with Alx1DN, after Alcian blue 

staining. The embryos developed an absence of the frontonasal‐derived median 

portion of the anterior neurocranium (ANC) and a profound hypoplasia of Meckel's and 

ventral cartilages. In the most severely affected zebrafish, a nearly abrogated ANC 

was observed. Scale bar: 200 μm. 

D: Lineage tracing experiments in control and Alx1DN mutant embryos revealed 

aberrant migration of anterior cranial NCC when alx1 is disrupted. In the control animal, 

the anterior cranial NCC always migrate to contribute to the median portion of the ANC. 

In contrast, the anterior cranial NCC labeled in the Alx1DN animals fail to migrate to 
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the median ANC, where the ANC structure is narrower and the labeled cranial NCC 

are found in an anterior and lateral ectopic location (white asterisks). Scale bar: 

250 μm. 
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Supplementary Figure 1. Induced pluripotent stem cells (iPSC) derivation and EB 

generation 

A: Schematic representation of the strategy used to generate iPSC. Blood samples 

from an unrelated normal individual, unaffected father (subject 1), and two of the 

affected children (subjects 5 and 6) were processed. Isolated PBMC were infected 

with Sendai virus, and individual clones were picked 21 days after the infection. 

Following expansion until passage 10, iPSC were characterized and embryoid bodies 

were formed by suspension culture for 14 days. 

B: The reprogramming process of the PBMC showed that all cells underwent similar 

morphological changes leading to the formation of iPSC clones by day 21. These 

clones still displayed embryonic stem cells morphology at passage 10, indicating that 

the cells are able to self‐renew. All iPSC clones were able to form EBs. One clone of 

each subject is represented. Scale bar is 400 μm. 
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Supplementary Figure 2. Characterization of NCC 

Multilineage differentiation experiments revealed that both control and subject‐derived 

NCC are able to differentiate into Schwann cells, shown by the GFAP and S100B‐

positive immunofluorescence staining; adipocytes, demonstrated by the Oil Red O. 

positive lipidic droplets; osteoblasts, shown by Alizarin Red S. positive mineralized 

nodules and chondrocytes, assessed by Alcian Blue‐positive cartilaginous matrix. 

Scale bar is 200 μm for images of Schwann cells and adipocytes, and 400 μm for 

images of chondrocytes and osteoblasts. 
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Supplementary Figure 3. Effect of BMP and CV2 on NCC migration 

A: 10, 50, or 100 ng/ml of soluble BMP2 was added to the culture medium. Surface 

area analyses and percentages of coverage were measured using ImageJ software 

(NIH). The data of NCC migration following the treatment with 10, 50, and 100 ng/ml 

soluble BMP2 are represented as the average of the percentage of closure ± SEM 

from three independent experiments performed with each clone. To test statistical 

significance, an ANOVA test was performed. A P‐value < 0.05 was considered to be 
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statistically significant *: Significantly different from untreated ALX1165F/165F NCC: at 

12 h, P = 0.0038 when comparing BMP2 50 ng/ml and untreated ALX1165F/165F NCC, 

and P = 0.0045 when comparing BMP2 100 ng/ml and untreated ALX1165F/165F NCC. 

At 18 h, P = 0.0337 when comparing BMP2 10 ng/ml and 

untreated ALX1165F/165F NCC; P = 0.0009 when comparing BMP2 50 ng/ml and 

untreated ALX1165F/165F NCC; and P = 0.0006 when comparing BMP2 100 ng/ml and 

untreated ALX1165F/165F NCC. At 24 h, P = 0.005 when comparing BMP2 10 ng/ml and 

untreated ALX1165F/165F NCC; P < 0.0001. when comparing BMP2 50 ng/ml and 

untreated ALX1165F/165F NCC; and P < 0.0001 when comparing BMP2 100 ng/ml and 

untreated ALX1165F/165F NCC. 

B: 10, 50, or 100 ng/ml of soluble CV2 was added to the culture medium. Surface area 

analyses and percentages of coverage were measured using ImageJ software (NIH). 

The data of NCC migration following the treatment with 10, 50, and 100 ng/ml soluble 

CV2 are represented as the average of the percentage of closure ± SEM. Scale 

bar = 400 μm. *: Significantly different from untreated ALX1165F/165F NCC: at 

12 h, P = 0.0146 when comparing CV2 50 ng/ml and untreated ALX1165F/165F NCC, 

and P = 0.0262 when comparing CV2 100 ng/ml and untreated ALX1165F/165F NCC. At 

18 h, P = 0.0028 when comparing CV2 50 ng/ml and untreated ALX1165F/165F NCC, 

and P = 0.0035 when comparing CV2 100 ng/ml and untreated ALX1165F/165F NCC. At 

24 h, P = 0.0002 when comparing CV2 50 ng/ml and untreated ALX1165F/165F NCC, 

and P < 0.0001 when comparing CV2 100 ng/ml and untreated ALX1165F/165F NCC. 

C: Recovery of subject‐derived NCC migration in a migration assay following the 

combined treatment with 100 ng/ml each of soluble BMP2 and CV2. The data are 

represented as the average of the percentage of closure ± SEM from three 
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independent experiments performed with each clone. To test statistical significance, 

an ANOVA test was performed. A P‐value < 0.05 was considered to be statistically 

significant * : Significantly different from ALX1165F/165F NCC: at 12 h, P = 0.0031, at 

18 h P = 0.0001, and at 24 h P < 0.0001). 
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Supplementary Figure 4. CRISPR/Cas9 targeted mutagenesis of alx1 in zebrafish 

A: Human ALX1 and zebrafish alx1 protein sequences were obtained from Ensembl 

and aligned using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) under 

the default settings. The homeobox DNA‐binding domain is shown in bold, with the 

amino acid residue mutated in the subjects indicated by an outline. The transactivation 

domain is shaded in gray. Zebrafish alx1 CRISPR sites #1 and #2 are highlighted in 

yellow. The red and blue letters visually demarcate the sites. 

B: Schematic diagram shows the effect of the mutant allele resulting from our choice 

of target site #1. The allele, termed, alx1uw2016, has a net deletion of 16 nucleotides. 

Red letters denote the abnormal sequence that results from the frameshift mutation. 
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Supplementary Figure 5. Qualitative and quantitative characterization of zebrafish 

mutants 

A: The number of embryos displaying craniofacial phenotypes increased with 

increasing concentration of Alx1DN mRNA injected into the single cell stage embryo. 

Overview of the relationship of the results of injections of 25, 50, and 100 pg of control 

mRNA and Alx1DN mRNA with the outcomes of wild‐type zebrafish (green), a 

craniofacial phenotype (gray), and dead zebrafish (magenta). 

B: The number of embryos displaying craniofacial phenotypes injected 

with alx1uw2016 mRNA was very low. Overview of the percent of injected wild‐type 

zebrafish displaying a craniofacial phenotype (gray), compared with uninjected wild‐

type zebrafish from the identical clutches (gray). Data of the injections are presented 

as a comparative percentage. 
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Table 1. Comparative FACS analysis of subject‐derived ALX1165F/165F and control 

NCC at passages 1 and 4 
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