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ABSTRACT

Wnt signaling plays a critical role in craniofacial, tooth and bone development. Rspo3 is a key
regulator of Wnt signaling; however, its function in craniofacial development and
skeletogenesis is unknown. We show that Rspo3 is expressed in perichondrial cells and
osteoprogenitors in the developing embryonic palate and Meckel’s cartilage in both zebrafish
and mouse. In zebrafish, where tooth replacement is cyclic and occurs throughout the life of
the animal, rspo3 appears to be broadly expressed in the pulp, odontoblasts and epithelial
crypts, and preferentially labels emerging teeth. Consistent with results obtained in the
zebrafish, Rspo3 is expressed in odontoblasts, pulp, ameloblasts and alveolar bone in the
mouse. Using the zebrafish model, we show that rspo3 disruption affects canonical Wnt
signaling during embryogenesis. While mouse Rspo3 global knockout is embryonic lethal,
zebrafish rspo3-/- mutants are viable and show defects in the development of forming
embryonic palate and in Meckel’s cartilage morphology. Adult rspo3-/- mutant zebrafish
exhibit decreased body length, hypodontia and abnormal dental morphology. Disruption of
rspo3 during zebrafish development resulted in poor ossification and dysmorphology of the
adult zebrafish craniofacial skeleton and teeth. This study highlights the key functions of Rspo3

in osteogenesis and morphogenesis of dentocranial structures.

Key words: wnt, rspo3, craniofacial, dental, bone, development
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INTRODUCTION

Craniofacial growth and development:

Understanding craniofacial growth and development is more than a scientific curiosity,
it is of tremendous interest to clinicians and the general community.' Mechanistic insight into
craniofacial development is important in order to improve diagnosis and treatment for patients
with dentofacial deformities and craniofacial anomalies, such as cleft lip and palate and
craniosynostosis.' Observational studies have been carried out to understand prenatal and
postnatal craniofacial growth.' However, gaps of knowledge remain in areas of macroscopic
growth and cells, genes and matrix molecules that are responsible for craniofacial growth.'

Growth is defined as an increase in cells number and size and it is controlled by intrinsic
genetic, epigenetic and environmental factors.'” On the other hand, development refers to
growth and maturation encompassing morphogenesis, differentiation and function.” Cranial
neural crest cells specification, migration, proliferation and ultimate fate determination play an
important feature in craniofacial development.’ Craniofacial development is initiated by the
ventrolateral migration of cranial neural crest cells from the dorsal neural tube to create the
ectomesenchyme of the frontonasal prominence and pharyngeal arches.*” The frontonasal
prominence is derived from the midline primordium and contributes to the formation of the
forehead, philtrum of the upper lip and primary palate.®” The first pharyngeal arch appears as
small swelling that further divides into the maxillary and mandibular components.® The
maxillary prominence forms the lips and secondary palate, and the lower jaw develops from
the mandibular prominence.” This early pharyngeal arch patterning is conserved across
vertebrates which justifies the use of mouse and zebrafish models to understand human

craniofacial development (Fig. ).



Human Mouse Zebrafish

Fig. 1. Diagram illustrating the conserved pharyngeal arch patterning across vertebrates. A) early pharyngeal arch
patterning is conserved across vertebrates. B) Later development of human, mouse and zebrafish embryos showing the
development of the face. Abbreviations: fnp: frontonasal prominence, mxp: maxillary prominence, mnp: mandibular

prominence

In zebrafish, the ethmoid plate originates from cranial neural crest to form the roof of
the mouth/cranial base and is derived from convergence of three distinct parts: the frontonasal
median element derived from the most anterior stream of migrating cranial neural crest cells

10,11
" In

(CNCCs), and paired maxillary elements derived from the second stream of CNCCs.
this way, the zebrafish ethmoid plate (hereafter palate) is analogous to mammalian palate (Fig.
2).!" In this study, we used mouse and zebrafish models. The mouse model has the advantage
of resembling mammalian morphogenesis and has powerful genetics."> However, the zebrafish

system has the advantages of transparent embryos, rapid and external development and is

suitable for high resolution imaging."



Human Mouse Zebrafish
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Fig. 2. Diagram illustrating the zebrafish model of mammalian hard palate. This figure shows primary palate (blue)

and secondary palate (green) in human, mouse and zebrafish.

Cleft lip and palate origin, prevalence and genetic etiology:

Orofacial clefts are one of the most common congenital birth anomalies in humans,
affecting 1 in 700 live births.'* Orofacial clefts can present in a spectrum of clinical
phenotypes; cleft lip and/or palate (CL/P), cleft lip only (CL) or cleft palate only (CPO) with
strong genetic predisposition that is influenced by environmental factors and epigenetics.'>'*!”

The treatment of CL/P requires a multidisciplinary team of health care providers
including pediatrician, surgeon, otolaryngologist, orthodontist, speech therapist, psychologist,
geneticist and social worker to guide and identify every aspect of the child’s care.'® The clinical
treatment involves multiple procedures that follows a specific timeline starting from surgically
repairing of cleft lip at 3 to 5 months of age followed by cleft palate repair at 6 to 18 months
and ENT therapy.'® Speech therapy and dental care begins at 2 years of age with regular follow
up visits. Moreover, orthodontic treatment is required around 7 to 10 years of age for alveolar
bone grafting and alignment of teeth and orthognathic surgery is sometimes needed at the

completion of growth, around 21 years of age. The complex management of CL/P also requires

coordinated longitudinal care. This starts with identification of the malformation at screening



prenatal ultrasound, and is followed by educating and preparing the parents regarding feeding,
to age of mixed dentition with bone grafts and subsequent orthodontic management, until late
teens which involve revision rhinoplasty and perhaps orthognathic surgery.'® Orofacial clefts
and their treatment incur social and psychological burdens, as well as financial burden to the
patients and their families because of the long-term treatment costs and the multidisciplinary
treatment. The ultimate goal of this research is to understand the pathogenesis of CL/P and
their preventive therapeutics such as the dramatic effects of folate prenatal supplement on spina
bifida incidence.

There are multiple genes and genetic pathways that contribute to craniofacial
development." For example, Interferon regulatory factor6 (IRF6) belongs to a family of nine
transcription factors which share a highly conserved winged-helix DNA binding domain and
is expressed in the ectoderm of palatal shelves during the development of secondary palate.”!
Mutation of /RF6 plays a significant role in cleft pathogenesis, accounting for approximately
12% of cases.”>* IRF6 has been linked to CLP syndromes (popliteal pterygium syndrome
(PPS) and Van der Woude syndrome (VWS)) as well as non-syndromic CL/P.*'** Irf6 is highly
conserved across different species with 80% identity in DNA binding and protein-binding

. 21,25
domains.”

Pbx-Wnt-p63 pathway has been reported to regulate the expression of /76 during
face morphogenesis.”® In addition, Transforming growth factor (TGF) signaling mediates Irf6
expression and regulates medial edge epithelium (MEE) degeneration during palatal fusion in

mice experiments.”’ In this study, we investigated the role of Irf6 and its downstream targets

in cleft lip and palate pathogenesis.



The important role of Wnt/B-catenin signaling in craniofacial development and skeletal

patterning:

Wnt/B-catenin signaling is necessary for the generation, migration and survival of

. . . . 28.29
cranial neural crest cells during craniofacial development.”™

Wnt proteins are highly
conserved across vertebrates and plays an important role in patterning and morphogenesis.*
Canonical signaling is strongly expressed in the first pharyngeal arch as well as multiple

31534 1 addition,

craniofacial regions in mouse, chicken and zebrafish during embryogenesis.
What signaling plays a role in mediating regional specification in the vertebrate face.® Mutation
in WNT3 gene is associated with cleft lip and palate in human.”® Furthermore, central nervous
system defects and absences of craniofacial development has been reported in B-catenin mutant
mice embryos.”’

Besides Wnt/B-catenin signaling role in craniofacial development, it plays a major role
in skeletal patterning and differentiation during embryonic development, and in maintaining

.. 36-38
postnatal bone homeostasis.

Wnt signaling is involved in regulating skeletogenic neural
crest cells, such as the subdivision of each pharyngeal arch into dorsal and ventral elements in
zebrafish during craniofacial development.'® Impairment and potentiation of Wnt signaling

affects overall bone mass and density in human.***

The canonical B-catenin mediated Wnt
signaling pathway directly regulates osteoblast differentiation and activity and likely has an
indirect effect on osteoclasts during bone metabolism.>® Moreover, direct negative influence
of canonical Wnt/B-catenin signaling on osteoclasts development in cell lines and mouse
models have been reported.* Identification of modulators of Wnt signaling during craniofacial

development and homeostasis of adult skeletal tissues may lead to new insights into disease

etiology and inroads for therapeutic mediation.



The role of R-spondins in embryogenesis and skeletal development:

The R-spondin (Rspo) family of secreted proteins includes four members (Rspo! to 4)
in the thrombospondin type 1 repeat (TSR1)-containing protein superfamily and have been

shown to potentiate canonical Wnt/B-catenin pathway.*"**

Rspo proteins modulate Wnt
signaling through interaction with the Wnt receptor complex, including LGR4/5/6, that leads

to stabilization of Frizzled and LRP5/6 at the cell membrane, and regulation of the ubiquitin

ligases ZNFR3 and RNF43 that degrade Frizzled receptor (Fig. 3).**
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Fig. 3. Schematic diagram showing RSPO3 augmentation of Wnt/B-catenin signaling. Binding of RSPO3 to LGR5/6
causes clearance of ZNRF3/RNF43 from the membrane which results in stabilization of LRF5/6 and Frizzled in the plasma

membrane. Therefore, RSPO3 binding results in potentiation of Wnt/B-catenin signaling.

Rspo2 and Rspo3 proteins have also been shown to also potentiate Wnt/B-catenin

signaling by binding to heparin sulfate proteoglycans to localize them in the intercellular
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space. In addition, Rspos are involved in embryonic differentiation and patterning.***’

Rspol plays a role during the development of reproductive organs and skin maturation and

4849 Human RSPO4 mutations has been

Rspo4 functions as a key regulator of nail development.
linked to total or partial absence of fingernails.”® Rspo2 and Rspo3 have been reported to be
more potent in Wnt signaling activation and stabilization compared to Rspol and Rspo4.’!
Rspo?2 is expressed and function in the first pharyngeal arch morphogenesis by ectodermal-
mesenchymal interaction.”> Recessive RSPO2 mutations in human causes tetra-amelia
syndrome that is characterized by lung aplasia, total absences of the four limbs and cleft lip
and palate.” In addition, Rspo2 knockout mice showed limb malformation, lung hypoplasia

and cleft palate phenotype.’*

Jin et al. reported that the mandibular hypoplasia and
insufficient tongue space in Rspo2 null mouse could be the cause of CPO due to failure of
palatal shelves elevation during development.”

Rspo3 was identified in 1971 as a thrombin sensitive protein.’® Rspo3 overall sequence
identity between zebrafish and human is 45%.”” Human RSPO3 was identified as a candidate
gene for cleft lip/palate and dental anomalies.” Rspo3 has a critical role in mouse placental
development.” Mice embryos lacking Rspo3 function die at E10.5 due to placenta and vascular

59,60
defects.”™

Therefore, conditional ablation of Rspo3 via Cre recombinase expression is
necessary to investigate Rspo3 function beyond E10.5.°" Severe hindlimb truncations were
found in Prx/-cre conditional Rspo3 and Rspo2 mutant mice.’’ Rspo3 plays a role in early
hematopoietic cell specification, cell proliferation, vascular morphogenesis and remodeling in
Xenopus embryos.” Knockdown of rspo3 in Xenopus using morpholino injection caused

60 . . . .
ventral edema due to vascular defects.” Moreover, Rspo3 is required for Vegf expression in

Xenopus and mouse embryos.®’ 7spo3 is also required for the morphogenesis of head cartilage



in Xenopus embryos.®* Despite these findings, the full function of Rspo3 during embryogenesis
requires further elucidation.®

Human genome wide association studies have implicated many regulators of canonical
Whnt signaling pathway in the regulation of bone metabolism.** RSPO2 and RSPO3 have been

. . . . 4-66
associated with human bone mineral density.°

For example, osteoporosis is characterized
with low bone mineral density and increase risk for bone fracture and RSPO3 gene has been
reported to affects bone mass regulation in early adulthood.®* Therefore, RSPO3 is used as a
genetic marker for bone mass and fracture risk in human since it affects bone mass regulation
in early adulthood.®>®” In mice, deletion of Rspo receptor LGR4 leads to reduced bone mass
due to decreased bone formation and increased bone resorption suggesting the role of Rspo in
bone maintenance.®® Rspos are essential for normal development and have been shown to
regulate skeletal pattern during development.®’ In particular, RSPO2 deletion mutations has
been identified in fetuses presented with sever limb defects.”> Moreover, Rspo2 has been
shown to be essential for mice limb patterning in concert with Rspo3.°' Rspo3 is expressed in

69,70

the mesenchymal cells of limb bud at E10.5 in mice. In addition, Rspo2 and Rspo3 have an

important role in limb elongation and formation of distal structures.””’’ In summary, Rspos

have an important role the development and maintenance of bones.*”"

Rspo3 is a transcriptional target of irf6:

Since CL/P has a fundamental genetic basis where IRF6 is a key genetic determinant,
identification of /RF6 target genes have led to additional CL/P determinants such as
Grainyhead-like 3 (Grhi3) and Kriippel-like factor 4 (KLF4).”" Our lab carried out comparative

ChIP-seq and RNA-seq experiments using wildtype and maternal-null irf6 mutants zebrafish



embryos at 5 hours post-fertilization (hpf) in order to identify downstream irf6 transcriptional
target genes. The ChIP-seq results showed irf6 binding peaks representing 2,201 genes and the
RNA-seq revealed significant downregulation of genes with disruption of irf6 function. From
the overlap of mRNA-seq and ChIP-seq results, a dataset of 320 genes were identified. To
narrow down the irf6 candidate genes, this dataset was further refined to 277 genes that have
strong cross-species conservation of DNA and protein sequences. Thereafter, these genes were
integrated with FaceBase data on mouse embryonic facial prominence gene expression to
identify genes with relevant craniofacial expression patterns and this narrow the list to 271
candidate genes. Finally, 18 candidate genes were selected after review of published literature,
examination of the mouse Gene Expression Database and Zebrafish Information Network

(zfin). From these 18 candidate genes, rspo3 was identified as a irf6 target gene (Fig. 4).

A B

320 RNA-seq
genes irf6 maternal

null vs. WT irf6 ChiP-seq
Y R
@ rspo3 gene
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o

277 Genes are conserved
across species
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with Face Base data
iological & Clinical
importance ==

18 Candidate gene list
as downstream irf6 target

Fig. 4. rspo3 is a transcriptional target of irf6. A) We performed ChIP-seq and RNA-seq datasets on i7f6 mutant zebrafish

embryos and wild type. In order to narrow the downstream target genes of irf6, we integrated ChIP-seq and RNA-seq dataset

with mouse gene expression datasets from FaceBase. Based on the biological, clinical importance and integrated data, we
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found 18 candidate gene for i7f6 and rspo3 is one of these candidate genes. B) irf6 ChIP-seq reads demonstrating peaks directly

overlying the upstream of rspo3 as well as the transcriptional site.

The role of Wnt signaling in dental morphogenesis:

Wnt/B-catenin pathway also plays a critical role in tooth development and can affect
craniofacial development more broadly.”” Tooth formation initiates from the interactions

3,74
7374 Vertebrates share

between the epithelial layer and the underlying mesenchyme structure.
some features of dental development such as formation of epithelial bud, mesenchymal
condensation and deposition of mineralizing matrices.””””” However, some vertebrates differ
in tooth attachment, dental eruption and in enamel production.”””” Humans develop two sets
of teeth; 20 primary teeth and 32 permanent teeth with no replacement.”® Mice have a single
set of dentition that consists of one incisor and three molars in single row in both sides of upper

. . 9,80
and lower jaws with no replacement.””

However, rodent incisors undergoes continuous
regeneration from the stem cells located in the proximal side.® Unlike human and mouse tooth
development, zebrafish dentition is more numerous and show continuous replacement.*” In
addition, zebrafish have no oral teeth.”® Teeth are attached to pharyngeal jaws.”® Moreover,
there are three rows of teeth on each side consisting of ventral row of five teeth, mediodorsal

row of four teeth and a dorsal row of two teeth.* Despite these differences, the development

of zebrafish primary and replacement teeth are similar to mammalian teeth (Fig. 5).*

11
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Fig. 5. Diagram illustrating analogous dental anatomy in human, mouse and zebrafish. Unlike human teeth, mouse
have a continuously growing lower incisor from stem cells in the cervical loop. Zebrafish teeth are continuously replacing.

However, zebrafish teeth do not have roots and the crown of the tooth is ankylosed to the bone.

This thesis study is based on the observation that Rspo3 was identified as a target gene
for Irf6. We focused on the role of Rspo3 in regulating craniofacial pattern and differentiation.
Using complementary zebrafish and mouse models, we detailed the gene expression of Rspo3
during embryogenesis in craniofacial structures. We then interrogated the function of Rspo3
by genetically targeting Rspo3 in mouse and zebrafish. Through these studies, we uncovered
an important role for Rspo3 in modulating Wnt/p-catenin signaling in tooth development and

bone homeostasis in the craniofacial complex.

12



HYPOTHESIS AND SPECIFIC AIMS

We hypothesize that rspo3 function in the irf6 regulatory pathway to regulate craniofacial
development. Here, we focused on the role of Rspo3 in regulating craniofacial patterning and

differentiation, particularly in ossification and tooth formation.

Aim 1: to examine the effect of irf6 mutant rescue on rspo3 expression and the co-expression
of rspo3 and irf6 during craniofacial development.

Aim 2: to describe the expression and function of Rspo3 gene during embryonic
development in zebrafish and mouse models.

Aim 3: to assess the role of 7spo3 in B-catenin mediated Wnt signaling in zebrafish.

Aim 4: to describe rspo3 expression and function in dental and bone morphogenesis.

13



Significance

This research is based on our lab’s previous discovery of irf6 candidate genes with biological
and clinical importance after integrating experimental, FaceBase and whole-genome
sequencing (WGS) datasets. This study makes an important vertical gain of knowledge to link
Irf6 gene regulatory pathway to Rspo3 modulator of Wnt signaling and the function of this
gene in zebrafish and mouse models during craniofacial morphogenesis. Identification of
modulators of Wnt signaling during development and homeostasis of adult skeletal tissues may
lead to new insights into disease etiology and identify potential targets for therapeutic

mediation.
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Innovation

Our study aims provided novelty in addressing the gap in knowledge in Rspo3 function in

craniofacial development and palatal cleft pathogenesis and in its robust approaches which

include the following:

Unique high resolution analysis of gene expression.

We utilized the novel RNAscope in sifu hybridization technology to gain high
resolution analysis of Rspo3 gene expression in zebrafish and mice during craniofacial
and dental development.

Rapid generation of loss-of-function mutants.

Zebrafish provided an excellent model for rapid functional analysis of rspo3 candidate
gene. We examined the genetic requirement of rspo3 in zebrafish development, using
complementary CRISPR/Cas9 mediated targeted mutagenesis and antisense
morpholino (MO) oligomers to disrupt gene action.

Interaction between Rspo3 and Wnt genes.

Our lab has developed several genetic models of Wnt pathway genes, including wis,
wnt5h and gpc4. With these mutants in hand, we are able to interrogate genetic
interactions with rspo3. Additionally, we acquired a TCF/Lef: GFP reporter line where
dynamic canonical Wnt signaling can be visualized.

Performing cephalometric analysis in zebrafish skulls.

We developed new analytic tools to quantify craniofacial relationships in adult fish,
using 3D cephalometric analysis obtained from micro-CT of zebrafish skulls to
describe craniofacial malformation. One measurement to analyze the frontal bone

bossing and the other measurement is to describe midface hypoplasia.

15



Experimental approaches

Aim 1: : to examine the effect of irf6 mutant rescue on rspo3 expression and the co-

expression of rspo3 and irf6 during craniofacial development.

1.1- To determine the genetic and functional interaction between irf6 and rspo3 via
zebrafish rescue assay.

1.2- To examine whether irf6 and rspo3 gene expressions co-localize in the same cell by

performing RNAscope in situ hybridization.

Aim 2: to describe the expression and function of Rspo3 during embryonic development in

zebrafish and mouse models.

2.1-  Characterize rspo3 expression via whole-mount RNA in situ hybridization (WISH).

2.2-  Determine the type of cells expressing 7spo3 during craniofacial morphogenesis using
RNAscope.

2.3-  Describe rspo3 function by morpholino mediated gene knockdown in zebrafish.

2.4-  Perform CRISPR-Cas9 mediated gene targeting and characterize rspo3 mutant

zebrafish alleles.

Aim 3: to assess the role of 7spo3 in B-catenin mediated Wnt signaling in zebrafish.

3.1-  Determine the effect of rspo3 knockdown in TCF/Lef:GFP and sox10:mCherry
transgenic reporter line.

3.2-  To characterize the interaction between rspo3 expression and Wnt-pathway genes

(wis, wnt9a and wnt5b).

16



Aim 4: to describe rspo3 expression and function in dental and bone morphogenesis.
4.1-  Characterize rspo3 expression in teeth by performing RNAscope in situ hybridiation.
4.2-  Alizarin staining and micro-CT to identify significant difference in bone and dental
development between rspo3-/- mutants and aged matched wild type zebrafish siblings.
4.3-  Measure osteoclast activity in the craniofacial region via tartrate-resistant acid

phosphatase (TRAP) in rspo3-/- mutant.

17



Materials and Methods

Experimental animals. All zebrafish (Danio rerio) experiments were approved by the
Institutional Animal Care and Use Committee (IACUC), approval number: 2010N000106.
Adult zebrafish and embryos were cared for and maintained in this study as described
previously.* Mouse experiments were approved by IACUC, approval number: 2017N000050.
Wild type mice were obtained from the Jackson Laboratory (C57BL/6J, Bar Harbor, ME,
USA) and Rspo3 mice were kindly provided to Dr. Baron by Dr. Christof Nierhs (German
Cancer Research Center, Heidelberg, Germany). Tg(Wntl-cre/ERT)1Alj/J mice were obtained

from the Jackson Laboratory (008851).

Zebrafish CRISPR mutant line, morpholino knockdown and reporter lines.

We performed genome editing via CRISPR-Cas9 mutagenesis in zebrafish for functional
analysis of rspo3 mutant line targeting CCTGGCAGCCCTGGGAGCTC with -20 bp deletion
(Fig. 14). The forward genotyping primer for rspo3 line is 5’-
AAGCAGCAAAAATAAGTTCCCA-3’ and the reverse primer is 5’-
CCACTCCCCATTGCTTTATTAC-3" with Fluoresce (FAM) modification on the reverse
primer. Mutant peak is observed at 337bp and WT peak observed at 357bp.

In addition, we wused translation blocking rspo3 morpholino (MO) (5’-
TGGAGATCAGTTGCAATTGCATAGT-3’) and standard control  oligo (5’-
CCTCTTACCTCAGTTACAATTTATA -3’) designed by Gene Tools, LLC (Philomath, OR,
USA). Both MOs were diluted to 1.7 ng/nl and injected into one-cell stage zebrafish embryos
using a microject 1000A microinjection system (Holliston, MA, USA). Transgenic lines

Tg(sox]0:mCherry)'” and Tg (TCF/Lef-miniP:dGFP)* were also used in this study.
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Whole-mount in situ hybridization.

Primers used to generate the rspo3 RNA probe are forward primer 5°-
AACCTGTGGCTTCAAATGG-3’ and reverse primer 5’ -TTGTTGTCGCTCATCCAGTA-
3" wis probe is generated from forward primer 5°’~ATTGCGGATGGAGCTTCGATC-3’ and
reverse primer 5’- ATAGATGCCAGTGAAGAAGGCA-3’. The forward primer for wnt5b
probe production is 5’-AAGTGTCATGGCGTCTCAG-3’ and reverse primer 5’-
AAAAACCCTCTGTTGGAACC-3’. The forward primer for gpc4 probe generation is 5’-
ACTGCTGGAGCGCATGTTTCGAC-3° and reverse primer 5’-
CGATCCTTTCTCCAACACACACTG-3’. T7 promotor (gaaattaatacgactcactatagg) was
added to all reverse primers. RNA products were checked by gel-electrophoresis and stored at
-80°C until use. As described by Ling et al. *®, WISH in zebrafish was performed on wild type
samples at 24 hpf and 48 hpf. Also, it was carried out in rspo3-MO (1.7 ng/nl) and standard

oligos (1.7ng/nl) at 48 hpf.

Skeletal staining. Chondrocyte staining was performed using Alcian blue at 5 days post
fertilization (dpf) for the MO experiment and 10 dpf for CRISPR mutant line as previously
described.”” The sample size (n) was 5 embryos per each group. The zebrafish ethmoid plate
(corresponding to the mammalian palate) and lower jaw were dissected and mounted in 4%
methyl cellulose prior to imaging. Whole-mount Alizarin staining was performed at 10 dpf in
rspo3 mutant and wild type zebrafish embryos (n= 5 wild type and 5 rspo3-/- mutants), as
previously described.®® Adult zebrafish bones and teeth were stained with Alizarin red
according to previous study description.* Tartrate-resistant acid phosphatase (TRAP) protocol

was adapted from previous study’ and used as a histochemical marker for osteoclast activity.
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Imaging was performed using Nikon Eclipse 80i microscope (Melville, NY, USA) and NIS-
Elements Br imaging software version 4.40 (2015). Imaging was performed using Nikon

Eclipse 801 microscope and NIS-Elements Br imaging software version 4.40 (2015).

RNAscope in situ hybridization and confocal imaging.

Sample preparation: 48 hpf and 5 dpf zebrafish embryos were fixed using 4% formaldehyde
overnight at 4°C. The adult zebrafish (6 months old) and mouse (P7) dental structures with
pharyngeal jaw were fixed using 4% formaldehyde overnight at 4°C then decalcified overnight
using 0.35 M ethylenediaminetetracetic acid (EDTA) as previously described.”’ Mouse
embryos at E13.5 were fixed with 4% formaldehyde overnight at 4°C. n= 3 zebrafish embryos
and n=3 mouse embryos were analyzed.

In preparation for cryosectioning, all samples were placed in 15% sucrose (PBS) until the tissue
sank followed by 30% sucrose (PBS) overnight at 4°C. Samples were cryo-embedded in OCT
(Tissue-Tek, #4583) in coronal orientation. Sections (10 p) were prepared using Leica CM 1850
cryostat.

RNAscope probes: Dr-rspo3-C2 (catalog number: 555121-C2), Dr-collal-C2 (catalog
number: 409491-C2), Dr-sox10-C3 (catalog number: 444698-C3), Dr-runx2a-C1 (catalog
number: 409521), Mm-Rspo3-C3 (catalog number: 402011-C3), Mm-Collal-C2 (Catalog
number: 319371-C2). All probes were manufactured by Advanced Cell Diagnostics (ACD;
Newark, NJ, USA). Sample pre-treatment and RNAscope were performed according to the
manufacturer’s instructions (Advanced Cell Diagnostics, Newark, NJ, USA). Slides were
imaged using Leica SP8 inverted confocal laser scanning microscope and the image processing

was carried out using ImageJ version 2.0 (2018).
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Immunohistochemistry and histological staining. Inmediately following RNAscope rspo3
gene detection in E13.5 coronal section, slides were washed with TBS twice for 2 min then
blocked using 10% goat serum, 1% BSA, 0.1% TBST for 30 min at room temperature. Sections
were treated with primary antibody (rabbit o-RUNX2, EPR14334, ab192256, Abcam,
Cambridge, MA, USA) overnight at 4°C. The following day, as per ACD protocol (Newark,
CA, USA) secondary antibody (goat a-rabbit Alexafluor 555, ab150078; Abcam, Cambridge,
MA, USA) for 1 hr at room temperature.

Additionally, immunohistochemistry was performed using primary antibody (rabbit a-3
catenin, ab16051, Abcam, Cambridge, MA, USA) and secondary antibody (goat a-rabbit
Alexa fluor 555, ab150078, Abcam, Cambridge, MA, USA). Sections were imaged using Leica
SP8 inverted confocal laser scanning microscope and the image processing was carried out
using ImageJ version 2.0 (2018). n= 3 zebrafish embryos and n=3 mouse embryos were

analyzed.

Micro-computed tomography. Wild type and rspo3 mutant adult zebrafish were sacrificed at
6 month of age. The sample size (n) was 9 wild type and 7 mutant zebrafish. The fish were
scanned as described by previously.”> The voxel size of Micro-CT analysis was 10.5 pm.

Images were reconstructed and viewed using Amira software version 6.

Measurement of bone mineral density. The reconstructed bitmap image (BMP) files were

converted to NIfTI format for simplification, using Amira software. The threshold tool values

were consistent between the samples (32-72 threshold logic unit). Each zebrafish skull was
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segmented into bone elements (dentary, anguloarticular, premaxilla, maxilla and
parasphenoid) using Amira manufacture’s instruction. Hydroxyapatite calibration curves were
prepared from images of hydroxyapatite phantoms, measured using ImagJ2 software (2015).
High correlation (R?=0.99973) was observed in the calibration curve. Bone mineral
densities of the head and bone elements were measured, based on these calibrations. After
that, bone volume of the head and bone elements were measured. n=9 wild type and 7 mutant

zebrafish were analyzed at 6 months of age.

Quantitative RT-PCR. Three independent samples of wild type and rspo3 CRISPR/Cas9
mutant at 6 hpf were collected and measured in triplicate in order to characterize the rspo3
mutant. We decided to collect embryos at 6 hpf, because it has been reported that rspo3 mRNA
is highly expressed in zebrafish embryos at this time point.** In addition, three independent
samples of 1-cell stage wild type and 24 hpf wild type were collected and measured in triplicate
in order to examine the presence of rspo3 maternal transcript. RNA extraction was performed
using RNeasy Mini Kit (Qiagen, Germantown, MD, USA). We used SuperScript First-Strand
Synthesis System IV (Thermo Fisher Scientific, Grand Island, NY, USA) to synthesize first-
strand cDNA. Quantitative reverse-transcription PCR (RT-PCR) was performed using rspo3
Tagman probe (Dr03109282 ml, cat. #: 4351372) and normalized to 18s rRNA expression
(Hs03003631 gl, cat. #: 4331182). Tagman'" fast advanced master mix (cat. #4444557,
Thermo Fisher Scientific, Grand Island, NY, USA) and qPCR was performed using the

StepOnePlus Real-Time PCR system (Applied Biosystems).
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Statistical analysis. IBM SPSS statistics version 26 was used for all the statistical analysis.
Student’s t-test was used to compare between the two groups. Statistical significance was set
at p-value < 0.05. Asterisks in the figures indicate p-value < 0.05. Data presented as means+

SEM.
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Results

Genetic and functional interaction was found between irf6 and rspo3.

The expression of rspo3 was rescued by i7f6 mRNA injection into null irf6 zebrafish embryos,
which supports transcriptional activation of rspo3 by irf6. Using qRT-PCR, the level of rspo3
mRNA is decreased in irf6 mutants compared to wild type irf6. After injecting wild type irf6
mRNA into null irf6 embryos, the rspo3 level was rescued to wild type level suggesting

functional interaction between irf6 and rspo3 (Fig. 6).
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Fig. 6. qRT-PCR showing rescue of rspo3 expression after irf6 mRNA injection. rspo3 expression is decreased in irf6
mutant compared to wild type. After injecting irf6 mRNA in irf6 mutant, the rspo3 expression is rescued indication genetic
and functional interaction between irf6 and rspo3.

Co-localization of irf6 and rspo3 expression in the pharyngeal arches and the palate
during zebrafish embryonic development.

RNAscope in situ hybridization assay is more target-specific than traditional in situ
hybridization with less background.” This analysis was carried out on wild type zebrafish
embryos to test co-expression of irf6 and rspo3 (Fig. 7).

Zebrafish embryos at 24 hpf illustrated rspo3 and irf6 expression overlap at the telencephalon

which is analogous to the cortical and subcortical brain regions in mammals (Fig. 7A).”* In
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addition, both genes overlap in zebrafish oral region at 24 hpf (Fig. 7B). Moreover, rspo3 and
irf6 transcripts were found in the pharyngeal arches at 48 hpf (Fig. 7C, D). Interestingly, co-
localization of rspo3 and irf6 expression were found in the palatal epithelium at 5 dpf in
zebrafish (Fig. 7E). Similarly, we found rspo3 and irf6 transcripts in the first pharyngeal arch

in mouse embryo at E13.5 (Fig. 7F).

25



26



Fig. 7. Co-localization of irf6 and rspo3 expression in the pharyngeal arches and the palate during zebrafish and mouse
embryonic development. Lateral views of zebrafish embryo demonstrating the level of each section, at 24 hpf, 48 hpf, and 5
dpf. In addition, lateral views of mouse embryo at E13.5 showing the level of section. A) rspo3 is co-expressed with irf6 in
the telencephalon (open arrow). B) Zebrafish oral cells are double positive for rspo3 and irf6 transcripts at 24 hpf (open
arrow). C) rspo3 is marking the segmented paired pharyngeal pouches in cells and co-expressed with irf6 transcripts (open
arrow). D) At a higher magnification, co-localization of rspo3 and irf6 transcripts are identified in the pharyngeal pouch
mesenchyme (open arrow). E) a more anterior coronal section shows rspo3 transcripts are detected in the palate, and some
palatal cells are double positive for rspo3 and irf6 (open arrow). F) Co-expression of Rspo3 and Irf6 in the first pharyngeal
arch at E 9. G) At E13.5, we observed no co-expression of irf6 and rspo3 in the coronal section. Abbreviations: e: eye, h:
heart, m: Meckel’s cartilage, o: otic capsule, olf: olfactory placode, pl-p4: pharyngeal pouches, s: stomodeum, t: trabecula,

tel: telencephalon, y: yolk sac. Scale bar: 25 pm

Expression of Rspo3 in craniofacial region and in the perichondrial and osteoprogenitor
cells during craniofacial morphogenesis.

Gene expression pattern of rspo3 during embryogenesis was delineated by whole-mount RNA

in situ hybridization (WISH). rspo3 expression was detected in the brain, otic placode,

endodermal pouches, ethmoid plate (hereafter palate) and Meckel’s cartilage at 24 and 48 hpf

(Fig. 8).
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Fig. 8. Whole-mount RNA in situ hybridization demonstrating rspo3 gene expression. rspo3 transcripts were found in
the forebrain (f), midbrain (mb) otic placode (o), endodermal pouches (ep), ethmoid plate (hereafter palate) (solid arrow)

and Meckel’s cartilage (open arrow) at 24 and 48 hpf in lateral and dorsal views.
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Using RNAscope, we identified rspo3 transcripts in perichondrial cells that circumscribe the
soxI10 marked chondrocytes in the paired maxillary derived trabeculae and in Meckel’s
cartilage at 48 hpf and 5 dpf (Fig. 9A,D,E). In addition, rspo3 gene expression was detected in

the pharyngeal pouches at 48 hpf (Fig. 9B,C).
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Fig. 9. rspo3 transcripts were detected in the perichondrium, pharyngeal arches, palate and Meckel’s cartilage in
zebrafish. Lateral views of zebrafish embryo demonstrating the level of each coronal section, at 48 hpf, and 5 dpf. A) At 48
hpf rspo3 transcripts are localized in cells that circumscribe the sox/0 marked chondrocytes in the palate trabeculae (solid
arrow) and in Meckel’s cartilage (open arrow). B) rspo3 is marking the segmented paired pharyngeal pouches in cells (open
arrows) that are juxtaposed to the sox!0 positive chondrocytes. C) At a higher magnification, rspo3 transcripts are identified
in the pharyngeal pouch mesenchyme (open arrow). D) At 5 dpf, rspo3 transcripts continue to be expressed by cells the

surround sox/0 marked chondrocytes in the palate trabeculae (solid arrow) and circumscribe chondrocytes of Meckel’s
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cartilage (arrow). E) A more anterior coronal section shows rspo3 transcripts are detected in cells around (solid arrow) sox/0
positive cells in the palate, and some chondrocytes are double positive for rspo3 and sox10 (open arrow) in the palate and
Meckel’s cartilage (solid arrow with asterisk). Abbreviations: e: eye, h: heart, m: Meckel’s cartilage, o: otic capsule, p1-p4:

pharyngeal pouches, s: stomodeum, t: trabecula, y: yolk sac. Scale bar: 25 um

To define the cell type expressing rspo3 during skeletal development, we examined the
localization of collal (perichondrium marker) and rspo3 around the trabeculae of zebrafish
embryos at 48 hpf (Fig. 10A,B). At 5 dpf, co-localization of col/lal and rspo3 was observed
around the palatal cartilage. However, rspo3 is also expressed in the palate cartilage and has a
broader and more diffuse gene expression (Fig. 10A,B). To determine whether gene expression
in zebrafish correlates with mouse expression, coronal sections of E13.5 mouse embryos were
examined for expression of Rspo3 and Collal by RNAscope. In the mouse embryo, Rspo3
transcript was similarly detected in the perichondrium of Meckel’s cartilage, but Rspo3 was
also detected in Meckel’s chondrocytes (Fig. 10C,D). We also investigated whether
osteoprogenitor cells express 7spo3 by examining the expression of runx2, which is expressed
in neural crest derived osteoprogenitor cells.”””’ RNAscope analysis revealed co-expression
of runx2a and rspo3 around the trabeculae of zebrafish embryo at 48 hpf and at 5 dpf (Fig.
10B), however not all runx2 positive cells expressed rspo3. This was similar to the expression
of Rspo3 and Runx2 in E13.5 mouse embryos (Fig. 10C,D). These data demonstrate that Rspo3
is expressed broadly, in perichondrial cells around palate and Meckel’s cartilage, including

osteoprogenitor cells that are Runx2 positive.
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Fig. 10. Perichondrium and osteoprognitor cells express Rspo3 during zebrafish and mouse development. A) RNAscope
showing co-expression of collal and rspo3 (solid arrow) around the trabeculae of zebrafish palate. In addition, co-expression
of rspo3 and runx2a in the palate (solid arrow) and Meckel’s cartilage (open arrow) in coronal section of zebrafish embryo at
48 hpf. B) At 5 dpf, the coronal section demonstrates co-localization of rspo3, collal and runx2a transcripts around the palatal
cartilage (solid arrow). However, rspo3 is also expressed in some of the palate chondrocytes and has more diffuse expression
(open arrow). C) Coronal section of E13.5 mouse embryo revealed co-expression of Rspo3 and Collal in the perichondrium
of Meckel’s cartilage (solid arrow), but Rspo3 transcripts are also detected in Meckel’s cartilage cells (open arrow). In addition,
co-localization of Rspo3 and Runx2 (solid arrow), but Runx2 transcripts expression is more diffuse (open arrow). D) At a
higher magnification, Rspo3 and Collal are co-localized in the perichondrium of Meckel’s cartilage. Also, Rspo3 and Runx2

are co-expressed. Abbreviations: d: dental, m: Meckel’s cartilage, p: palate, t: tongue. Scale bar: 25 um

Rspo3 is expressed in the mandibular condyle of mice.

Previous studies reported that patients with osteogenesis imperfecta have mutations in
COL1A1 which is expressed in the mandibular condyle and characterized by frontal bossing,
midface hypoplasia and dentinogenesis imperfecta.”®” Since our data showed co-expression
of Rspo3 and Collal in the perichondrium of Meckel’s cartilage and periosteum of the
mandibular bone during embryogenesis in mice and zebrafish, these two genes could be

functionally associated. Therefore, we investigated Rspo3 expression in the mandibular
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condyle. We found co-expression of Rspo3 and Collal in the mandibular condyle in mice at
postnatal day 7 (P7) (Fig. 11). A summary of cells expressing Rspo3 with epithelial,

chondrocyte, perichondrium and osteoprogenitor markers is shown in Fig. 12.

Fig. 11. Rspo3 is co-expressed with Collal in mouse mandibular condyle. A) collal is co-expressed with Rspo3 in the
mandibular condyle. B) higher magnification showing double expression of Coll/al and Rspo3 in the deeper layers of the

condyle. C) Higher magnification demonstrating chondrocyte expressing both Co/lal and Rspo3 in the condyle.
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Fig. 12. Diagram summarizing the cells expressing Rspo3 during zebrafish and mouse embryogenesis. In zebrafish,

rspo3 is co-expressed with irf6 in periderm and epithelium at 5 dpf. Moreover, chondrocytes are expressing both rspo3 and
sox10 at 5 dpf. In both zebrafish and mouse, perichondrium and osteoprogenitor cells are expressing rspo3 during

development. e: eye, m: Meckel’s cartilage, p: palate, s: stomodeum, t: tongue.

rspo3 knockdown during embryogenesis and rspo3 knockout results in palate and
Meckel’s cartilage dysmorphogenesis and osteogenesis defect.

Given the specific expression of rspo3 in the palate and Meckel’s cartilage regions, we
interrogated rspo3 function using anti-sense morpholino oligomer (MO) mediated protein
depletion. Dose titration was carried out and determined that 1.7 ng/nl is the lowest dose that
provided the most consistent phenotype without obvious toxicity in zebrafish embryos. Fig.
13B tabulates the percentage count of normal (blue), mild phenotype (orange), severe
phenotype (gray) and dead embryos (yellow) after injecting standard oligo (1.7 ng/nl) and

rspo3-MO (1.7 ng/nl) in embryos. At 5 dpf, we observed mild phenotype characterized with
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cardiac edema, cleft palate, and malformation in the Meckel’s cartilage, and a more severe
phenotype showing cardiac edema, small cranium, missing palate and distorted Meckel’s

cartilage (Fig. 13A). The fish with mild and severe phenotype did not survive beyond 8 dpf.
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Fig. 13. Functional analysis of rspo3 knockdown in zebrafish. A) Lateral views of Alcian blue stained embryos at 5 dpf
showing the normal, mild phenotype and sever phenotype. In addition, there is a significant disruption of palate and Meckel’s
cartilage morphology in the rspo3-MO injected phenotypes compared to standard oligo injected embryos (control). B) Bar
chart demonstrating the percentage of normal (blue), mild phenotype (orange), severe phenotype (gray) and dead embryos

(yellow) after injecting standard oligo mopholino (1.7 ng/nl) and rspo3-MO (1.7 ng/nl), assaying phenotype of embryonic

craniofacial cartilages by Alcian blue staining as show in A.

To further assess the genetic requirement of rspo3, we used CRISPR/Cas9-mediated genome
editing to generate rspo3 mutant alleles. Guide RNA targeting rspo3 gene in Exon2 was used
to generate and breed the mutant line (Fig. 14). A frameshift mutation was generated by a -20
base pair deletion, detected by microsatellite genotyping and confirmed by Sanger sequencing.
This rspo3 -20bp deletion allele (hereafter called rspo3-/-) was characterized by qRT-PCR at

6 hpf, where we observed that 7spo3 mRNA was significantly reduced in the mutant compared
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to wild type (p-value<0.05). We decided to collect embryos at 6 hpf, because it has been

reported that rspo3 mRNA is highly expressed in zebrafish embryos at this time point.**
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Fig. 14. Generation and characterization of CRISPR-Cas9 targeted rspo3 allele in zebrafish. A) Guided RNA target is
designed in rspo3 Exon2 at the indicated sequence (red) for CRISPR-Cas9 mediated gene editing. Microsatellite genotyping
presenting the wild type allele with peak size=356 bp. B) Frame shift mutation is generated with -20 base pairs micro-deletion.
Microsatellite genotyping presenting the mutant allele with peak size=336 bp. C) Characterization of rspo3-/- and wild type
by qRT-PCR at 6 hpf. The mRNA levels are significantly reduced in rspo3-/- compared to age matched wild type, likely

consequence of mRNA nonsense mediated decay *(p < 0.05). RFU: Relative fluorescence units.

To characterize the requirement of rspo3 during embryonic craniofacial morphogenesis,
Alcian blue staining was performed at 10 dpf, which showed consistent differences between
wild type and rspo3-/- mutant embryos. Lateral views of wild type and rspo3-/- mutant
zebrafish embryos are illustrated in Fig. 15A. The ceratohyal cartilage was slightly malformed

in rspo3-/- mutants as compared to age matched wild type siblings (Fig. 15A). This difference
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between gene knockdown and CRISPR knockout can be due to morpholino off-target effects
or gene compensation by other rspo family members such as rspo2 in the CRISPR-Cas
germline rspo3 -20bp deletion allele. Therefore, to test for this, 7spo2-MO was injected into
rspo3-/- single cell stage embryos, resulting in additional phenotypes including disrupted
palate and Meckel’s cartilage morphology and cardiac edema, conditions that were masked by
rspo2 gene compensation in rspo3-/- mutants (Fig. 15C,D). Knockdown upfI was reported to
reduce mRNA decay and reduce effects of genetic adaptation.'” We found similar phenotypes
in rspo3-MO embryos, and in upfI MO injected rspo3 -/- mutants (Fig. 15C,D), indicating that

transcriptional adaptation was likely not occurring in 7spo3-MO embryos.
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Fig. 15. Mutant allele of rspo3 was generated using CRISPR mediated mutagenesis. rspo3-/- mutant females were
generated to eliminated maternal contribution to embryogenesis. Mating of rspo3-/- females to rspo3+/- males produced 50%
rspo3+/- embryos, and 50% rspo3-/- progeny, all without maternal rspo3 mRNA. A) Lateral views of 10 dpf Alcian blue
stained wild type and rspo3-/- embryos. The palatal cartilage looked similar in mutant and wild-type samples. The anterior
of Meckel’s cartilage is mildly malformed in 7spo3 mutant compared to age matched wild type siblings. B) qRT-PCR showing
maternal transcript of rspo3 in wild type at one-cell stage. C) Lateral view of Alcian blue stained embryos at 5 dpf after
injecting rspo2-MO and upf1-MO in rspo3-/- embryos. We found a significant disruption of palate and Meckel’s cartilage
morphology and cardiac edema in the rspo2-MO and upfI-MO injected in rspo3 -/- compared to standard oligo injected
embryos (controls). Therefore, the phenotype presented after injecting rspo2-MO and upf1-MO in rspo3 -/- looked similar to
rspo3-MO phenotype suggesting that rspo2 compensation could be masking the rspo3-/- phenotype. D) Bar chart
demonstrating the percentage of normal (blue), phenotype (gray) and dead embryos (yellow) after injecting standard oligo
mopholino (1.7 ng/nl), rspo2-MO (1.7 ng/nl) and upf71-MO (1.7 ng/nl). We found increased percentage of phenotype in rspo3-
/- injected with rspo2-MO and upf1-MO indicating gene compensation masking the phenotype in rspo3-/-. The phenotype of

embryonic craniofacial cartilages is assayed by Alcian blue staining as show in C. WT: wild type, Scale bar: 10 um.

Rspo3 global deletion in the mouse is embryonic lethal.
At E11, the Rspo3-/- embryo is under-developed due to developmental arrest prior to E10.5
(Fig. 16).

WT Rspo3 -/-

Fig. 16. Rspo3 global deletion in the mouse is embryonic lethal. At E11, mouse embryo with Rspo3 mutation is under-

developed due to developmental arrest prior to E10.5. Scale bar: 10 pm

3 flox/flox

No phenotype was found in WntI-cre/+; Rspo mice.

In order to investigate the role of Rspo3 in neural crest cells, Rspo3 was specifically ablated

3 flox/flox

in Wntl-expressing cells. We created in Wntl-Cre/+; Rspo mice. As a control we

36



used Wntl-Crel-; Rspo3 ™. No significant differences were found in craniofacial bone and

teeth in WntI-Cre/+; Rspo3 "™ mice compared to WntI-Cre/-; Rspo3 “"™" (Fig. 17).
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Fig. 17. No differences were found between WntI-Cre/+; Rspo3 "™ and WntI-Crel-; Rspo3 ™™ A) Frontal photos of
Wntl-Cre/+; Rspo3 "% and Wnt1-Cre/-; Rspo3 *"™" showing minor differences. B) Lateral views of alizarin stained lower
jaw showing no significant differences. C) Alizarin stained skull demonstrating no differences between Wnti-Cre/-; Rspo3

YW and Watl-cre/+; Rspo3 11 wt: wild type

Canonical B-catenin mediated Wnt signaling activity is suppressed by disruption of rspo3.
To assess the role of rspo3 in B-catenin mediated Wnt signaling, rspo3-MO was injected into
single cell stage TCF/Lef:GFP and sox10:mCherry transgenic reporter line zebrafish
embryos.*” Knockdown of rspo3 caused reduction of TCF/Lef:GFP expression (Fig. 18A). We
also tested expression of wnt genes (wls, wnt5b, gpc4) in rspo3-MO morphants using WISH.
Our results show reduced wnt5b expression in rspo3-MO compared to standard oligo injected

embryos (1.7ng/nl) (Fig. 18B). On the other hand, wis and gpc4 expression was increased and
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more diffuse in 7spo3-MO in relation to control (Fig. 18B). These results indicated that rspo3

affect Wnt/B-catenin activity during zebrafish craniofacial morphogenesis.
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Fig. 18. Disruption of rspo3 affect p-catenin mediated Wnt signaling. The TCF/Lef:GFP transgenic reporter line was
previously described to label the craniofacial domain, useful to assess wnt signaling status during craniofacial morphogenesis.
At 48 hpf, the TCF/Lef:GFP signal is highly expressed in the oral pharyngeal epithelium and is visible around the stomodeum
(st). Injection of control standard MO oligo and rspo3-MO was carried out and the transgenic lines were imaged to 48 hpf,
when craniofacial morphogenesis is taking place during embryogenesis. A) Coronal section of 48 hpf zebrafish showing
reduced TCF/Lef:GFP expression in rspo3-MO injected embryos. In the control embryos, sox10:mCherry labeled neural crest
derived chondrocytes label the cartilage structures such as maxillary prominences (mxp) converging to form the palate, and
the merging mandribular prominences that form Meckel’s cartilage (m). The control was standard oligo (1.7ng/nl). B) Whole-
mount RNA in situ hybridization demonstrating wis, wnt5b and gpc4 genes expression in rspo3-MO (1.7 ng/nl) at 48 hpf. wis
and gpc4 gene expression is increased in rspo3-MO (open arrow) compared to control (solid arrow). However, wnt5b is
reduced in rspo3-MO (open arrow with asterisk) compared to wild type. The control is standard oligo (1.7ng/nl). Scale bar:

25 pm.

rspo3 is expressed in dental progenitor cells.

In addition to examining Rspo3 requirement in osteogenesis and morphogenesis of craniofacial
bones, we also investigated Rspo3 requirement in tooth formation. We observed co-
localization of rspo3 and collal (odontoblast marker) transcripts in odontoblasts and the crypt
epithelium that surround the tooth in zebrafish. Further, 7spo3 is more broadly and diffusely

expressed in the dental pulp of the tooth structure in zebrafish (Fig. 19A,B,C). Interestingly,
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whereas collal is expressed in all zebrafish teeth, the expression of rspo3 was restricted to
replacement teeth, characterized by coalesced odontoblast progenitor cells present in the center
of the tooth pulp, and not in differentiated odontoblasts lining the inner dentin surface (Fig.
19A). Furthermore, B-catenin is active in odontoblasts, surrounding the pulp and crypt

epithelium in zebrafish f-catenin immunohistochemistry (Fig. 19D).

DAPI+

B-cg}en|n

>y

Fig. 19. rspo3 expression in zebrafish dental structure. RNAscope gene expression analysis of rspo3 and collal in coronal
and sagittal sections of adult zebrafish (180 dpf), focusing on dental structures. The H&E staining in A,B,C and D are different
sections than the RNAscope sections. A) rspo3 is more diffusely expressed in the epithelial crypt (solid arrow) and in the
odontoblasts (open arrow), but labels some but not all the teeth (asterisks placed over each tooth pulp). In contrast, and collal
transcripts are detected at high levels in odontoblasts (open arrow) and surrounding epithelial crypt (solid arrow) of all teeth.
Interestingly, there is also a progression of which teeth have odontoblasts where the pulp has acquired decreased volume, as
the tooth matures. The teeth lower in the panel (red asterisks) have large pulp and represent replacement teeth that are just

erupting, vs. the functional teeth where the odontoblasts surround a tooth with small pulp size. Correlating this pattern to rspo3
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expression, it appears that rspo3 labels replacement teeth pulp and odontoblasts whereas co/lal labels odontoblasts in all
teeth. B) Higher magnification of single tooth cross-section indicating localized transcripts of co/l/al in odontoblasts (open
arrow) and in the epithelium (solid arrow) around the tooth (pulp marked with asterisk). In contrast, rspo3 is more broadly
expressed in dental pulp, odontoblasts (open arrow) and epithelial crypt surrounding the tooth (solid arrow). C) Sagittal section
of teeth structure demonstrating rspo3 and collal share expression in odontoblasts. However, rspo3 has a broader and more
diffuse expression that also includes the pulp cells (asterisk). Scale bar: 25 um D) Detection of -catenin activity using -
catenin immunohistochemistry in sagittal section of tooth structure. B-catenin is active in odontoblasts (open arrow),

surrounding the pulp (asterisk) and crypt epithelium (solid arrow). Scale bar: 10 pm

Consistent with zebrafish results, Rspo3 and Collal (odontoblast marker) are co-
expressed in odontoblasts in the lower incisor and molars of mice at P7. Moreover, Rspo3 is
also more diffusely expressed in ameloblasts, dental pulp and alveolar bone (Fig. 20A,B,C). A
summary of zebrafish teeth gene expression and the contribution of 7spo3 in bone and dental

morphogenesis is shown in Fig. 21.

A H&E DAPI+ DAP|+

Fig. 20. Mouse teeth rspo3 expression is similar to zebrafish teeth results. The H&E staining in A,B and C are different
sections than the RNAscope sections. A) Rspo3 and Collal are co-expressed in the odontoblasts in the lower incisor in mouse.
B) Higher magnification of lower incisor cross-section showing Collal transcripts in odontoblasts (open arrow) and Rspo3 is

also expressed in odontoblasts (solid arrow). C) lower molar cross-section demonstrating co-expression of Rspo3 and Collal
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in odontoblasts (open arrow). In addition, Rspo3 is expressed in the pulp (solid arrow) ameloblast (open arrow with asterisk)

and alveolar bone (solid arrow with asterisk). Scale bar: 25 um
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Fig. 21. Summary figure showing zebrafish dental gene expression and the role of rspo3 in bone and teeth
morphogenesis. A) Dental cross-sections are showing rspo3 (gray) labels only replacement teeth pulp and odontoblast
whereas collal (yellow) labels replacement and functional teeth odontoblasts in zebrafish. B) An important finding of this

study is that Rspo3 contribute to bone and dental morphogenesis.

Rspo3-/- zebrafish embryos exhibit reduced chondrogenesis maturation, and adults
have decreased body length and midface deficiency.

To assess embryonic ossification initiation, whole mount Alizarin red staining was carried
out at 10 dpf. We observed reduced ossification of maxillary, dentary, anguloarticular and
ceraohyal bones in 7spo3-/- mutants as compared to age matched wild type siblings (Fig.
22B). Moreover, whole mount Alcian and Alizarin staining showed absence of dentary bone

ossification and malformed dentary cartilage in rspo3-/- mutants zebrafish at 7-9 dpf as
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compared to wild type aged matched siblings (Fig. 22C). Interestingly, we also observed

increased osteoclast activity in »spo3-/- mutants as revealed using TRAP staining (Fig. 23).

rspo3 -/-

WT

rspo3 -/-

Fig. 22. Reduced ossification in rspe3 mutants compared to wild type. Alizarin staining of 10 dpf embryo showing
differences in craniofacial ossification in rspo3 mutant in relation to wild type. A) Diagram of ventral view of 10 dpf embryo,
with key cartilaginous elements labeled and color coded. B) Ventral views of Alizarin stained embryos at 10 dpf showing
absence of maxilla (dotted outline), dentary bone ossification in the rspo3-/- mutant in relation to wild type fish.

Abbreviations: aa: anguloarticular, d: dentary, m: maxilla, p: parashenoid. Scale bar: 10 um. C) Ventral view of whole mount
Alcian and Alizarin staining of 7-9 dpf zebrafish rspo3-/- mutants showing absences of dentary bone ossification and

malformed dentary bone cartilage compared to wild type aged matched siblings. Scale bar: 25 pm.
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Fig. 23. Increased osteoclast activity areas in rspo3 mutants. A) Significantly greater total TRAP positive areas in rspo3-
/- mutants compared to wild type at 21 dpf. (¥*p < 0.05). B) Lateral view of 14 dpf showing increase osteoclast activity (red
stain in the black dotted box) in rspo3 mutant compared to aged matched wild type. At 21 dpf, more areas of osteoclast
activity in the dentary, hypomandibular, pharyngeal teeth and jaws (solid arrow) were observed in rspo3-/- compared to wild

type. Scale bar: 10 um.

As the rspo3-/- mutant zebrafish matured, we observed midface hypoplasia in adult zebrafish
(180 dpf) in which supraethmoid and nasal bones were deficient (Fig. 24A). Statistically
significant differences in body length (measured from the mouth opening to the base of the
tail) were observed between wild type and rspo3-/- suggesting the importance of rspo3 in total
body growth (Fig. 24B). Furthermore, our data showed a significant decrease in parasphenoid
and anguloarticular bone volume in rspo3-/- compared to age matched wild type siblings (Fig.
24C,D). Moreover, pronounced forehead and midface hypoplasia were noticed in the mutant.
Therefore, we performed a quantitative analysis measuring the angle formed by the
parasphenoid line and a line tangent to frontal bone in order to confirm the phenotype of frontal
bossing. No statistically significant differences were found in rspo3-/- animal compared to
wild type. On the other hand, midface deficiency was measured using the linear measurement
from nasal bone to a line tangent to the frontal bone and dentary. Quantitative analysis showed

statistically significant differences in the linear measurements between rspo3-/- and wild type
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samples, indicating the presence of midface deficiency in the rspo3-/- mutant (Fig.
24E,F,G,H). Bone mineral density was also measured, but was not significantly different

between rspo3-/- and aged matched wild type siblings.
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Fig. 24. Decreased body length and midface deficiency in rspo3 mutants. A) Lateral images of rspo3-/- and wild type fish
showing midface depression in rspo3-/- (solid arrow) in which the supracthmoid and nasal bones are deficient compared to
wild type (open arrow). B) Bar chart showing statistically significant differences between wild type and rspo3 -/- body length
(measured from the tip of mouth opening to the base of the tail) using Student’s t-test indicating rspo3 importance in body

growth (*p < 0.05). C) H&E staining of sagittal section of adult fish (6 months old) demonstrating the bony landmarks; d:
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dentary, m: maxilla, olf: olfactory, p: parashenoid, pm: premaxilla, q: quadrate. D) Oblique micro-CT image of rspo3-/- and
wild type fish demonstrating color coded bone elements. E) Bar chart demonstrating the bone volume in the head and bone
elements in rspo3-/- and wild type fish. Statistically significant difference was found in parasphenoid and anguloarticular bone
volume which is less in rspo3-/- compared to wild type fish. Abbreviations: aa: anguloarticular, d: dentary, m: maxilla, p:
parasphenoid, pm: premaxilla. Scale bar: 10 pm. F) 2D cephalometric analysis obtained from micro-CT of rspo3-/- and wild
type fish. The angle formed by parasphenoid line and a line tangent to frontal bone identified frontal bossing, with increased
angle in rspo3-/- compared to wild type. G) Diagram of lateral view of adult zebrafish showing the angular measurement. Bar
chart showing no statistical differences in the angular measurement between rspo3-/- and wild type. H) 2D cephalometric
analysis of rspo3-/- and wild type fish. The distance between nasal bone and a line drawn between dentary and frontal bone
landmarks were measured in order to quantify midface depression in rspo3-/-. I) Diagram of lateral view of adult zebrafish
showing the linear measurement from nasal bone to a line tangent to the frontal bone and dentary. The linear measurement
value was significantly greater in rspo3-/- mutants than in wild type indicating the presence of midface hypoplasia (*p <0.05).
J) Alizarin staining of aged matched adult zebrafish (180 dpf) showed similar findings to the micro-Ct results. We found
deficient midface in rspo3-/- (solid arrow) compared to wild type (open arrow). WT: wild type. Scale bar: 10 pm. K) Bar chart
demonstrating the bone mineral density levels in the head and bone elements between rspo3-/- and wild type fish. No statistical

significant difference was found in bone mineral density between rspo3-/- and wild type fish. BMD: bone mineral density.

rspo3 is required for tooth morphogenesis.

Analysis of dental morphology using micro-CT illustrated decreased tooth number and
malalignment in rspo3-/- mutant zebrafish at 180 dpf, as compared to wild type aged matched
siblings (Fig. 25A). In addition, whole mount Alizarin red staining showed malformed teeth at
7-9 dpf in the rspo3-/- mutant as compared to wild type siblings (Fig. 8B). At 180 dpf, we
observed larger pulp and blunted tooth tips in the rspo3-/- mutant as compared to wild type
siblings (Fig. 8B). Attached tooth number was significantly reduced in adult zebrafish rspo3-

/- mutants as compared to wild type aged matched siblings, on both left and right pharyngeal
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arches (Fig. 8C). These results underscore the importance of rspo3 in dental development.
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Fig. 25. Micro-CT imaging and Alizarin staining of adult zebrafish teeth (6 months old). A) Micro-CT reveals that the
adult rspo3-/- animals exhibit hypodontia with several sockets missing teeth, the teeth that are present have longer crown and
are malaligned compared to wild type. B) Alizarin red staining showing rspo3-/- mutant and wild type zebrafish teeth at three
time points. At 7 dpf and 9 dpf, we observed malformed tooth (open arrow, dotted line), suggesting the hypodontia in rspo3-
/- mutant zebrafish may be due to malformed and weaker tooth formation that leads to eventual tooth loss. At 180 dpf, staining
revealed that the rspo3-/- mutant animals have blunted teeth tip (solid arrows) as compared to controls. Scale bar: 10 um. C)
Bar chart demonstrating the differences in teeth number between wild type and rspo3-/-. The Student’s t-test showed

statistically significant difference in teeth number between wild type and rspo3-/~ in both sides (*p < 0.05).

Reduced odontoblast expression in rspo3-/- compared to wild type.

The decreased tooth number in rspo3-/- may be due to impaired tooth formation (Fig. 26).
Therefore, RNAscope was performed to investigate odontoblasts in rspo3-/- compared to wild
type fish. Our data showed less collal (odontoblast marker) in 7spo3-/~- compared to wild type

fish (Fig. 26). Taken together, impairment of rspo3 results in reduced odontoblast expression
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which in turn affects dentin formation, making them more prone to rapid wear, breakage and

tooth loss.

Merge
B g

Fig. 26. CRISPR rspo3 mutant zebrafish showed less dentin compared to wild type. The H&E staining in A is different
section than the RNAscope sections. B) collal (odontoblast marker) is expressed in the odontoblasts in wild type zebrafish.

C) rspo3-/- zebrafish showed less collal expression indicating less dentin formation. Scale bar: 15 pm
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Discussion

Orofacial clefts are one of the most common congenital birth anomalies in humans,
affecting 1 in 700 live births.'* IRF6 plays a major role in cleft pathogenesis, accounting for
approximately 12%.%*** This study is based on the observation that rspo3 was identified as a
target gene for irf6. Our data demonstrated genetic and functional interaction between irf6 and
rspo3. Here, we analyzed Rspo3 gene expression and function in craniofacial and dental
morphogenesis, in zebrafish and mouse models. We showed that in zebrafish and mouse,
Rspo3 is expressed in perichondrial cells, but also at lower levels in Runx2 positive
osteoprogenitors in embryonic palate and Meckel’s cartilage. In zebrafish teeth, rspo3 is
expressed in newly replacement teeth, and is broadly expressed in the pulp, odontoblasts, and
crypt epithelium. In agreement with zebrafish teeth expression, Rspo3 is expressed in
odontoblasts, ameloblasts, pulp and alveolar bone in mouse lower incisor and molars. Gene
knockdown of rspo3 in the TCF/Lef:GFP reporter line confirmed that rspo3 potentiates Wnt/[3-
catenin signaling in craniofacial bones. Analysis of rspo3-/- mutant embryos show that rspo3
is required for initiation of osteogenesis in the maxilla, dentary bones, maintenance of bone
density, and for adult teeth formation. Loss of 7spo3 resulted in delayed osteogenic initiation,
exuberant osteoclast activity, midface hypoplasia, elongated dentary bone and reduced
numbers of attached teeth in adult zebrafish, and dental malformation characterized by tooth
crown tip blunting. These gene expression results and phenotypes are consistent with rspo3
functioning in a progenitor cell population that is important for initiation craniofacial

osteogenesis, formation and maintenance of bone and teeth.
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Our data illustrated genetic and functional interaction between irf6 and rspo3. The
expression of rspo3 was rescued by irf6 mRNA injection into null irf6 embryos, which
indicates transcriptional activation of 7spo3 by irf6 transcription.

In this study, we used RNAscope technology with a unique probe design that allows
detection of mRNA by amplification of the signal and background suppression that leads to
improved specificity.” We showed that high resolution gene expression analysis using
RNAscope provided greater resolution in the case of cell types that are difficult to evaluate
using whole mount approaches (compare Fig. 8 and Fig. 9). Since we hypothesized that irf6
regulates rspo3, we expected that expression of these genes overlap during craniofacial
development. At 24 hpf, co-expression of irf6 and rspo3 was detected in the zebrafish
forebrain. Interestingly, neural crest cells in the forebrain have been reported to migrate and
form oral epithelium.’ This could suggest that irf6 and rspo3 contribute to the formation of
oral epithelium later during development. We also found co-localization of Irf6 and Rspo3
transcripts in the first pharyngeal arch in zebrafish and mouse models. As mentioned earlier,
the early pharyngeal arch patterning is conserved across vertebrates. In addition, the first
pharyngeal arch contributes to the maxillary prominence that forms the lips and secondary
palate, and the mandibular prominence the forms the lower jaw.’ Therefore, Irf6 and Rspo3
play a role in craniofacial morphogenesis.

Using RNAscope, we were able to detect 7spo3 transcripts in cells that surround sox 0
expressing cells in palate trabeculae and in Meckel’s cartilage. Moreover, rspo3 is co-
expressed with Collal (perichondrium marker) and Runx2? (osteoprogenitor marker) in
zebrafish and mice (Fig. 10). Similarly, a human genetic study has reported the involvement

of Rspo3 in bone mineral density and bone fractures.”’ Furthermore, RSPO3 was reported to
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regulate osteoblastic differentiation.'®' In addition, human RSPO3 was identified as a candidate
gene for cleft lip/palate and dental anomalies, consistent with its role in skeletal development
in human adipose-derived stem cells.”® Taken together, this and other studies corroborate the
conclusion that Rspo3 has conserved functions in the development of craniofacial bone and
tooth structures across vertebrates.

Our findings are consistent with a previous study showing the same expression pattern
of rspo3 at the indicated embryonic stages using whole-mount in situ hybridization.”’
Knockdown of rspo3 in zebrafish developed cardiac edema, small cranium, cleft palate and
impaired lower jaw development. Similarly, Xenopus embryos with rspo3 knockdown
displayed cardiac edema due to vascular defects and small head cartilage.®® In conjunction with
previous studies®”, our data showed that Rspo3 mutant mice at E10.5 die due to placental and
vascular defects (Fig. 16). These results support the indications of our study that rspo3 has a
developmental role.

Our study included preliminary gene expression and knockdown studies to determine
whether rspo3 is expressed and functions in craniofacial cells. The specific expression of rspo3
in the palate and Meckel’s cartilage, and significant dysmorphology as a consequence of rspo3
knockdown encouraged us to pursue a more detailed analysis (Fig. 15A). It is important to
point out that the rspo3-/- embryonic phenotype is less severe than that observed with rspo3-
MO knockdown (compare Fig. 13A and Fig. 15A). This difference in embryonic phenotype
may be due to morpholino off-target effects making the morphant phenotype more severe, or
gene compensation by other rspo family members, such as rspo2, in the CRISPR-Cas9
germline 7spo3 -20bp deletion allele. Similar to our findings, a recent article reported

phenotypic differences between zebrafish knockouts and knockdowns, and proposed genetic
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compensation in the knockouts but not in knockdown animals as a reason for the phenotypic

. 102
differences.

In addition, rspo2-MO was injected in rspo3-/- and we observed a
morphological phenotype characterized by a disrupted palate and Meckel’s cartilage
morphology and cardiac edema that could be masked by rspo2 gene compensation (Fig. 15C).
A previous study reported that knockdown of upfl in mutants lead to reduction of mRNA

decay and thereafter loss of genetic adaptation.'*

For this reason, we also injected upf1-MO
in rspo3-/- fish to eliminate transcriptional adaptation. Taken together, we found that the
phenotype presented after injecting 7spo2-MO and upf1-MO in rspo3 -/- fish looked similar to
the »spo3-MO phenotype, suggesting that rspo2 compensation could be masking the rspo3-/-
phenotype (Fig. 15C,D).

Another important finding is that rspo3 regulates Wnt/B-catenin signaling during
zebrafish development. Knockdown of rspo3 decreased Wnt reporter activity in the ventral
embryonic epithelium, which in turn leads to embryonic cartilage malformations. Consistent
with our results, previous studies have reported that rspo3 amplifies the Wnt/B-catenin
pathway.”"'**'%* On the other hand, previous study also showed that rspo3 knockdown leads
to increased Wnt reporter signaling, indicating an inhibitory role for 7spo3 in the Wnt/p-catenin

>719% Moreover, we investigated genetic interaction between rspo3 and wnt genes

pathway.
such as wis, wnt5b and gpc4. We found that wis and gpc4 expressions are induced in rspo3-
MO fish, whereas wnt5b expression is reduced in rspo3-MO animals. Therefore, our results
indicate that rspo3 has an important role in the Wnt/B-catenin pathway and Wnt genes
functions.

This study also identified a key requirement for rspo3 in regulating tooth development.

Zebrafish teeth are continuously replaced through life, where the regenerative process is
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analogous to human adult tooth replacement of a deciduous, baby tooth and to continuously

788281 We found rspo3 gene expression in dental pulp and

growing incisors in mice.
odontoblasts in zebrafish and mice. This may suggest its involvement in the regulation of tooth
development and dentinogenesis. Importantly, rspo3 is preferentially detected in replacement
teeth and absent in more mature teeth in zebrafish. Moreover, adult rspo3-/- zebrafish had
decreased tooth number, abnormal morphology and abnormal orientation of teeth were
abnormal compared to aged-matched wild type fish. Impairment of »spo3 results in odontoblast
reduction and deficient dentin formation, as shown in Fig. 26; this in turn affects dentin
formation, making them more prone to rapid wear, breakage and tooth loss. Consistent with a
previous report'®®, B-catenin is expressed in odontoblasts, cells that constitute the epithelial
crypt, inner and outer epithelium. Thus, Wnt/B-catenin signaling is important in tooth
morphogenesis, and rspo3 disruption inhibits dental development.’

As adults, rspo3-/- zebrafish developed midface hypoplasia, frontal bossing and
reduction in tooth number and abnormal morphology compared to age-matched wild types
zebrafish. Since our data showed co-expression of 7spo3 and collal in the perichondrium of
Meckel’s cartilage, the periosteum and the mandibular condyle during embryogenesis, these
two genes could be functionally associated. Previous studies reported that patients with
osteogenesis imperfecta caused by mutations in COLIAI, have frontal bossing, midface

hypoplasia and dentinogenesis imperfecta.”®”

Future studies to investigate rspo3 molecular
mechanism and its interaction with Wnt genes in regulating dental and bone development are

recommended.
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The clinical implication:

Orofacial cleft pathogenesis may be the result of a genetic predispositions influenced
by environmental factors. /RF6 is one of the most important genes implicated in orofacial
clefts, in Van der Woude syndrome as well as non-syndromic orofacial cleft (OFC). We
identified Rspo3 as a transcriptional target of /rf6. We hypothesized that since IRF6 is a key
gene in regulating craniofacial development, investigations of Rspo3 functions in the /rf6
regulatory pathway provided additional mechanistic insights into the understand clinically
relevant craniofacial biology that underlies OFC pathogenesis. Since Rspo3 is a membrane
protein®, it is an efficient target for potential therapeutic drugs aimed at mitigating cleft lip
and palate prenatally. Indeed, identification of Irf6 targets is likely to result in improved

prevention, treatment and prognosis of individuals with CL/P.

Limitation of the study:

In conjunction with previous studies”, our data showed that Rspo3 mutant mice at
E10.5 die due to placental and vascular defects (Fig. 15). For this reason, we used conditional
genetic mutations to identify the role of Rspo3 in mice beyond E10.5. To identify neural crest-
derived cell population, we crossed Wntl-Cre mice with Rspo3"™* mice (Fig. 17). However,

no phenotype was seen in Wntl-Cre/+;Rspo3"/"*

mice. Although Wntl-Cre-recombinase is
highly efficient and results in ablation of approximately 96% of neural crest cells, this could
be because Wnt! is not expressed in migratory neural crest cells.'”” ' Also, after neural crest

19711 Therefore, it is difficult

delamination from the neural tube, Wnt activity decreases rapidly.
to investigate epithelial-to-mesenchymal transition or migration of neural crest cells using the

Wntl-Cre mouse line.'!!
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Another limitation in this study is the non-successful characterization of rspo3-/- in
zebrafish using western blot analysis. This might be due to low affinity of antibody to rspo3
protein. In addition, wrong concentration of antibody could be the possible cause of Western
analysis failure. Finally, antigen related problems such as not enough antigen loaded on the gel
could be the cause. However, we have sequenced the rspo3-/- and found a frame shift and the

introduction of premature stop codon.
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Conclusions

Based on our data’s findings, the following conclusions can be drawn:

e We discovered that rspo3 genetically and functionally interact with irf6 during
craniofacial development.

e Rspo3 is expressed in perichondrial cells that are juxtaposed to the oral epithelium and
cartilage structures, chondrocytes, osteoprogenitor cells and oral epithelium.

e We show that rspo3 function is required in a non-cell autonomous way to regulate
osteogenesis of the chondrogenic cells, and that rspo3 is also required for bone
homeostasis.

e Canonical B-catenin mediated Wnt signaling activity is influenced by disruption of
rspo3 and our data showed genetic interaction between rspo3 with Wnt genes such as

wls, wnt5b and gpc4. Our study main findings are shown in Fig. 27.
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Hypodontia is observed rspo3 is expressed in perichondrium
in rspo3 knockout zebrafish and osteoprognitor

WT repal -

rspo3 mutation causes
skeletal defect

Fig 27. Summary of the study findings. Rspo3 is regulated by /rf6 during embryonic development. Also, Rspo3 is
expressed in perichondrium and osteoprogenitor cells. Adult zebrafish showed a skeletal phenotype characterized by

midface hypoplasia. In addition, Adult zebrafish with rspo3 knockout have less teeth compared to wild type.
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