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Abstract

Disrupted morphogenesis and growth of the embryonic maxillary jaw lead to oral facial clefting in
humans (OFC) and result in an incompletely formed secondary mouth and face. A requirement for
Wnt signaling and Wnt9b in particular are postulated in the etiology of OFC from association stu-
dies in humans and from animal models. Loss of murine Wnt9b leads to reduced upper jaw (max-
illary) outgrowth and OFC, though the signaling architecture leading to this phenotype is poorly
understood. Previous murine Wnt9b studies largely overlooked cranial neural crest cell (CNCC)
patterning events and instead focused on later events during fusion of facial prominences. Using
zebrafish and a morpholino-mediated knockdown approach, we demonstrate functional require-
ments for Wnt9b signaling during two crucial stages of facial development: 1) CNCC patterning in-
to Dorsal-Intermediate-Ventral (D-I-V) domains; and 2) facial outgrowth during the primary to
secondary mouth transition (PM to SM). Zebrafish embryos deficient for Wnt9b (Wnt9b mor-
phants) exhibit an open bite with fused jaw joints as well as a flat face. Open bite and jaw joint fu-
sion in Wnt9b morphants phenocopies characteristics of ednl pathway is mutant zebrafish with
disrupted D-I-V patterning of CNCC. Expression studies show Wnt9b morphants exhibit perturbed
expression of edn1 signaling targets including dix2a, jaglb, and msxe, consistent with disrupted
CNCC patterning. Wnt9b morphant upper jaws have stunted outgrowth reminiscent of murine
Wnt9b mutants and Wnt9b morphant skulls phenocopy the broad class of foreshortened skull ze-
brafish mutants known as hammerheads. Wnt9b morphants show upregulated expression of
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pitx2a after the opening of the primary mouth and disrupted expression of Wnt5b which is con-
sistent with disrupted chondrocyte stacking. Strong upregulation of dorsal mesodermal frzb ex-
pression in the prechordal plate of Wnt9b morphants suggests a role for Wnt9b in primary mouth
induction or maintenance. Collectively these results argue that Wnt9b has a much earlier deve-
lopmental requirement. This work draws attention to potential vertebrate homologies that pat-
tern CNCC and facial outgrowth and therefore calls for a reexamination of Wnt9b’s role during
mammalian craniofacial development.
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1. Introduction

The Genetics of OFC and Relevance to Human Disease

Oral-facial clefting (OFC) of the upper jaw (maxilla) is a common, severe, and costly birth disorder affecting
between 1/500 and 2/1000 live births per year, depending on population [1] [2]. OFC patients lack the appropri-
ate growth and morphogenesis of the upper jaw. Patients with OFC may undergo treatment involving substantial
medical intervention, with severe OFC requiring several expensive surgeries over a number of years to restore
adequate oral function [3]. In light of the high incidence and overbearing costs of treatment, a better under-
standing of pathogenic mechanisms, both early and late, becomes an imperative that will lead to more focused
preventive and treatment strategies.

OFC can be either syndromic (30% of cases; generally with severe comorbidities) or non-syndromic (NS-
OFC) (70% of cases), and both types have a definite genetic etiology [4]-[7]. Currently over 400 Mendelian
syndromes include OFC as a characteristic feature, including OFC with Tooth Agenesis (MSX1), X-linked An-
kyloglossia and Cleft Palate (TBX22), Tetra Amelia (Wnt3) and Robinow Syndrome (Wnt5a) [8]-[13]. While
syndromic forms are more severe, they are fortunately rare Mendelian disorders. NS-OFC, on the other hand, is
more common and represents a considerable proportion of morbid human birth disorders [14]. Unlike syndromic
OFC, NS-OFC is considered as a polygenic, complex, and multifactorial disorder [15]-[17]. Several association
studies have linked Wnts, including Wnt9b, to human OFC [18] [19].

Zebrafish as a Proxy to Study Mammalian OFC

Zebrafish as a model vertebrate has been proven to be invaluable for insight into human disorders. However,
it is important in the present context that the homologies and differences that underlie the developmental
processes and adult jaw structures in both fish and mammals are understood.

The vertebrate skull can be divided into three components: the chondrocranium, the splanchnocranium, and
the dermatocranium [20]-[22]. Vertebrate jaws are composed of differential contributions of the latter two com-
ponents in fish and mammals. The splanchnocranium is endochondral bone found originally within the pharyn-
geal arch bars whereas the dermatocranium is membrane bone formed without a cartilage precursor.

The anterior-most pharyngeal arch (first PA) endochondral as well as multiple membrane bones both contri-
bute to the upper and lower jaws in zebrafish [21]. The endochondral contribution to the embryonic zebrafish
lower jaw is the Meckel’s cartilage (MK) while the upper jaw consists of two laterally paired palatoquadrates
(PQs) and the single ethmoid palate (ETH) midline element [23] [24]. Membrane bones, like the maxillary and
premaxillary of the upper jaw and the dentary in the lower jaw, represent some of the membrane components of
the fish jaws. However, in the tetrapod lineages towards current day mammals, the first pharyngeal arch endo-
chondral components largely evolved away from jaw functions [21]. In mammals the palatoquadrate contributes
to the incus within the middle ear and to the alisphenoid portion or greater wing of the sphenoid bone. Therefore
in mammals the dermal bones contribute to a much greater extent to the upper and lower jaws when compared to
zebrafish. Further, while homologous structural components (e.g. the palatoquadrate) of the first pharyngeal arch
are found in different parts of the fish or mammalian skull, the jaws themselves are functionally homologous
and their formation may be regulated by conserved gene regulatory networks [25]. Thus for the present study,
while the MK and PQ cartilages are not structurally homologous to the dermal mammalian jaw bones, they can
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be considered as appropriate proxies for studying the genetic mechanisms that control vertebrate jaw formation
through potentially homologous patterning mechanisms [21].

Wnt Growth Factor Signaling

The Wnt family is an evolutionarily conserved group of extracellular glycoprotein ligands comprising 19
genes in humans [26]. Wnt signaling is complex, and depending on tissue-specific ligand/receptor/coreceptor/
inhibitor context, Wnt signaling follows either S-catenin dependent canonical or f-catenin independent nonca-
nonical pathways (C-Wnt versus NC-Wnt, respectively) [27]-[29]. C-Wnt signals localize s-catenin to the nuc-
leus. The NC-Wnt pathway comprises a set of overlapping pathways that include conferring migratory proper-
ties to cells such as convergent extension, in addition to general antagonism of C-Wnt signals [30] [31]. Muta-
tions in Wnts that signal through both canonical and noncanonical pathways can cause OFC and are implicated
within animal models of craniofacial development. C-Wnt studies revealed differential requirements for surface
epithelial p-catenin in upper or lower jaw development [32]. Moreover, studies of NC-Wnt demonstrate that
Wnt5a null mice have foreshortened snouts and a complete cleft secondary palate [33] [34]. Interestingly, the
zebrafish pipetail mutant harbors a null Wnt5b allele and is a member of a broader class of zebrafish hammer-
head mutants, all of which display severe anterior-posterior foreshortening of the face and jaw elements [35]
[36]. The fact that loss of Wnt5’s disrupts facial outgrowth in humans, mice, and zebrafish argues for Wnt5’s
participation in homologous developmental pathways regarding vertebrate faces and jaws [12]. Therefore, mul-
tiple lines of evidence point to a conserved role for Wnt signaling within vertebrate lineages, wherein loss of ei-
ther C-Wnt or NC-Wnt may lead to an OFC phenotype.

Association studies have implicated WNT9s in OFC [18] [19]. Regarding Wnt3b in animal models, A/WySn
mice harbor a hypomorphic Wnt9b allele and demonstrate partially penetrant NS-OFC (around 20% of pups ef-
fected) while full knockout of Wnt9b increases penetrance of OFC to over 90% [37]. Both A/WySn and Wnt9b
knockout mice demonstrate quantitative maxillary growth deficiencies, not unlike snout foreshortening in Wnt5a
mutants [33]. Murine Wnt9b is expressed in the medial and lateral nasal prominences as well as in the epithelia
of the first pharyngeal arch derived maxillary prominence [38]. Furthermore, Wnt9b was suggested to signal via
p-catenin in a murine study of the events surrounding the late fusion of facial prominences that form the sec-
ondary mouth [39]. A concurrent study of these late fusion events in a mouse model demonstrated that Wnt9b
was part of a conserved Pbx-p63-1rf6 regulatory module that promoted epithelial apoptosis, which otherwise
lead to highly penetrant cleft lip and palate [40].

In zebrafish, we and others showed that Wnt9b is expressed maternally and during early zygotic phases
[41]-[43]. Later, from about one day post fertilization (dpf) onwards, Wnt9b is expressed within the first pha-
ryngeal arch (PA) ectodermal epithelia that overlies the arch’s cranial neural crest cells (CNCCs), which have
mostly finished their migration into the ventral half of the embryo by 24 hours post fertilization (hpf) [41]. Ro-
bust expression of Wnt9b in the first arch ectoderm persists past 40hpf, surrounding the primary mouth as it in-
itially opens at 38 - 40hpf [44]. Zebrafish Wnt9b facial expression (from 24 - 40 hours post fertilization) is re-
markably similar to murine Wnt9b facial expression (from E9.5-11) at developmentally homologous timepoints,
suggesting Wnt9b may have an integral and conserved role in vertebrate facial development across myriad taxa
[38] [43]. Importantly, Wnt9b expression coincides with other signals from the pharyngeal ectodermal epithelia
including the well-studied ednl pathway (described below), so Wnt9b expression is therefore well-placed spa-
tially and temporally to influence CNCC [45].

D-V to D-I-V Patterning: ednl, dix2a, and sox9a

The vertebrate jaws are composed of nerves, muscles, bones and cartilages, all of which are derived from the
CNCC mesenchyme of the pharyngeal arches [46]. Vertebrate jaws develop from early dorsal/maxillary, inter-
mediate/joint and ventral/mandible divisions within the CNCCs (D-1-V domains) [25] [47]. These three jaw
domains arise from within the first PA. In zebrafish at 1dpf, PAL1 has an initial D-V division such that the V do-
main is refined into 1-V subdomains by 1.5dpf through the well-studied ednl signaling pathway [45] [48]-[50].
It is important to note that the Ednl pathway is highly conserved in vertebrates, as Ednl mutant mice and ednl
mutant zebrafish share disruption of both jaw elements and genetic markers, described below. ednl mutant ze-
brafish have an open bite and fused jaw joint, defects confined to intermediate and ventral domain jaw cartilage
elements. Expression studies show ednl is required for expression of intermediate domain genes msxe and
bapx1, as well as ventral hand2 [45] [50]. ednl signaling not only promotes intermediate and ventral but also
represses dorsal genes like jaglb, a dorsal marker that is expanded in the absence of ednl [51] [52]. ednl sig-
naling defines the three jaw domains by regulating expression of a nested bigene DIx code which is also highly
conserved across vertebrates. In this model, dIx1a/2a are expressed throughout all three domains, with dIx5a/6a
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and dIx3b/4b expressed in progressively more discrete intermediate and ventral domains respectively [48] [53].
Loss of specific DIxs frequently cause jaw defects spatially confined to the respective DIx’s expression domain.
For example ednl mutants show loss of intermediate dIx5a/6a and dix3b while dIx2a expression is absent only
from the ventral most portions of PAL [45]. Jaw cartilage defects in ednl mutants (confined to intermediate and
ventral domains) are therefore correlated with specific DIx expression domains. It is curious that dorsal dIx2a
expression does not appear to rely on ednl, suggesting dorsal dIx2a’s activation by another factor. Yet zebrafish
studies specifically targeting dIx2a showed disruption of multiple cartilages including the upper jaw, as well as
perturbed expression of the chondrocyte marker sox9a [54]. Moreover, DIx2 null mice show skull dermal bone
loss and abnormalities that result in cleft palate of the upper jaw, further suggesting a homologous role for DIx2
and dIx2a in facial formation [55] [56]. Taken together, this evidence strongly suggests the existence of a con-
served gene-regulatory network among vertebrates, including ednl that patterns CNCC of the pharyngeal arches
into the face and jaws.

Primary and Secondary Mouths

Initiation of the primary mouth, a deeply conserved process within vertebrates, involves direct contact of oral
ectoderm with the foregut endoderm [57] [58]. The oral ectoderm, which is the presumptive primary mouth, is
specified very early and develops from the most anterior portion of a horseshoe shaped preplacodal ectoderm
(PPE) [59] [60]. The preplacodal ectoderm region subsequently divides into multiple subdomains, becoming the
single oral, and the bilateral nasal, optic, and otic cranial sensory placodes [61]. All the cranial placodes share
common early pathway genes, including Six and Eya homologs, while only the oral placode requires Pitx gene
expression for its specification, making it an ideal marker for the primary mouth [57] [62] [63]. Oral placodal
competence requires this region be protected from caudalizing signals including Wnts and Bmps. The prechor-
dal plate mesoderm secretes the anti-Wnt factor frzb that may help protect the oral placode from such caudaliz-
ing signals. For example, it has already been shown that overstimulation of C-Wnt or loss of anti-Wnt signals,
including frzb, severely reduces the primary mouth in Xenopus [64].

The secondary mouth subsequently arises from anteriorly directed outgrowth of the tissues surrounding to the
primary mouth, including the D-I-V patterned CNCC of the pharyngeal arches. During the transistion from the
primary to the secondary mouth, these tissues grow anteriorly from around the primary mouth and eventually
form the jaws, the face and the secondary mouth. Also during secondary mouth outgrowth, the primary mouth
will fully open a communication channel with the foregut through dissolution of the buccopharyngeal membrane
[57]. Interestingly, some extreme cases of human OFC can result from combinatorial failure of primary mouth
opening as well as perturbed secondary mouth outgrowth, suggesting a common genetic mechanism that may
govern both tissues [65]. However, very little is known regarding how the first pharyngeal arch primordia inte-
ract with the primary mouth and how these tissues subsequently transition into forming the jaws and the oral
cavity of the secondary mouth. Given the precedents of human OFC with disruption of one or both mouth struc-
tures, further investigation of the primary to secondary mouth transition will likely reveal promising new in-
sights into OFC pathogenesis.

We present a Wnt9b deficient phenotype in zebrafish as a relevant disease model to understanding human
OFC disorders. Wnt9b is required for 1) D-1-V patterning of CNCC and 2) outgrowth of the secondary mouth.
Wnt9b morphants demonstrate jaw malformations indicative of ednl pathway mutants and hammerhead class
mutants. Our expression analyses confirm that Wnt9b operates upstream of the ednl pathway to pattern the
CNCC. At later timepoints during jaw cartilage condensation and outgrowth, Wnt9b deficiency causes disrupted
expression of Wnt5b, which often plays a role in convergent extension processes, as well as the chondrocyte
differentiation marker sox9a, consistent with disrupted jaw cartilage outgrowth. Finally, we provide evidence
that Wnt9b opposes the anti-Wnt signal frzb in the prechordal plate, and this repulsion may influence down-
stream primary mouth induction and maintenance.

Our results demonstrate a complex requirement for much earlier Wnt9b influence upon normal facial devel-
opment beyond the scope of simply controlling the final stages of proper fusion of facial prominences. These
findings bring into question the etiopathology of OFC. If these findings were to be replicated within mammals
they would redefine the timeline of cleft susceptibility and show that genetic disruption far preceding the cleft
may be causal.

2. Methodologies

Zebrafish Husbandry and Maintenance
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This study was carried out in strict accordance with the recommendations provided by the University of Ala-
bama Institutional Animal Care and Use Committee (approved protocol number: 120909436). Breeding adult
zebrafish of AB background were provided by the UAB Nutrition Obesity Research Center Aquatic Animal
Research Core and adults were maintained on a reference diet described previously and at 27.5 degrees Celsius
and a light cycle of 14 hours light and 10 hours dark [66]. Embryos were collected from multiple breedings of
pairs of adults. All embryos for this study were aged in fish system water in a light cycle incubator (14 hours
light, 10 hours dark) maintained at 28.5 degrees Celsius. Developmental staging of embryos was determined
from hours post fertilization (hpf) or days post fertilization (dpf).

Morpholino Preparation and Microinjections

Translation blocking and splice blocking morpholinos (TB-MOs or SB-MOs, respectively) against Wnt9b
were designed by Gene Tools, LLC. The MO sequences used in this study were as follows: Wnt9b-TB-MO (TB-
MO), CAGTCCTCGGAAGCCCGGTGCACAT. Wnt9b-SB-MO (SB-MO), ACCTGTAAGCCTAACGAAA-
ACACAA. Wnt9b-SB-MM (SB-MM), CCTcTAAcCCTAAgGAALAgACAA. Morpholinos arrived as 300
nmols of lyophilized powder. Morpholinos were resuspended in 300 uL of molecular grade water to make 1mM
stocks according to manufacturer’s instructions. Concentrations of morpholinos were determined using a spec-
trophotometer. 1 mM stocks are stored in the dark at room temperature. Prior to embryo injections, morpholinos
were diluted in injection solution consisting of molecular grade water with 12.5% phenol red dye, which serves
as an innocuous indicator to assess morpholino delivery into embryos. In preparation for injections, needles
were calibrated [67]. 2 ul morpholino solution was back-loaded into a needle using a micropipetter, and the tip
of the needle was broken using ultrafine forceps. The pico injector was set to an initial injection pressure of 8.5
Ib/in? for 30 msec pulse. Injection volume was calculated by injecting solution into a 1-lambda microcapillary
(Drum- mond Scientific). 10 injection pulses were delivered into the capillary, and the volume of injected liquid
was measured using a ruler viewed under a dissecting microscope. 1 mm length represents a volume of 30 nl.
The injection pressure and time of the pulse was then adjusted to accurately and precisely deliver 3 nl of mor-
pholino per injection pulse, or Imm length of liquid in 10 injection pulses. Dilutions of morpholino were cali-
brated so that 3 nl of morpholino contained the exact ng amount described in the study, and all injected embryos
received 3 nl of morpholino.

Synthetic mMRNA was generated from linearized Wnt9b plasmid used in our previous publication [41] and the
mMessage mMachine T7 ULTRA Transcription Kit (Ambion). The concentration of purified Wnt9b mRNA
was determined using a spectrophotometer and the mRNA was diluted in nuclease-free water with 12.5% phenol
red dye to deliver either 140 pg or 280 pg in a 3 nl injection pulse.

Alcian Blue Staining

Alcian blue staining was performed on test and control embryos to visualize jaw cartilage elements in 5dpf
aged embryos. Prior to alcian blue staining, embryos were injected at the 1 cell stage and aged to 5dpf as de-
scribed. At 5dpf, embryos were photographed, euthanized, and fixed in 4% paraformaldehyde/PBS solution
overnight at 4 degrees. Embryos were then dehydrated in 100% ethanol overnight and stored until use. Prior to
staining, embryos were bleached in hydrogen peroxide solution to remove pigmentation. Alcian blue staining
was carried out as described, and stained embryos were cleared through a glycerol/PBT gradient. Cleared em-
bryos were photographed in 80% glycerol/PBT using brightfield microscopy and Nikon NIS elements software.

Statistical Methods

Whole skull and palatoquadrate length measurement analysis was carried out using a one-way ANOVA, fol-
lowed with Tukey’s HSD for pairwise comparisons of group means. Significance of palatoquadrate cell number
and stacked cell sides was calculated using a T-Test comparing mean values of controls and morphants. qRT-
PCR fold change significance was calculated using a T-Test comparing mean fold changes. Error bars in all fig-
ures represent the standard error of means within each group.

Embryo Dissections and Jaw Cartilage Measurements

Whole skulls or palatoquadrate jaw cartilages were dissected out of 5dpf alcian blue stained embryos. Whole
skulls or individual palatoquadrates were flat mounted in 80% glycerol/PBT and photographed using brightfield
microscopy and Nikon NIS elements software. At least 6 whole skulls per group and at least 10 palatoquadrates
per group were measured.

Cell counting and stacked cell side counting was performed according to a previously described assay [24].
Uninjected control embryo palatoquadrates were compared to TB-MO (5.3 ng) injected embryo palatoquadrates.
For uninjected controls, values from four pairs of palatoquadrates from four embryos were averaged. For mor-
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phants, values from 10 pairs of palatoquadrates from 10 embryos were averaged.

Reverse Transcriptase PCR (regular RT-PCR)

Uninjected control, SB-MM injected control and SB-MO injected embryos were aged to 24hpf or 28hpf and
homogenized using a Trizol kit (Ambion). Total RNA was then purified and 1 pg total RNA per group was used
with First Strand cDNA synthesis Superscript I Kit (Invitrogen) to make cDNA preps. These preps were used
as template along with Wnt9b specific primers to detect Wnt9b transcripts: Wnt9b-Forward
5 —GTCATCATGTGCACCGGGCTTC—3’, Wnt9b-Reverse 5’—CGCTTTGGCAAGCGCGTGAG—3’. To-
tal cDNA template amounts were standardized among the three groups (uninjected, SB-MM, SB-MO) and equal
reaction volumes from the PCR reactions were run in 1% agarose gels.

Quantitative Reverse Transcriptase PCR (QRT-PCR)

Primer sequences for qRT-PCR are included in the table below. For qRT-PCR experiments, embryos were
injected with SB-MM (2.6 ng) control or SB-MO (2.6 ng) morpholinos at the 1 cell stage and aged to 24hpf or
28hpf as described. For each biological replicate, approximately 50 embryos were homogenized and total RNA
extracted using a Trizol kit (Ambion). cDNA was synthesized using 1 pg of total RNA and the First Strand
cDNA synthesis SuperScript I11 kit (Invitrogen). 20 ul cDNA reactions were diluted to 100 ul in nuclease free
water and stored at —20°C until use. All gqRT-PCR reactions were run using Applied Biosystems Fast SYBR
Green mastermix and an Applied Biosystems 7500 Fast PCR machine. For each gene measured, reactions were
run in triplicate and normalized using b2m (Qiagen 330001 PPZ00226A) as a reference gene. We also tested
other reference genes, including actalb (330001 PPZ05295A), Idha (330001 PPZ00298A), rpll3a (330001
PPZ10281A) and tfrla (330001 PPZ07105A) but found b2m to be the most stable under our experimental con-
ditions. Fold changes were calculated using the AACt method. Each gene was measured in three technical repli-
cates each of three biological replicates, and fold changes were averaged over the three biological replicates.

Table 1. gRT-PCR and WISH Primers.

Gene Name - Method Forward Primer Reverse Primer

axin2 - gqRT-PCR CCTTACATTCGCAGCCGGAGTCTG TGAGAGCGATCTGTACTGTCAGCTG

dIx2a - qRT-PCR GCACCTACGGCTCCTGCTCCTC CAGGGCCGCCAGCTGGAAAC

ednl - gRT-PCR GCAAACACACGCTGGCAGAAACA GAAATCCACGCTTGGCTTCTGTG

grem2 - qRT-PCR GCACACACTCCAGCAGGATGAG GGAGGCGAGCACTTCTTGTTTGC

jaglb - gqRT-PCR GGCACTGGTACCTGCTGAAGAAC CCTGGGCTCCTCTGTGGAAATG

msxe - qRT-PCR CGCCTGGCGTTTTCGGTGGA CCGCGGCTTCCGGTTGGTTT

tbx22-2 - qRT-PCR CACGCGACAAGTGGATCATA CACTAACCCTGTGCGTCAAA

Wnt3a - qRT-PCR GGCATCCAGGAGTGTCAGCATC CCGAGGCTATAGCATGCACGAAC

Wnt5b - gRT-PCR CAGACAGAGGCGATGGAACTGCAG CGCTCGACTCACAGCATTCACAAC

Wnt9a - qRT-PCR CTCCGTGCCCGGATAGACATGC GCACGGTGCATGAGCCCGAAAC

dixla - WISH CCGCAAGCCCCGGACCATATACTC CTCCGGTGCGACCGGACGAC
dIx2a - WISH CCTCACCAACTCCTGCAGATG GGCAATGATCAACGTGGCATC
ednl - WISH CTACTACTGGAATACGGGACTTG CATTTCATAGAAATATCACTCATTAGCC
Frzb - WISH GAGTGAAGGAGATCAGGATTAGAAATC GCCACCCATTCCTAACACAGC
jaglb - WISH CTGCATTGCTAATGGACAAGTAAC CACAGGGCAAATAACAGCCTTGGAGTCC
pitx2 - WISH CGAAGATTCGAACGATGACC TGGGATGTTGAAAAACGAAA
sox9a - WISH GACGTCAATGAGTTTGACCAATACCTC GGGCATGCAAATTAAGTAGAACATTAC
Whnt3a - WISH ATGATATATCTTGGATATTTCC CACATGTGTCTAATCTGGTTTTGG
Whnt5b - WISH GGACAACGTCAACTATGGCTAC CACGTCTGCTACTTGCACAC
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Wholemount in Situ Hybridization (WISH)

In situs were carried out according to a previously established protocol [68]. Primer sequences used to gener-
ate WISH clones are included in the table below. dixla, dix2a, ednl, frzb, jaglb, pitx2, sox9a, Wnt3a, and
Wnt5b PCR inserts were amplified from cDNA and cloned into the pCRII TOPO vector to allow for
bi-directional in vitro transcription. Wnt9a probes were generated from plasmids used in our prior publication
[43]. Al WISH experiments compared SB-MM (2.6 ng) control injected embryos and SB-MO (2.6ng) injected
embryos. Sense and antisense probes were synthesized using Fisher Optizyme polymerase kits and linearized
plasmid templates. All probes were synthesized using UTP-digoxigenin (Roche) except for sox9a, which was
synthesized using UTP-fluorescein. Probe visualization was carried out using alkaline phospatase staining with
NBT and BCIP. After staining embryos were cleared in 100% glycerol for 24 hours and photographed using
brightfield microscopy. Sense RNA probes were tested in uninjected embryos as a negative control to demon-
strate fidelity of antisense probes.

Cell Death Assay

10 ul of acridine orange at a concentration of 0.5 mg/ml was added to 1 ml of fish water containing embryos.
Live SB-MM (2.6 ng) control injected embryos and SB-MO (2.6 ng) injected embryos were incubated in the
acridine orange solution for 30 minutes and then destained in fish water for 10 minutes to remove background
prior to photographing. Embryos were then embedded in 3% methyl cellulose on a glass slide, and acridine
orange within apoptotic cells was visualized using fluorescent microscopy and a FITC filter.

3. Results

Loss of Wnt9b Activity Results in Multiple Craniofacial Phenotypes, including a Foreshortened Face and Jaw
Cartilages with an Open Bite

Our prior report of Wnt9b expression demonstrates Wnt9b is expressed maternally, early zygotically and even
later during zebrafish craniofacial development [41]. Of particular note Wnt9b is expressed within the first pha-
ryngeal arch (PA1) ectodermal epithelia during the time when CNCC are patterned by the ednl pathway from
Dorsal-Ventral subdomains into Dorsal-Intermediate-Ventral domains. To evaluate the functional role of Wnt9b
during these events, a splice-blocking morpholino (SB-MO) was designed to target the splice acceptor site at the
boundary of intron 1 and exon 2 in Wnt9b pre-mRNA. SB-MO was predicted to cause deletion of exon 2, re-
sulting in a frameshift and premature stop codon. As a control to validate SB-MO specificity a splice blocking
morpholino with 5-base mismatches was also designed and tested (SB-MM). At 5dpf, SB-MM injected control
embryo jaws were indistinguishable from uninjected control embryos. However, SB-MO injected embryos dis-
played mild, moderate and severe malformations (Figures 1(A)-(L)) of the jaw in a dose dependent manner
(Figure 1(M)). Wnt9b morphant abnormalities included anterior foreshortening of the skull with a flat face, fu-
sion of the palatoquadrate-Meckel’s (PQ-MK) jaw joint, ventral displacement and puckering of a reduced
Meckel’s cartilage with medial-directed turning of the palatoquadrate, inversion of the ceratohyal with small or
missing ceratobranchials, and absence of swim bladders. These findings of disrupted jaw morphology are con-
sistent with Wnt9b expression in PA1 ectoderm influencing jaw development. Of note, the posterior chondrocrani-
al skull elements around the anterior end of the notochord and the otic vesicles did not display obvious malforma-
tions, while anterior chondrocranial elements (e.g. ethmoid) were definitely affected (Figures 1(A)-(L)). The
splanchnocranial cartilages of PA2, (e.g. ceratohyal) of PA2 were more mildly foreshortened than those of PA1 (PQ
and MK).

Overall, Wnt9b morphant cartilage elements of all three D-1-V domains of the jaws appear foreshortened, al-
though we were most interested in studying upper jaw cartilages from PAL since mammals exhibiting oral-facial
clefting have dysmorphic maxillae. Jaw joint fusion as observed in Wnt9b morphants resembles ednl pathway
mutant zebrafish and is suggestive of disrupted patterning within intermediate and ventral domains while the
Wnt9b morphants also displayed a dorsal phenotype to be described in more detail below [45]. The foreshor-
tened skull observed in Wnt9b morphants is similar to skulls within the hammerhead class of mutant zebrafish,
including Wnt5b mutants with flat faces [35]. To quantify the observed jaw phenotypes of Wnt9b morphants we
developed a jaw severity scoring system based on landmark analysis of alcian blue stained jaw cartilage com-
ponents (Supplemental Figure 1). Using this scoring system, we determined jaw severity was dose responsive
to Wnt9b knockdown and that 100% of SB-MM control embryos were scored as having normal jaws. It is im-
portant to note that embryos with a moderate score have fusion of one jaw joint, while severe scoring embryos
have fusion of both jaw joints. The medial turn of the PQ in moderate and severe embryos results from jaw
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Figure 1. Gross morphological phenotypes of 5dpf zebrafish after Wnt9b knockdown. 5dpf live (A)-(D) and Alcian blue
stained (E)-(L) embryos, anterior to left, lateral view (A)-(H) and ventral view (I)-(L). Control embryos, injected with the
five base mismatched splice blocking morpholino (SB-MM) are shown within the left most column (A), (E), (1) and are in-
distinguishable from uninjected controls. Splice blocking morpholino (SB-MO) injected embryos were scored as Mild (B),
(F), (3), Moderate (C), (G), (K) or Severe (D), (H), (L) using an objective scoring method (see Supplemental Figure 1. for
details) and are shown in subsequent columns. (M) Quantification of the proportion of embryos within each category. Trans-
lation blocking (TB-MO), splice blocking (SB-MO) and mismatch control (SB-MM) injected embryos were categorically
scored at 5dpf. Injection dose is indicated in ng, and the total number (n) of embryos scored is listed. Note that 5.3 ng
TB-MO and 2.6 ng SB-MO produce comparable proportions of affected embryos. Error bars are standard error of means of
three biological replicates. Size bars in (A)-(L) are 250 um.

fusion and is the cause of MK puckering.

We confirmed through regular RT-PCR from 24hpf cDNA that injection of 2.6ng SB-MO caused deletion of
exon 2 (160 bp product from exon 1 to exon 3) while injection of 2.6ng SB-MM did not disrupt Wnt9b tran-
script processing (414 bp product from exon 1 to exon 3) (Supplemental Figures 2(a)-(b)). We also confirmed
through sequencing that the small 160bp band was indeed an aberrant Wnt9b transcript lacking exon 2. We note
that in morphants both the normal and disrupted transcript are present, and both at much lower levels than the
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normal band in controls. The apparent reduction in the normal transcript in morphants is likely due to aberrant
splicing, while the reduction in the disrupted transcript is likely due to nonsense mediated decay. In support of
this we also checked splicing in 28hpf cDNA and noted while both the normal and disrupted transcript were still
present, the normal transcript was now obviously more prevalent than the disrupted transcript perhaps due to di-
lution of the morpholino through cell divisions (data not shown). We found that embryo mortality was also dose
responsive to increasing amounts of SB-MO (Supplemental Figure 2(c)). Importantly, 5dpf survival of unin-
jected controls and 2.6 ng injected SB-MM mismatch controls were similar and both were significantly different
from 2.6 ng injected SB-MO embryos.

To further validate our knockdown phenotype’s fidelity we designed and tested a translation blocking mor-
pholino (TB-MO) targeting the start codon of the Wnt9b transcript. We similarly evaluated a range of doses and
ultimately established that injection of 5.3 ng TB-MO resulted in a similar distribution of jaw phenotypes (mild,
moderate, severe) that was comparable to the 2.6 ng dose of the SB-MO. At these respective doses, more than
80% of embryos injected with 2.6 ng SB-MO or 5.3 ng TB-MO exhibit fusion of one or both jaw joints (Figure
1(M)). We found embryo mortality to TB-MO was also dose responsive. Strikingly, 5.3 ng TB-MO resulted in
much greater embryo lethality than 2.6 ng SB-MO, though surviving TB-MO embryos present similar propor-
tions of jaw severity scores (Figure 1(M), Supplemental Figure 2(c)). The increased lethality of the TB-MO
relative to the SB-MO at a dose that produces a very similar severity spectrum of jaw phenotypes is consistent
with the known differences between translation blocking and splice blocking morpholinos, as TB-MOs block
both maternal and zygotic mMRNA, while the SB-MOs block only zygotic messages.

As a third control for Wnt9b knockdown specificity, we attempted to rescue Wnt9b morphants by coinjecting
Wnt9b morpholinos with synthetic Wnt9b mRNA. We were unable to fully rescue 5dpf jaw defects at multiple
tested dose combinations. As a further control to these rescue experiments, we also tested injection of Wnt9b
mRNA alone and found overexpression of Wnt9b resulted in ventralization of injected embryos, including loss
of dorsal anterior structures like the eye (see below and Discussion).

Wnt9b Morphant Skulls Are Significantly Reduced in A-P Dimension

The flat face phenotype of Wnt9b morphants prompted us to quantitatively assess differences between
SB-MO and SB-MM injected embryo skulls. To assess skull length we digitally measured skulls from the land-
marks of a line perpendicular to the interhyal joints to the anterior most tip of the Meckel’s cartilage from the
ventral view. Landmark analysis and measurement revealed Wnt9b morphants have significantly shorter skulls
along the anterior to posterior dimension compared to controls (Figures 2(a)-(e)). Categorical ranking was also
correlated with skull length with more severe embryos generally having shorter skull lengths, supporting the valid-
ity of our categorical rankings. Moreover the measured skull from the interhyal landmark is anterior to PA2,
suggesting morphant skull foreshortening is most severe within pharyngeal arch one derivates and the midline
ethmoid cartilage.

Wnt9b Morphant Palatoquadrates Are Significantly Shorter in the A-P Dimension

The palatoquadrate (PQ) and specifically the pterygoid process (Ptp) represent the upper lateral zebrafish em-
bryonic jaw element, and as such may embody a patterning process for jaw outgrowth that is homologous be-
tween fish and mammals. We therefore wanted to evaluate the extent to which the dorsal PQ and its Ptp might
be growing towards the facial midline, as the mammalian embryonic lateral maxillary process does. Therefore in
addition to categorically classifying Wnt9b morphant embryos based on severity, we performed fine dissections
to remove individual PQ elements for a more detailed analysis. Digital measurements revealed uninjected con-
trol or SB-MM injected control embryo PQs were routinely 320.92 pm (+/— 19.32 um) in length and were not
statistically significantly different from each other (Figure 2(f), Figure 2(j)). However, in SB-MO injected em-
bryos we found that even categorically mild embryos displayed PQ lengths of 234.98 (+/— 25.45 um) and were
significantly shorter compared to control PQs (p value < 0.001). We also found that categorical ranking was
correlated with PQ length, with more severe ranking generally harboring shorter PQ lengths. Overall, each af-
fected category was significantly different from normal control categories (p value < 0.001). Mild and moderate
PQs were not statistically significantly different (p value = 0.071), though mild to severe and moderate to severe
PQs were significantly different (p value < 0.001).

To determine if the PQ foreshortening in Wnt9b morphants was due to decreased cell number or disrupted
migration, we carried out a previously established jaw cartilage morphogenesis assay to determine cell number
and cellular orientation [24]. A representative set of mild, moderate and severe palatoquadrate pairs (2, 4 and 4
respectively) from ten different 5dpf embryos were further dissected out for evaluation of cell numbers and cell
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Figure 2. Dissected morphology of Wnt9b morphants reveals significant skull and palatoquadrate (PQ) foreshortening along
the anterior-posterior (A-P) axis. Alcian blue whole-skulls (a)-(d) or dissected PQs (f)-(i) were flat mounted and digitally
measured. Normal (A), (F) MM control and mild (b), (g), moderate (c)-(h) and severe (d), (i) skeletal elements from SB-MO
injected embryos. (a)-(d) Red line aligns these skulls along the common interhyal joint, with digital measurements performed
perpendicular to this line to the anterior-most tip of the Meckel’s cartilage (red arrows). Note that the anterior tip of the no-
tochords are also aligned. (e) Bar chart showing mean skull lengths per category. All morphant skulls grouped together were
significantly shorter than controls. () (i) Red line represents the digital measurement of the PQ along the A-P axis. Size bars
in (f)-(i) are 40 um. (j) Bar chart showing mean PQ lengths per category, and morphant PQs are significantly shorter than
controls. Note that uninjected control and MM control PQs are not significantly different. +p = 0.071, ***p < 0.001. 1-way
ANOVA analysis, Tukey’s HSD test of means. Ptp = pterygoid process.

stacking. Most of the PQ cells are polygonal and contact five or six adjacent cells. A side is scored as a “stacked”
cell side only if it was noticeably longer than the other sides and if that elongated side was in contact with just
one other adjacent cell. Cell numbers and stacked cell sides within each palatoquadrate were counted from digi-
tized photographs (Supplemental Figures 3(a)-(b)). The averaged data from each pair of palatoquadrates were
then summed for all morphants and compared to similar data from uninjected control (WT) embryo palatoqua-
drates. Average PQ cell counts for WT embryos were 235 cells/PQ while from morphants it was 169 cells/PQ.
Thus the morphants exhibited a reduction to 71.9% of WT values, indicating morphants do have a moderate re-
duction in PQ cells. The WT embryos were found to have 56 stacked sides/PQ while the morphants had only 16
stacked sides/PQ, representing a reduction to 28.5% in the morphants, suggesting less cell stacking within each
morphant PQ. The lack of cell stacking is most evident in the severely scored PQs, as shown in Figure 2(i),
which definitely lacks the extended pterygoid process (Ptp). The Ptp of normal PQs exhibit a high degree of cell
stacking (Figure 2(f)). Disrupted cell stacking in Wnt9b morphants is suggestive of disruption of convergent
extension processes [69].

Wnt9b Knockdown Disrupts D-V to D-1-V CNCCs Patterning Genes within the First Pharyngeal Arch

To assess potential genetic interactions with Wnt9b, we performed gRT-PCR in SB-MM control and Wnt9b
SB-MO injected embryos aged to 24hpf or 28hpf. At the onset of D-1-V jaw patterning at 24hpf, Wnt9b mor-
phants exhibited down regulated expression of D-1-V spanning (dIx2a) and 1-V spanning (ednl, tbx22, msxe) as
well as down regulated expression of Wnt pathway related genes (Wnt3a, Wnt5b, Wnt9a, and axin2) (Figure
3(a)) [20] [44]. After the onset of D-I-V patterning at 28hpf we found similar patterns for I-V spanning genes as
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Figure 3. Wnt9b knockdown alters global expression of known D-I-V patterning genes as well as other Wnt pathway genes.
Embryos were injected with 2.6 ng of SB-MM or SB-MO and gRT-PCR was performed on cDNA from 24hpf (a) or 28hpf
(b) samples. Error bars are the standard error of fold changes of three biological replicates. Significance was calculated using
a T-test, NS = Not Significant, *p < 0.05, **p < 0.01, ***p < 0.001.

well as for dIx2a, though we did not note changes in dorsal spanning genes grem2 or jaglb (Figure 3(b)) [51].
These data are consistent with Wnt9b being at least partially upstream of the whole ednl pathway that has been
shown to pattern PA1 CNCCs from an early D-V to eventual D-I-V domains. At 28hpf we found a similar pat-
tern for Wnt pathway genes compared to 24hpf with the exception that Wnt3a expression was increased at 28hpf.
These data suggest Wnt9b is influencing Wnt pathway signaling at 24hpf and 28hpf.

As gRT-PCR can only measure fold expression changes globally, we next decided to perform whole-mount in
situ hybridization (WISH) on SB-MM control and SB-MO injected embryos to determine more subtle spatial
and temporal expression changes. Confirming our ednl gRT-PCR data, in situ hybridization revealed reduced
ednl expression in PA1 in 63% of Wnt9b morphants (Figures 4(a)-(d)). Though we did not find jaglb expres-
sion changed at 28hpf, by 48hpf jaglb was dramatically expanded ventrally similar to findings in ednl deficient
embryos (Figures 4(e)-(h)) [52]. These results further validate that ednl signaling is genuinely disrupted in
Wnt9b morphants and suggests Wnt9b acts upstream of ednl to promote ventral and intermediate identities.

We next assessed D-1-V spanning diIx2a expression in Wnt9b morphants and found dIx2a was strongly re-
duced in PA1 and PA3-7 in 60% of Wnt9b morphants (Figures 5(a)-(d)). dIx2a was most strongly reduced in
the dorsal domains of the PAs, with weak ventral expression still visible. dIx2a expression in PA2 was not
strongly down regulated, though dIx2a within PA2 is known to be downstream of tfap2a [70] [71]. Moreover,
dIx2a expression in the brain was unaffected, suggesting dix2a is mostly dependent on Wnt9b signaling within
PA1 and PA3-7. dIx2a and dixla may potentially be regulated in cis, as they are found adjacent in a digene
cluster in vertebrates. We therefore also assessed dixla expression in Wnt9b morphants. At 24hpf we found
dIxla expression in the PAs was very weak relative to dIx2a expression, even in control embryos, and were una-
ble to discern a difference between test and control specimens (data not shown). We therefore were unable to
definitively determine if PA dix1a expression was dependent on Wnt9b signaling.

We next wanted to determine if disruption of patterning gene expression in Wnt9b morphant PAs was due to
increased cell death. We assayed cell death in live Wnt9b morphants and controls using acridine orange staining.
This assay did identify increases in cell death within dorsal neural tissues including the rhombic lips and the



H. W. Jackson et al.

MM Control Morphant
ednt ednt

(@)

g - A

©) jag1b (® Jjag1b

~

(2 jagib (n)

Figure 4. Wnt9b morphants exhibit moderate reduction of ednl
expression and the expected expansion in jaglb expression in
the pharyngeal arches. (a)-(d) Anterior to right, top row = dorsal
view, bottom row = lateral view. MM control (n = 8) (a), (c)
and morphant (n = 8) (b, d) embryos were aged to 24hpf and
stained with ednl antisense riboprobe. 63% of morphant em-
bryos exhibited reduced ednl expression in the pharyngeal
arches compared to controls. (e)-(f) Top row = lateral view,
bottom row = anterior view. jaglb expression in 48hpf aged
MM control (n = 14) (e), (g) and morphant (n = 10) (f)-(h) em-
bryos. 100% of morphant embryos exhibited expanded jaglb
expression in the pharyngeal arches compared to controls.
White arrowheads indicate PA1. Red brackets indicate PAL.
Size bars = 100 pm.

brain (Supplemental Figures 4(a)-(b)). There were, however, very minimal differences in cell death within the
PAs of controls and Wnt9b morphants.

Through gRT-PCR we noted changes in Wnt pathway genes, so we further assessed expression of Wnt3a and
Whnt5b (Figures 6(a)-(d)). 71% of Wnt9b morphants demonstrated increased expression of Wnt3a dorsally both
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Figure 5. Wnt9b morphants exhibit severely reduced dIx2a expression in pha-
ryngeal arches 1 and 3-7. (a)-(d) Anterior to right, top row = dorsal view, bottom
row = lateral view. MM control (n = 17) (a), (c) and morphant (n = 20) (b), (d)
embryos were aged to 24hpf and stained with dix2a antisense riboprobe. 60% of
morphant embryos exhibited reduced dIx2a expression in the pharyngeal arches
compared to controls. Red arrowheads indicate forebrain. Black arrows indicate
PAL, black arrowheads indicate PA2, white arrowheads indicate PA3-7. Note
that dIx2a expression is mostly reduced in PA1 and PA3-7. Br = brain, E = eye.

Size bars = 100 pm.
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Figure 6. Wnt9b morphants exhibit disrupted Wnt3a and Wnt5b expression domains. Anterior to
left. Left column is Wnt3a expression, right column is Wnt5b expression. (a) MM control (n = 14)
and (b) morphant embryos (n = 14) were aged to 28hpf and stained with Wnt3a riboprobe. 71% of
morphant embryos exhibited expanded Wnt3a expression in the brain compared to controls. (c) MM
control (n = 10) and (d) morphant embryos (n = 9) were aged to 28hpf and stained with Wnt5b ri-

100% of morphant embryos exhibited expanded Wnt5b expression in the tail with re-
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within the brain and rhombic lips, two sites where we noted increased apoptosis (Supplemental Figure 4). This
increased expression of Wnt3a shown by WISH also validated the Wnt3a result observed via RT-PCR at 28hpf.
These results suggest the Wnt9b morphant jaw phenotype is not predominantly caused by increased cell death
within the PAs and reveal an unexpected effect of Wnt9b signaling on dorsal neural tissues. In addition Wnt5h
was upregulated in the fin buds and dorsal axial tail but down regulated within the ventral pharyngeal arches in
100% of Wnt9b morphants (Figure 6(c), Figure 6(d)). These results are consistent with Wnt9b inhibiting dorsal
body axis genes like Wnt3a and Wnt5b while stimulating genes within the ventral half of the head, such as edn1.

Wnt9b Deficiency Disrupts Transition to the Secondary Mouth and its Jaws and Face

Wnt9b morphants share similar skull abnormalities to the hammerhead class of mutants [35]. Among these
mutants, the zebrafish pipetail mutant (Wnt5b) was particularly interesting to us due to known roles for Wnt5a
in murine midfacial outgrowth and palatal development and Wnt5a association to human OFC [12] [34]. We
assessed Wnt5h expression after opening of the primary mouth, during the initial outgrowth phases of the sec-
ondary mouth (Figures 7(a)-(f)). Close inspection of pharyngeal arch 1 derivatives revealed that in controls,
Wnt5h expression was strongest at the growing tip of the pterygoid process (Ptp) and was conspicuously absent
from the posterior body of the PQ. The Ptp was seen as a growing rod of cells, perhaps intercalating and stack-
ing towards the midline ethmoid reminiscent of convergent extension of chondrocytes during long bone out-
growth [69]. In 85% of Wnt9b morphants, however, Wnt5b expressing cells of the presumptive Ptp were
clumped adjacent to the posterior body of the PQ, unmistakably failing to extend toward the midline ethmoid.

We next assessed whether palatoquadrate chondrocyte differentiation was affected in Wnt9b morphants by
assaying sox9a through WISH [72]. We found that sox9a was downregulated within the dorsal ethmoid as well
as first pharyngeal prechondrocyte condensations in 73% of Wnt9b morphants (Figure 7(g), Figure 7(h)).
These findings are also consistent with a loss of dlx2a expression, which is required for sox9a expression in the
PAs [54].

Due to demonstrated roles for Wnt9a in ethmoid growth and sox9a expression, we next sought to determine
whether Wnt9a expression was changed in Wnt9b morphants [73]. Despite modest reductions in Wnt9a expres-
sion observed through qRT-PCR, we were unable to demonstrate any obvious changes in Wnt9a spatial expres-
sion domains after Wnt9b knockdown at either 28hpf or 48hpf via WISH (data not shown). We therefore hypo-
thesize that Wnt9a may be acting predominantly through a different and parallel pathway to Wnt9b during jaw
formation.

Wnt9b Signaling Is Required for Proper Transition from the Primary to Secondary Mouth

A recent study demonstrated that pitx2 deficiency resulted in craniofacial anomalies in zebrafish [74]. More-
over it has been shown that pitx2 is a target for C-Wnt and that pitx2 is a marker for primary mouth formation
[57]. We therefore evaluated its expression in Wnt9b morphants. We found that in 82% of Wnt9b morphants,
pitx2 expression was dramatically increased within the inner aspects of the initial phase of secondary mouth
outgrowth (Figures 8(a)-(d)). We take these results to suggest that Wnt9b normally represses pitx2 and its role
in the primary mouth, perhaps facilitating the transition to the secondary mouth outgrowth phase by helping
terminate primary mouth gene networks.

Wnt9b May Affect Initiation of the Primary Mouth Just after Gastrulation

Whnt antagonists from the dorsal anterior mesoderm, including preplacodal plate mesoderm, help to maintain
the preplacodal ectoderm region that ultimately leads to the oral placode and primary mouth [64]. We therefore
checked the midline Wnt antagonist frzb found within the preplacodal plate, or the zebrafish polster. In 93% of
Wnt9b morphants we found that frzb expression was dramatically expanded (Figures 9(a)-(d)). These results
are consistent with Wnt9b playing an early role in modulating the Wnt inhibitor frzb to control induction or
maintenance of the primary mouth. Further, this is a third example of Wnt9b inhibiting dorsal Wnt pathway ex-
pression domains, beyond those described above (Wnt3a and Wnt5b).

Based on the interaction of Wnt9b with frzb expression, we surmised that overexpression of Wnt9b would
reduce dorsal anterior structures. We found that overexpressing synthetic Wnt9b reduced dorsal anterior derived
structures and loss of anterior extension in a dose dependent manner (Supplemental Figure 5).

4. Discussion

Wnt9b Patterns the CNCC into D-1-V Jaw Domains:
Wnt9b contributes to CNCC patterning within the 1st Pharyngeal Arch
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Figure 7. Wnt9b morphants display disrupted Wnt5b and sox9a expression domains
in the developing upper jaw. MM control (n = 11) (left column) and morphant (n = 13)
(right column) embryos were aged to 48hpf and stained with Wnt5b riboprobe (a)-(f)
or sox9a riboprobe (g), (h). 85% of morphant embryos exhibited disrupted Wnt5b ex-
pression in the pharyngeal arches compared to controls. 73% of morphant embryos
exhibited reduced sox9a expression in the pharyngeal arches compared to controls.
Frontal views (a), (b), antero-lateral views (c), (d), and lateral views (e)-(h) with ante-
rior to the right. Red arrows trace the linear outgrowth of the pterygoid process. Red
asterisks indicate clumped pterygoid process cells. Red arrowheads indicate the eth-
moid. Red brackets indicate the first pharyngeal arch precartilage condensations. E =
eye, Eth = ethmoid, Ht = heart tube, Ptp = pterygoid process. Size bars = 100 pm.

We are the first to demonstrate that Wnt9b contributes to the ednl signaling pathway within the pharyngeal
arches. Wnt9b expression within pharyngeal arch ectodermal epithelia coincides spatially and temporally with
ednl, during the crucial window when ednl is acting to pattern the D-1-V subdomains within PA 1 and 2. Add-
ing to previous studies of ednl signaling, we demonstrated that Wnt9b morphants had reduced expression of
ventral and intermediate patterning genes as well as increased dorsal patterning gene expression of jaglb, con-
sistent with reports using ednl mutants [52]. edn1 was only moderately reduced in Wnt9b morphants, suggest-
ing that either other factors contribute to ednl expression or the Wnt9b morpholino is only partially effective at
this dose, as suggested by the reduced but still present wild type Wnt9b transcript (Supplemental Figure 2).
Alternatively, ednl expression was previously demonstrated to be downstream of bmp4, so perhaps Bmp and
Whnt signaling are combinatorial to promoting ednl expression within the PAs [75]. Consistent with partial
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Figure 8. Wnt9b morphants exhibit expanded pitx2 expression domains in the developing mouth.
Top row = anterior to left, bottom row = anterior to front. MM control (n = 8) (a), (c) and morphant
(n = 11) (b), (d) embryos were aged to 48hpf and stained with pitx2 riboprobe. 82% of morphant
embryos exhibit expanded pitx2 expression within medial oral regions compared to controls. Red
arrowheads indicate upper jaw, white arrowheads indicate lower jaw. Size bars = 100 um.
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Figure 9. Wnt9b morphants exhibit expanded frzb expression in the polster. Top row = dorsal view,
bottom row = lateral view, anterior to left. MM control (n = 6) (a), (c) and morphant (n = 15) (b),
(d) embryos were aged to 13hpf and stained with frzb riboprobe. 93% of morphant embryos exhibit
expanded frzb expression compared to controls. Red arrowheads indicate the polster. Note that
morphants have upregulated and expanded expression of frzb. Size bars = 100 pm.
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reduction of ednl, Wnt9b morphant jaws exhibit comparably mild defects of the jaw joint and Meckel’s carti-
lage compared to those observed in ednl mutants. While the present findings in zebrafish are interesting, it is
unclear whether the same correlations can be drawn in mammals. For instance, consider the similarities between
ednl mutant zebrafish and Edn1 mutant mice [46]. Both mutants show presumptive homeotic transformations of
the functional equivalents of the lower jaw into upper jaw identities. Even though the functional equivalents of
the lower and upper jaw may be anatomically unrelated in these two species (endochondral versus dermal bone
origin), loss of Edn1 signaling nonetheless affects these adult jaws in highly similar fashions. Therefore the ho-
mology of the jaws lies not in the derived anatomical structures (i.e. the palatoquadrate contributes strongly to
adult jaws in fish but mostly to ear ossicles and the alisphenoid in mammals) but instead in the evolutionarily
conserved gene-regulatory networks that govern jaw, face and secondary mouth patterning. Wnt9b deficiency
disrupts mammalian jaw formation, and if Wnt9b contributes to a conserved facial gene-regulatory network (like
Edn1l does) then it would be expected that loss of Wnt9b in zebrafish would result in a functionally analogous
phenotype.

Reductions of dIx2a expression are predictive of jaw cartilage defects

Previous studies of genes modulating dIx2a show that PA regions with compromised dIx2a expression show
more severe disruptions in jaw cartilage morphology. For example in zebrafish tfap2a mutants dIx2a is striking-
ly absent within PA2 but not within PA1 [70] [71]. Importantly jaw cartilage defects within tfap2a mutants are
most severe within PA2, consistent with PA2 showing the most disrupted dIx2a expression.

Loss of either DIx1 or DIx2 or both in mice leads predominantly to proximal (dorsal) defects in the derivatives
of PAL and PA2, consistent with the DIx code [55] [56]. This includes proximal dermatocranial structures (max-
illary, palatine, pterygoid) as well as proximal splanchnocranial structures (the proximocaudal incus and the ro-
stral ala temporalis, AT). The latter is the embryonic cartilage that ultimately contributes to the endochondral
aspect of the alisphenoid, the greater wing of the sphenoid bone in mammals. The embryonic AT and adult alis-
phenoid are homologous to the middle portion of the palatoquadrate, the endochondral jaw maxillary cartilage
of the fish [21].

DIx2 mutant mice and Wnt9b mutant mice share some similarities with regards to these proximal endochon-
dral and dermal derivatives, in addition to both having cleft secondary palate. Although not described in their re-
port, Wnt9b mutant mice also show an apparently reduced alisphenoid and palatine, besides exhibiting clefting
of the more distal maxilla and premaxilla [39]. Wnt5a mutant mice also have cleft secondary palate, though
these mutant reports did not examine if Wnt9b and Wnt5a mice have reductions in the endochondral ala tempo-
ralis.

In mammals, both the V2 (maxillary) and V3 (mandibular) branches of the trigeminal nerve course through
the alisphenoid via the foramen rotundum and ovale, respectively. This places the alispenoid at the caudal base
of the jaws in mammals, with only dermal jaw bones found more anteriorly. Note that the DIx code patterns
Dorsal to Ventral structural differences within the pharyngeal arches but does not disrupt nor pattern the struc-
tural differences along the Anterior to Posterior axis.

In Wnt9b morphants, dIx2a expression within PA1 was absent in the dorsal domain and weak in the ventral
domain. Conversely, in ednl mutant zebrafish, dIx2a expression is absent in the ventral domains and unaffected
in the dorsal domains [45]. The severity of affected jaw cartilages in Wnt9b morphants and ednl mutants de-
monstrates that lack of dIx2a in a specific domain greatly affects jaw cartilage morphogenesis within that re-
spective domain. Wnt9b and ednl are both secreted signals from the PA1 ectodermal epithelia that overlie dix2a
expressing CNCC. Given the current understanding of ednl and dIx2a signaling, it was suggested dix2a in the
ventral domains is promoted by ednl signaling from the ectoderm. The dorsal dix2a domain, however, was un-
affected in ednl mutants. The Wnt9b morphant phenotype data presented above includes reductions in both
dorsal (PQ) as well as ventral (MK) cartilage elements. This is consistent with reduced signaling through dlx2a,
responsible for the reduction in dorsal (proximal) elements, as well as reduced signaling through the ednl path-
way, responsible for disruption to the | and V domains of PA1.

It is interesting that Wnt9b morphants display jaw cartilage defects mostly within derivatives of PA1 and
PA3-7, and components of the hyoid arch were more mildly affected. Further, WISH of ednl and dlIx2a in the
Wnt9b morphants revealed the most severe reductions in PA1 and PA3-7. Yet PA2 reduction of the ceratohyal
cartilage was also observed. We postulate that this PA2 reduction is downstream of a reduced regional ednl
signal subsequent to Wnt9b knockdown, as ednl signals to both PA 1 and 2.

Wnt9b Promotes Anterior Outgrowth of the Jaws
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Severely Stunted Outgrowth in Wnt9b Deficient Upper Jaws

Wnt9b morphant skulls and notably the upper jaw display a significant anterior-directed growth deficiency.
Not only are whole morphant skulls shorter, but the PQ is greatly reduced along the anterior to posterior axis.
Shorter length and size may be attributed to multiple underlying causes ranging from reduced proliferation to
increased apoptosis to stunted migration, all of which may be downstream of the earlier patterning events.

The lost anterior outgrowth observed in Wnt9b morphants is at least partially due to fewer cells contributing
to the upper jaw. Quantitative assessment of morphant PQs showed approximately 1/3 fewer cells with a 1/2
overall decrease in length. This may result from less proliferation or increased apoptosis. However, the cell
death assay revealed no change in cell death within morphant pharyngeal arches compared to controls. This ar-
gues against Wnt9b morphants having fewer cells due to increased cell death. Wnt9b morphants show reduc-
tions in msxe expression. Combinatorial knockdown of msxb/msxc/msxe results in ablations of most PA1 derived
jaw cartilage elements [76]. msxe promotes cell proliferation within the pharyngeal arches, and reduced prolife-
ration within PA1 could explain why Wnt9b morphant PQs have fewer cells. Consistent with conserved pat-
terning influences, Wnt9b mutant mice also show reduced PA1 expression of Msx1, the mammalian ortholog of
msxe [77]. Further, Msx1 mutations in humans result in oral facial clefting, with deficient directed growth of the
maxilla [8], thus supporting conservation of gene regulatory networks downstream of Wnt9b for facial out-
growth.

An additional factor that perhaps contributes to PQ length is convergent extension [69]. It was found that
Wnt9b morphants had irregular cellular orientation within the PQ and its Ptp (Supplemental Figure 3). Espe-
cially relevant and additive to this finding was that Wnt5b expression was abnormal within the PQ (Figure 7).
One reason for disrupted cartilage cell orientation in Wnt9b morphants may be that the cells are thus unable to
undergo appropriate morphogenetic changes and therefore cannot appropriately interpret oriented migrational
cues into directed outgrowth.

One other notable morphological discrepancy between Wnt9b morphants and especially ednl D-1-V pattering
mutants is the apparent length of the Ptp relative to the whole PQ length. The Ptp process of the PQ is not fore-
shortened in ednl pathway mutants, as opposed to the present results where we demonstrated a definitive fore-
shortening of this maxillary element. Modulation of the dorsal PA marker jaglb may affect PQ length, though
the changes appear confined to the posterior PQ and not the Ptp [52]. Therefore jaglb expression is not likely
required for Ptp extension. Wnt9b expression persists dorsally within PAL through at least 40hpf as it comes to
surround the primary mouth and is thus well placed to influence outgrowth and morphogenesis of the Ptp, per-
haps via convergent extension processes typically associated with the non-canonical role of Wnt5b [36]. Wnt9b
knockdown results in dramatic shortening of the Ptp by 5dpf in fish and this finding is reminiscent of disrupted
maxillary outgrowth in Wnt9b deficient mice as well as in human oral-facial clefting patients [37] [78].

Here it is worth noting that Wnt5b mutant zebrafish exhibit a hammerhead skull phenotype with anterior fo-
reshortening of jaw cartilage elements [35]. Also noteworthy is that Wnt5a mutant mice have reduced anterior
growth of the midface as well as cleft palate resulting from deficient medial migration within the palatal shelves
[34]. Murine Wnt5a exhibits an expression gradient, with stronger expression at the growing anterior tips of the
palate and weaker expression in the posterior palate. This finding shares striking similarity to our finding of
Wnit5b expression in the zebrafish jaw; Wnt5b expression was stronger in the anterior growing tip of the Ptp and
weaker in the posterior body of the PQ. While Wnt5b expression was not absent in Wnt9b morphant Ptps, the
morphant Ptp morphology was obviously clumped as a ball of cells and not rod-like as in control Ptps. Taken
together these results may suggest Wnt5b expressing Ptp cells have reduced convergent extension in Wnt9b
morphants and this causes lack of anterior Ptp morphogenesis toward the midline ethmoid. It would be interest-
ing to determine if Wnt9b knockout mice exhibit similar disruption of Wnt5a or Wnt5b expression in the lateral
maxilla.

Primary to Secondary Mouth

The primary mouth is marked by expression of PITX genes, and recent studies in zebrafish show that pitx2
deficiency disrupts jaw cartilage morphology [74]. Wnt9b morphants show marked upregulation and expansion
of pitx2 within the oral regions. Previous studies of the primary mouth show that inhibitors of canonical Wnt
signaling are required prior to primary mouth formation [64]. In Xenopus, these inhibitors include frzb. Our re-
sults above showed that Wnt9b modulates early frzb expression, at least consistent with a potential downstream
effect upon the primary mouth. This area needs much more work before the mechanism for this influence can be

understood.
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The reports on primary mouth formation in Xenopus also demonstrated that overexpression of canonical Wnts
decreased the size of the primary mouth [64]. Our results above demonstrate that Wnt9b normally inhibits pitx2
expression after the primary mouth has opened. If Wnt9b signals through a canonical Wnt pathway to the pri-
mary mouth to turn off this pitx2 expression, the present results may provide a mechanism to explain the influ-
ence of canonical Wnt signals upon primary mouth markers like pitx2. Perhaps this Wnt9b inhibition of pitx2
facilitates the transition from the primary to the secondary mouth.

5. Conclusions

When considering the new implications this study provides for human OFC disorders, it is important to discuss
differences and similarities in facial development of different vertebrate taxa. Loss of Wnt9b in mice is very
closely phenocopies human OFC. Humans and mice are, however, both mammals and therefore share much
more structural homology in the jaws compared to zebrafish. Zebrafish jaw elements cannot be directly com-
pared to mammals due to several derived characteristics gained long after separation from the zebrafish lineage.
These derived characteristics suggest the anatomical jaw elements in zebrafish and mice are structurally unre-
lated. The upper and lower jaw equivalents of mammals and zebrafish, despite lacking anatomical homology,
may nonetheless be affected similarly by Wnt9b deficiency, perhaps through developmental pathways that in-
clude a Wnt9 to Wnt5 activation signal. We therefore argue that the homology lies not strictly in the anatomical
structures but within the gene-regulatory network that patterns jaw precursors prior to the later derived deve-
lopmental events. The evidence provided in this study strongly supports this notion.

The results of our expression studies suggest Wnt9b signaling generally promotes ventral (anterior-ventral fa-
cial ectodermal expression and facial patterning) while antagonizing dorsal patterning (Wnt3a, Wnt5b, and frzb).
Wnt9b morphants demonstrate increased dorsal expression of Wnt3a within the dorsal hindbrain, Wnt5b within
the axial tail, and increased frzb within the dorsal prechordal plate. Consistent with these observations, when
Wnt9b was overexpressed by itself, we observed ventralization of embryos. This is very similar to what had
been reported when the Drosophila Wnt9 ortholog, DWnt4, was over expressed in Xenopus embryos
(Supplemental Figure 5) [79]. Importantly these ventralized phenotypes were never observed upon injection of
morpholino alone, and the proportion of ventralized embryos was dose responsive to Wnt9b mRNA. These data
suggest Wnt9b mostly promotes outgrowth to the anterior-ventral half of the head.

Figure 10 summarizes a newly proposed model of Wnt9b signaling during zebrafish facial development.
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Figure 10. Wnt9b patterns 2° mouth outgrowth. (I) Maternal and early zygotic Wnt9b repress frzb expression within the
prechordal plate. frzb is required to protect the primary mouth precursor (oral placode) and the preplacodal ectoderm
(PPE) from caudalizing signals, including Wnt signaling. (1) from 24hpf through 36hpf Wnt9b promotes D-V to D-1-V
CNCC patterning at least partially through ednl. (I11) From 36hpf to 48hpf, sox9a influences CNCC mesenchyme to dif-
ferentiate into prechondrocytes, the jaw cartilage precursors. At this same time, pitx2 expression marks the inner primary
mouth. (IV) Jaw cartilages begin anterior directed outgrowth from around the primary mouth. The lower face and jaws
eventually form, comprising the secondary mouth. Outgrowth may be influenced by Wnt5b mediated convergent exten-
sion processes. Solid black arrows and bars indicate previously established genetic interactions. Orange arrows and bars
indicate newly proposed genetic interactions. Dotted arrows and bars indicate speculative genetic interactions.
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Wnt9b is required in two phases: 1) D-I-V patterning of CNCC and 2) outgrowth towards the secondary mouth.
Phase one includes CNCC patterning and possibly establishment of the primary mouth by dorsal anterior pre-
chordal plate mesoderm (Figures 10(1)-(I1)). Phase two includes jaw cartilage maturation and outgrowth, as
well as repression of primary mouth markers (Figures 10(111)-(1V)). The detailed mechanisms underlying these
phases need much additional work before they are fully understood. However, the current work serves to pro-
vide a broad overview of embryonic events that are crucial to formation of the oral-facial structures. Neverthe-
less, this work in total provides ample evidence that earlier patterning likely plays a larger role in craniofacial
patterning and outgrowth than previously appreciated. If these results could be replicated in mammalian model
systems, they would suggest a major reevaluation that would be necessary for judging the susceptibility timeline
for these human embryonic disorders.
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Supplemental Figure 1. Embryos were scored for common phenotypes when viewed in either a ventral or lateral view. Each
of the landmarked phenotypes below were scored as a 0 (unaffected) or 1 (affected). In a Ventral view (panels (a)-(e), points
were awarded to any embryo that exhibited the following phenotype changes: 1) Inverted Ceratohyal orientation, such that
while normal paired ceratohyals (large brown ovals) point anteriorly (a), the morphants frequently had ceratohyals pointed
posteriorly (b). One point. 2) A Meckel’s—Palatoquadrate Joint (MPJ) angle of <180°. Meckel’s (yellow) and palatoquadrate
cartilages (blue). One point was scored for each side that had a MPJ of <180°. Normal MPJ angles were always 180° (c) and
morphants frequently exhibited less than 180° joint angles. The Meckel’s and Palatoquadrate were frequently fused whenev-
er the MPJ was <180°. One point for unilateral (d), two points for bilateral (€) MPJoints < 180°. In lateral views, (panels (f),
(9), embryos were awarded one point whenever they exhibited: 3) An open bite. Normal embryos had their Meckel’s carti-
lage and the anterior ethmoid plate in a parallel orientation, while morphants had Meckel’s cartilages distending ventrally
from the ethmoid. One point. Severe embryos were defined as those with three or four points. Moderate embryos were de-
fined as those with two points, mild embryos only had one point, and normal embryos had zero points.
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Supplemental Figure 2. Wnt9b morpholino knockdown validation. (a) Wnt9b Transcript Targeting Strategy. (a) The Wnt9b
coding region consists of 4 exons and three introns. A splice blocking morpholino (SB-MO) was designed to target the in-
tron-exon border of intron 1 and exon 2 (red bar, MO). Primer locations for diagnostic RT-PCR are indicated as blue arrows.
In addition we designed a translation blocking morpholino targeting the Wnt9b start codon. (B) RT-PCR from uninjected
control (UNJ), mismatch control injected (SB-MM, 2.6 ng), or splice blocking morpholino injected (SB-MO, 2.6 ng) cDNA
preps. White arrowheads indicate the normal 414 bp product from a normal Wnt9b transcript. White arrows indicate the ab-
errant 160bp product from a transcript with exon 2 deleted. Note that in control groups only the normal product is present,
and in the SB-MO group a normal and aberrant product are present. Sequencing of the 160 bp product confirmed it was an
aberrant Wnt9b transcript with exon 2 deleted. (c) Survival of morpholino injected embryos from 0 - 1dpf (blue bars) and
from 1 - 5dpf (red bars). The amount of morpholino injected is indicated in ng. The total number (n) of embryos injected and
followed from O - 1dpf and 1 - 5dpf is indicated. Error bars are standard error of means determined from 3 biological repli-

cates each.
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Supplemental Figure 3. Wnt9b morphant PQs have disrupted cellular orientation. Uninjected control and TB-MO injected
embryo PQs were dissected out and total cell number (a) and cell stacking (b) were quantified. Morphants have approx-
imately 30% reduced cell number and approximately 70% reduced cell stacking. Uninjected n = 4, morphants n = 10. Signi-
ficance was calculated using a T-test, ***p < 0.001.
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Supplemental Figure 4. Wnt9b morphants do not display increased apop-
tosis in the first pharyngeal arch. (a) (b) Lateral Views. (a) MM control and
(b) morphant embryos were aged to 26hpf and subjected to acridine orange
staining to assay cell death. Blue arcs indicate PA1&2. Note that apoptotic
cells within the PAs are not increased in morphants. Apoptotic cells within
dorsal neural structures are increased in morphants. Br = brain, E = eye, Ov
= ofic vesicle, Rl = rhombic lips.
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Supplemental Figure 5. Wnt9b overexpression reduces dorsal/neural tissues. (a)-(d) 1-cell aged embryos were injected with
either 140 pg or 280 pg of synthetic Wnt9b mRNA and monitored for survival (e) and 48hpf eye phenotypes (f). Live em-
bryos scored for (a) normal eyes, (b) small eyes, (c) cyclopia, and (d) no eye phenotypes that are represented in (f). (b) Blue
columns are the 0 - 1dpf survival, red columns are the 1 - 2dpf survival. (f) Distribution of eye phenotypes of Wnt9b overex-
pressing embryos. Purple = no eyes, green = cyclopic, red = small eyes, blue = normal eyes.
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