
1

Vol.:(0123456789)

Scientific Reports |         (2021) 11:5871  | https://doi.org/10.1038/s41598-021-85415-y

www.nature.com/scientificreports

Synergistic roles of Wnt modulators 
R‑spondin2 and R‑spondin3 
in craniofacial morphogenesis 
and dental development
Nora Alhazmi1,9, Shannon H. Carroll2,3,4,9, Kenta Kawasaki2,3, Katherine C. Woronowicz5,6, 
Shawn A. Hallett2,4, Claudio Macias Trevino2,4, Edward B. Li2,4, Roland Baron1,4, 
Francesca Gori1, Pamela C. Yelick7, Matthew P. Harris5,6 & Eric C. Liao2,3,4,8*

Wnt signaling plays a critical role in craniofacial patterning, as well as tooth and bone development. 
Rspo2 and Rspo3 are key regulators of Wnt signaling. However, their coordinated function and relative 
requirement in craniofacial development and odontogensis are poorly understood. We showed that 
in zebrafish rspo2 and rspo3 are both expressed in osteoprogenitors in the embryonic craniofacial 
skeleton. This is in contrast to mouse development, where Rspo3 is expressed in osteoprogenitors 
while Rspo2 expression is not observed. In zebrafish, rspo2 and rspo3 are broadly expressed in the 
pulp, odontoblasts and epithelial crypts. However, in the developing molars of the mouse, Rspo3 is 
largely expressed in the dental follicle and alveolar mesenchyme while Rspo2 expression is restricted 
to the tooth germ. While Rspo3 ablation in the mouse is embryonic lethal, zebrafish rspo3-/- mutants 
are viable with modest decrease in Meckel’s cartilage rostral length. However, compound disruption of 
rspo3 and rspo2 revealed synergistic roles of these genes in cartilage morphogenesis, fin development, 
and pharyngeal tooth development. Adult rspo3−/− zebrafish mutants exhibit a dysmorphic cranial 
skeleton and decreased average tooth number. This study highlights the differential functions of 
Rspo2 and Rspo3 in dentocranial morphogenesis in zebrafish and in mouse.

The Wnt signaling pathway plays a major role in skeletal patterning and differentiation during embryonic devel-
opment, and in maintaining postnatal bone  homeostasis1–3. Impairment and potentiation of Wnt signaling affects 
overall bone mass and  density1–3. Canonical β-catenin mediated Wnt signaling directly regulates osteoblast 
differentiation and activity and likely has indirect effects on osteoclasts during bone  metabolism4. Moreover, a 
study reported the direct negative influence of canonical Wnt/β-catenin signaling on osteoclast development 
using in vitro cell models and in vivo mouse  studies5. During embryogenesis, canonical Wnt/β-catenin signal-
ing is highly active in the first pharyngeal arch as well as in multiple craniofacial regions in mouse, chicken and 
 zebrafish6–8. 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  development9. In addition, Wnt 
signaling plays a role in mediating regional specification in the vertebrate  face7. The 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.

Human genome wide association studies revealed many regulators of canonical Wnt signaling that are 
involved in regulating bone  metabolism10,11. The R-spondin (Rspo) family of secreted proteins includes four 
members (Rspo1-4) in the thrombospondin type 1 repeat (TSR1)-containing protein superfamily that have been 
shown to potentiate the canonical Wnt/β-catenin  pathway12,13. RSPO proteins modulate Wnt signaling through 
interactions with the LGR4-6 receptors, leading to stabilization of Frizzled and LRP5/6 at the cell membrane, 
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and through regulation of the ubiquitin ligases ZNFR3 and RNF43 that degrade Frizzled  receptors13,14. Rspo2 and 
Rspo3 also have been shown to augment Wnt/β-catenin signaling independent of LGRs by binding to heparin 
sulfate  proteoglycans15. Rspo genes are essential for normal development and have been shown to regulate skeletal 
patterning during  development16. In particular, Rspo2 has been shown to be essential for limb  patterning17. Addi-
tionally, several GWAS conducted in humans have associated RSPO2 and RSPO3 with bone mineral  density10,18.

Rspo3 was identified as a candidate gene that contributes to cleft lip/palate and dental  anomalies19. Rspo3 was 
also reported to have a critical role in mouse placental  development17. However, since mouse embryos lacking 
Rspo3 function die at E10.5 due to placenta and vascular defects, this precluded analysis of its role during later 
embryonic  development17. Conditional ablation of the Rspo3 in limb mesenchymal cells caused modest delay in 
limb growth during  development20. Rspo3 and Rspo2 double mutant mice however developed severe hindlimb 
truncations, suggesting a redundant function of these  genes20. The function of Rspo3 during craniofacial mor-
phogenesis has yet to be  defined21.

Wnt/β-catenin pathway also plays a critical role in tooth development and can affect craniofacial development 
more  broadly22,23. Tooth formation initiates from the interactions between the dental epithelial layer and the 
underlying  mesenchyme24,25. Mice have a single set of dentition (monophyodont) that consists of continuously 
erupting incisors, and three molars in single row on both sides of the upper and lower jaws that do not exhibit 
continuous growth or  replacement26,27. The zebrafish dentition is more numerous, unlike in the mouse, zebrafish 
teeth exhibit continuous replacement throughout life (polyphyodont)28. Despite these differences, the molecular 
and cellular mechanisms regulating tooth development are highly conserved between zebrafish and  mammals28. 
Therefore, studies in zebrafish can provide novel insights into the regulation of craniofacial structures that can 
complement the mouse.

Here, we focused on the roles of Rspo2 and Rspo3 in regulating dental and craniofacial development. We 
utilized RNAscope probes to gain high resolution images of Rspo2 and Rspo3 gene expression in zebrafish and 
mouse. We examined the genetic requirement of rspo2 and rspo3 in zebrafish development, using complementary 
CRISPR/Cas9-mediated targeted mutagenesis. Using these approaches, we revealed roles for rspo2 and rspo3 in 
tooth development and in morphogenesis of the craniofacial complex.

Results
Rspo2 and Rspo3 are expressed in the craniofacial complex and in the perichondrium and 
osteoprogenitor cells during zebrafish craniofacial morphogenesis. Gene expression patterns of 
rspo2 and rspo3 during zebrafish embryogenesis were delineated by whole-mount RNA in situ hybridization 
(WISH). rspo2 and rspo3 transcripts were detected in the brain, otic vesicle, and endodermal pouches at 24 h 
post-fertilization (hpf) and as well as in regions consistent with the ethmoid plate and Meckel’s cartilage at 48 hpf 
(Fig. 1A). Using RNAscope in situ hybridization, we identified diffuse rspo3 transcript expression throughout 
the mesenchyme with concentrated expression in cells that circumscribe the pre-cartilage mesenchyme (48 hpf) 
and the paired trabeculae, ethmoid plate, and Meckel’s cartilage at 5 days post-fertilization (dpf) (Fig. 1B). We 
also detected rspo3 expression within ethmoid plate chondrocytes at 5 dpf (Fig. 1B). rspo2 expression generally 
overlapped with rspo3 at both developmental timepoints.

Expression of rspo3 is similar in mouse and zebrafish, however rspo2 expression is distinct. To 
test the conservation of Rspo2 and Rspo3 expression between vertebrates, we analyzed expression in mouse 
embryos with RNAscope in situ hybridization and immunofluorescence. At E13.5 we detected Rspo3 expression 
in regions consistent with osteogenesis, including the developing mandible. We found cellular co-localization 
of Rspo3, Col1a1 mRNA and Runx2 protein, indicating a potential role in osteogenesis (Fig. 2A). In the E15.5 
mouse embryo, Rspo3 transcripts were detected widely throughout the mesenchyme as well as within Meckel’s 
cartilage (Fig. 2B). Rspo3 expression was also detected within Runx2 positive, presumptive osteoprogenitor cells 
(Fig. 2B). In contrast to gene expression results in zebrafish, we did not detect Rspo2 expression in the mesen-
chyme of mouse embryos or associated with cartilage elements. Instead, within the developing mandible, Rspo2 
expression was restricted to developing teeth (Fig. 2C). Unlike in zebrafish where rspo2 and rspo3 expression 
largely overlap, in the mouse transcripts of Rspo2 and Rspo3 appear to be anatomically distinct (Fig. 2).

rspo2 and rspo3 are differentially expressed within zebrafish dental structures. Given the 
expression of Rspo2 and Rspo3 in developing mouse teeth, we examined the gene expression of rspo2 and rspo3 
within and surrounding the tooth structure in zebrafish. rspo3 gene expression was detected at low levels dif-
fusely throughout the dental pulp and the surrounding mesenchyme (Fig. 3). In contrast, high levels of rspo2 
gene expression were detected in the enamel epithelium (Fig. 3). Furthermore, rspo3 gene expression was highest 
within odontoblasts of regenerating teeth (Fig.3).

Combined disruption of rspo2 and rspo3 resulted in cartilage dysmorphogenesis. Given the 
specific expression of rspo3 in early palate and in Meckel’s cartilage development, we used CRISPR/Cas9-medi-
ated genome editing to generate rspo3 mutant alleles. Guide RNAs targeting the rspo3 gene in exon2 were used 
to create a rspo3 mutant germline allele (Fig. S1A). A frame shift mutation was generated by introducing a − 20 
bp gene deletion, as detected by microsatellite genotyping and confirmed by Sanger sequencing (Fig. S1B). The 
efficiency of this rspo3–20 bp deletion allele (hereafter called rspo3−/−) was assessed by qRT-PCR at 6 hpf, where 
we observed that rspo3 mRNA was significantly reduced by sixfold in the mutant compared as compared to wild-
type clutch-mates (p < 0.05; Fig. S1C).

To characterize requirements for rspo3 during early craniofacial morphogenesis, Alcian blue cartilage staining 
was performed at 5 dpf. The effects of rspo3 disruption on larval cartilage skeleton were found to be subtle. As 
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rspo2 is known to also function in regulating Wnt signaling and has overlapping expression in the zebrafish, we 
hypothesized that rspo2 action may be compensating for rspo3 germline disruption. Therefore, to determine the 
combined requirement of rspo2 and rspo3, we targeted rspo2 by injection of multiple gRNA into rspo3 homozy-
gous embryos (Fig. 4A), commonly referred to as a crispant and denoted here as rspo2Δ29. Embryos generated 
from rspo3+/− in-crossed zebrafish were either raised for analysis of the single mutant or were injected at the 
1-cell stage with gRNAs targeting rspo2 (rspo2Δ). The resulting larvae were stained at 9 dpf with Alcian blue and 
Alizarin Red S. Following imaging and phenotyping, individual larvae were genotyped. We identified a subset 
of zebrafish with disrupted pectoral fin development where either the fin was partially formed or was absent 
(Fig. 4B). We found that rspo2 was required for pectoral fin development, and that haploinsufficiency of rspo3 
exacerbated the loss of pectoral fin formation (Fig. 4B,C).

Figure 1.  High resolution gene expression analysis detected dynamic spatiotemporal localization of rspo2 and 
rspo3 transcripts in zebrafish cranial mesenchyme. (A) Whole-mount RNA in situ hybridization detected rspo2 
and rspo3 transcripts in the midbrain (mb), forebrain (f), otic vesicle (o), and Meckel’s cartilage (arrowhead) at 
24 and 48 hpf in lateral and dorsal views. Transcript of rspo3 was additionally detected at 24 and 48 hpf in the 
forebrain (f) and at 48 hpf in the ethmoid plate (open arrowhead). Scale bar: 100 um. (B) Maximum projections 
of z-stacks of coronal sections of zebrafish embryos, section in plane with eyes. Labeled schematic at left. At 
48 hpf, rspo2 and rspo3 transcripts were highly co-localized in the mesenchyme surrounding the condensing 
trabeculae cartilage mesenchyme, marked by runx2a expression. rspo2 is also detected within the condensing 
mesenchyme at this timepoint. At 5 dpf rspo2 and rspo3 continue to be co-expressed in mesenchyme and 
perichondrium surrounding cartilage elements, specifically the ethmoid plate and Meckel’s cartilage. Rspo3 
expression is particularly high in runx2a expressing osteogenic precursor cells associated with Meckel’s cartilage, 
as well as where the palatoquadrate meets the ethmoid plate (white arrowhead). Abbreviations: e: eye, o: 
olfactory organ, s: stomodeum, t: trabeculae. Scale bar: 100 μm.



4

Vol:.(1234567890)

Scientific Reports |         (2021) 11:5871  | https://doi.org/10.1038/s41598-021-85415-y

www.nature.com/scientificreports/

In addition to altered fin development, we identified a subset of zebrafish with altered craniofacial morphol-
ogy affecting the lower jaw. We found that rspo2Δ, rspo3+/− and rspo3−/−; rspo2Δ larvae displayed a significantly 
reduced angle where the palatoquadrate meets Meckel’s cartilage (Fig. 4B,D).

Figure 2.  RNAscope gene expression analysis of Rspo2 and Rspo3 in mouse embryos. Coronal sections 
of wild-type mouse embryos at E13.5 and E15.5. Labeled schematic at left. (A) RNAscope revealed diffuse 
expression of Rspo3 throughout the cranial mesenchyme at E13.5. Col1a1 in situ hybridization and Runx2 
immunofluorescence were used to identify osteogenic precursor cells and Rspo3 expression was detected within 
these cells. Of particular note is Rspo3 expression within Meckel’s cartilage (m) and the developing mandible 
(arrow; mn). (B) At E15.5, Rspo3 expression is detected diffusely thorough the mesenchyme, including in 
Meckel’s cartilage (m) and within osteogenic precursor cells (co-expressed with Runx2). Rspo2 expression is 
isolated to discrete cells within the developing tooth germ (tg). (B’) Higher magnification images (boxes depict 
location) of Rspo3 and Runx2 co-expression. (C) Within the developing molar at E15.5, Rspo2 and Rspo3 
transcripts were detected in distinct non-overlapping regions, with Rspo3 expression in Meckel’s cartilage (m) 
and the dental follicle (df), while Rspo2 is expressed exclusively within the dental pulp (dp). Scale bar: 100 μm.
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To evaluate craniofacial effects in greater detail and visualize individual cartilage elements, we dissected out 
the ethmoid plate and ventral cartilages, including the pharyngeal teeth (Fig. 4). Analyses of Alcian blue/Alizarin 
Red S zebrafish at 9 dpf revealed that disruption of rspo2 caused a decrease in the number of pharyngeal teeth, 
with an average of 2 total teeth rather than the 8 teeth observed in the control (Fig. 4B). Although rspo3−/− larvae 
did not exhibit a difference in the number of teeth at 9 dpf, haploinsufficiency of rspo3 decreased tooth number 
in the rspo2Δ larvae, with the rspo3−/−; rspo2Δ double mutant having no mineralized teeth at 9 dpf (Fig. 4A,B).

Flat-mount imaging of Alcian blue/Alizarin Red S-stained ventral cartilage revealed a significant decrease in 
anterior–posterior/rostral length of Meckel’s cartilage in the rspo3−/− larvae while rspo2 disruption alone had no 
effect (Fig. 5A,C). The requirement for rspo3 on Meckel’s cartilage rostral length was significantly exacerbated 
by rspo2 disruption (Fig. 5C). The effect of rspo3 on Meckel’s cartilage rostral length is specific, rather than due 
to a total anterior–posterior shortening, as ceratohyal length anterior–posterior length was not different in these 
zebrafish (Fig. 5D).

rspo3 influences osteoclast activity during zebrafish development. To assess the role of rspo3 on 
osteogenesis in developing zebrafish we performed live Alizarin Red S staining on 10 dpf rspo3+/+ and rspo3−/− 
larvae. The rspo3 mutant allele was also bred onto a sox10:kaede background in order to visualize cartilage ele-
ments. Confocal analyses of whole mount embryos revealed no differences in Alizarin Red S intensity (Fig. 6A). 
No obvious changes in cartilage morphology were observed in the rspo3-/- fish. Interestingly, we did observe 
increased tartrate-resistant acid phosphatase (TRAP) positive area in rspo3-/- mutants at 14 and 21 dpf, suggest-
ing increased osteoclast number (Fig. 6B). Therefore, these results indicate that rspo3 may regulate aspects of 
bone homeostasis after larval development as the animals mature during adult life.

Adult rspo3 zebrafish mutants have decreased body length and exhibit a midface defi-
ciency. As rspo3−/− mutant zebrafish larvae matured to adult fish, we observed midface hypoplasia compared 
to wild-type clutch-mates (Fig. 7A). Statistically significant differences in body length (measured from tip of 
mouth opening to the base of the tail, STL) were observed in rspo3−/− mutant as compared to wild-type clutch-
mates (Fig. 7B). In addition, rspo3−/− mutant exhibited significantly decreased parasphenoid and anguloarticular 
bone volume compared to wild-type clutch-mates (Fig.  7C, D). The altered morphology of individual bony 
elements in rspo3−/− zebrafish also resulted in altered relationships between the bony elements. Cephalometric 
analysis revealed significant frontal bossing in rspo3−/− mutant adults, with increased parasphenoid-frontal angle 
(Fig. 7E). Furthermore, we observed midface hypoplasia in adult rspo3−/− zebrafish as compared to wild-type, 

Figure 3.  rspo2 and rspo3 are differentially expressed in zebrafish pharyngeal teeth. Representative images 
of maximum projections of z-stacks of sagittal sections of 180 dpf zebrafish. rspo2 (red) and rspo3 (white) 
transcripts were detected by RNAscope in situ hybridization. rspo3 is diffusely expressed throughout the 
supporting mesenchyme and highly expressed in enamel epithelium (open arrow) and some tooth pulp (closed 
arrow). Often within the tooth pulp, rspo3 expression is restricted to the outermost odontoblasts (*). Meanwhile, 
rspo2 expression is highest in enamel epithelium (open arrow) and very low within the tooth pulp. Scale bar: 
100 μm.
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Figure 4.  Synergistic effect of rspo2 and rspo3 ablation on zebrafish limb development and craniofacial morphology. (A) Schematic 
illustrating experimental design. Targeted mutagenesis of rspo3−/− in zebrafish was carried out using CRISPR/Cas9 gene editing. A 
– 20 bp deletion was bred to homozygosity. Intercross or rspo3+/− were injected with 4 gRNAs against rspo2 and the resulting larvae 
were genotyped and analyzed for phenotype. (B) Whole mount ventral and lateral images of Alcian blue/Alizarin red S stained 9 
dpf larvae. rspo3−/− embryos that were rspo2 gRNA/Cas9 injected (rspo2Δ) larvae were similar to wild-type except that rspo2Δ larvae 
exhibited disrupted development of the pectoral fin. Impaired fin development was exacerbated with decreasing genetic dosage of 
rspo3 (black arrows, dotted yellow lines delineate fins). While craniofacial development in rspo3−/− and rspo2Δ larvae were largely 
normal, rspo3−/−; rspo2Δ double mutants exhibited a dysmorphic lower jaw (white arrow). Scale bar: 100 μm. (C) Quantification of 
pectoral fin developmental disruption. rspo2Δ larvae tended to have disrupted development of a single pectoral fin. This effect was 
significantly exacerbated with decreasing genetic dosage of rspo3, as rspo3−/−; rspo2Δ double mutant larvae failed to develop pectoral 
fins altogether. (D) Quantification of angle measurements between Meckel’s cartilage (m) and palatoquadrate (pq). While rspo3−/− and 
rspo2Δ mutants had normal lower jaw morphology,  rspo3+/−; rspo2Δ and  rspo3−/−; rspo2Δ mutants displayed a significantly decreased 
angle at the Meckel’s/palatoquadrate joint. N = 10–16. p < 0.01. *Indicates significance relative to wild-type.
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Figure 5.  Synergistic effect of rspo2 and rspo3 ablation on zebrafish tooth development and Meckel’s cartilage. 
(A) Flat-mount images of Alcian blue/Alizarin red S stained 9 dpf zebrafish ventral cartilages. Zoom of 
pharyngeal teeth to right. rspo3−/− larvae displayed anterior shortening of Meckel’s cartilage, which was 
exacerbated with rspo3−/−; rspo2Δ gRNA disruption (black bars). *indicate absent teeth. Scale bar: 200 μm. 
(B) Alizarin red S staining of pharyngeal teeth shows that rspo3−/− are generally normal relative to wild-type 
while rspo2Δ larvae have a reduced number of teeth (average of 2 versus 8). Tooth number in rspo2Δ larvae 
decreased further with decreasing wild-type alleles of rspo3 (zero teeth detected in rspo3−/−; rspo2Δ mutant). (C) 
Quantification of the anterior–posterior/rostral length of Meckel’s cartilage shows a primary effect in rspo3−/− 
larvae, which is exacerbated in rspo3−/−; rspo2Δ mutants. (D) Quantification of the anterior–posterior length of 
ceratohyal cartilage shows no effect in  rspo3−/− larvae, suggesting a cartilage element-specific effect of rspo3 and 
rspo2. N = 10–16. p < 0.01. *Indicates significance relative to wild-type.
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with significant increased distance between nasal bone and a line drawn between dentary and frontal bone land-
marks (Fig. 7F and Supplemental Videos S1, S2).

rspo3 is required for normal tooth maintenance. Analysis of pharyngeal tooth morphology in adult 
zebrafish using micro-CT illustrated decreased tooth number in rspo3−/− mutant zebrafish, as compared to wild-
type clutch-mates (Fig. 8A,B). On average, rspo3−/− adult zebrafish had two fewer teeth on both the right and left 
sides of the jaw (Fig. 8B). As we found no difference in the number of teeth during the larval stage in rspo3−/− 
animals (Fig. 5), we suggest that rspo3 functions in the maintenance of teeth, rather than tooth development, 
either by regulating tooth integrity or regulating tooth regeneration.

Discussion
This study reports Rspo2 and Rspo3 gene expressions and functions in craniofacial and dental morphogenesis, 
using zebrafish and mouse models. Rspo3 is diffusely expressed through the craniofacial mesenchyme whereas 
Rspo2 is expressed in distinct domains. In zebrafish, there is overlap in rspo2 and rspo3 gene expressions, whereas 
in the mouse embryo the expression domains of these paralogs are distinct. We showed that Rspo3 is expressed in 
perichondral cells, and Runx2 positive osteoprogenitors in embryonic palate and Meckel’s cartilage in zebrafish, as 
well as in mouse osteoprogenitors. In zebrafish teeth, rspo3 is expressed in newly formed replacement teeth, where 
it is broadly expressed in dental pulp, odontoblasts, and crypt epithelium. Analysis of adult rspo3−/− zebrafish 
suggest that rspo3 is required for adult teeth maintenance. Loss of rspo3 did not affect larval osteogenesis but 
did result in increased area of TRAP staining, midface hypoplasia, and reduced numbers of attached teeth in 
adult zebrafish. Importantly, rspo2 and rspo3 genetically interact, where haploinsufficiency of rspo3 exacerbates 
defects in tooth formation and pectoral fin bud extension. We show that zebrafish rspo2 and rspo3 are required 
for limb development, analogous to the mouse function of Rspo2/3 that was previously  reported20. Together, 
these gene expression studies and genetic analyses are consistent with functions for rspo3 in progenitor cell 
populations contributing to the craniofacial skeleton and teeth, and in the maintenance of craniofacial bones 
and teeth in zebrafish (Fig. 8C).

We showed that high resolution gene expression analysis using RNAscope on sectioned specimens provided 
greater resolution as compared to whole mount (ISH) approaches (compare Fig. 1A,B). Using RNAscope, we were 

Figure 6.  rspo3 ablation does not impact initial bone mineralization but increases osteoclast area of activity. (A) 
Representative images of maximum intensity projections of confocal z-stack of whole-mount 10 dpf zebrafish. 
Zebrafish express sox10:kaede transgene allowing fluorescent imaging of cartilage elements. Zebrafish were live-
stained with Alizarin red S to visualize mineralized structures. No differences in intensity of Alizarin staining, 
elements stained, or cartilage architecture were noted in the rspo3−/− fish. Scale bar: 100 μm. (B) Lateral view 
of 14 dpf showing increased osteoclast activity (red stain in the black dotted box) in rspo3 mutant as compared 
to wild-type. At 21 dpf, more areas of osteoclast activity in the dentary, hyomandibular, pharyngeal teeth and 
jaws (solid arrow) were observed in rspo3−/− compared to wild-type. Quantification of total area of red staining. 
P < 0.05. N = 5. Scale bar: 100 μm.
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Figure 7.  rspo3 mutants exhibited midface deficiency, frontal bossing and decreased body length. Reduced 
body length, midface deficiency and frontal bossing were observed in adult rspo3−/− (180 dpf). (A) Lateral image 
of adult zebrafish showing midface depression in rspo3−/− (solid arrow) compared to wild-type (open arrow). 
(B) Body length was significantly decreased in rspo3−/− mutants relative to wild-type. (C) Oblique micro-CT 
image of rspo3−/− and wild-type fish at 180 dpf. Individual bone elements are color coded (blue: parashenoid, 
pink: maxilla, yellow: premaxilla, green: dentary and red: anguloarticular). Scale bar: 10 μm. (D) Bone volume 
of the skull and of specific bones in rspo3−/− and wild-type individuals demonstrates element-specific differences 
in volume. Parasphenoid and anguloarticular bone volume were significantly reduced in rspo3−/− compared 
to wild-type fish. Abbreviations: aa: anguloarticular, d: dentary, m: maxilla, p: parasphenoid, pm: premaxilla. 
(E) 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. Diagram of lateral view of adult zebrafish showing the angular measurement. 
Bar chart showing statistical differences in the angular measurement between rspo3−/− and wild-type. (F) 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. 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. Scale bar: 100 μm.
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able to determine that rspo2 and rspo3 transcripts were detected in a cell layer that surrounds the chondrogenic 
elements in the zebrafish anterior neurocranium, trabeculae and in Meckel’s cartilage. Moreover, Rspo3 is co-
expressed with Runx2 (osteoprogenitor marker) in zebrafish and mouse (Figs. 1, 2). In support of our findings, a 
human genetic study recently reported the involvement of RSPO3 in bone mineral density and bone  fractures30. 
Furthermore, RSPO3 was reported to regulate osteoblastic  differentiation31. In addition, human RSPO3 was 
identified as a candidate gene that contributes to cleft lip/palate and dental anomalies, consistent with its role 
in skeletal development and in human adipose-derived stem  cells19,31. Taken together, this and other studies 

Figure 8.  Adult rspo3 mutant zebrafish have reduced teeth number. (A) Micro-CT of 180 dpf zebrafish 
reveals that the adult rspo3−/− animals exhibit decreased tooth number with several sockets missing teeth that 
are present in the wild-type. (B) rspo3−/− have significantly fewer teeth than wild-type on both right and left 
sides. N = 9.7. *p < 0.05. (C) Summary diagram illustrating that rspo2 and rspo3 both regulate pharyngeal tooth 
development as well as have roles in morphogenesis of the craniofacial skeleton.
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corroborate that Rspo3 has conserved functions in the development of craniofacial bone and tooth structures 
across vertebrates.

This study also identified a key requirement for rspo3 in regulating tooth development. Zebrafish teeth are 
continuously replaced through its life, where the regenerative process is analogous to human adult tooth replace-
ment of a deciduous, baby tooth and to mouse continuously growing  incisors28,32,33. We described rspo3 gene 
expression in dental pulp, odontoblasts and crypt and dental epithelium in zebrafish and mouse, suggesting 
possible roles in the regulation of tooth development, odontogenesis and ameloblast differentiation. Impor-
tantly, rspo3 is highly detected in zebrafish replacement teeth as compared to mature teeth, indicating potential 
roles in dental progenitor cell populations as compared to more differentiated dental cell types. Moreover, adult 
rspo3−/− zebrafish exhibit reduced attached tooth numbers as compared to age-matched wild-type fish. The nor-
mal tooth formation in rspo3−/− mutant zebrafish at 9 dpf while having reduced tooth number at 180 dpf suggests 
a role for rspo3 in the maintenance of adult teeth rather than in their initial development. Differences in Rspo2/3 
spatiotemporal gene expression in mouse and zebrafish may reflect differences in the regenerative odontogenic 
potential of zebrafish. Wnt/β- catenin signaling is important for tooth morphogenesis, and consistent with the 
observation that rspo3 disruption resulted in inhibited dental tissue  development25.

Adult rspo3−/− zebrafish exhibited midface hypoplasia, frontal bossing and reduced tooth number as compared 
to aged-matched wild-type clutch-mates. Our data showed co-expression of rspo3 and col1a1a during embryo-
genesis, suggesting that these two genes could be functionally associated. Consistent with this result, previous 
studies reported that patients with osteogenesis imperfecta have mutations in COL1A1A which is characterized 
by frontal bossing, midface hypoplasia and dentinogenesis  imperfecta35–37. Future studies are recommended to 
investigate the molecular mechanisms regulated by rspo3, including its interactions with Wnt signaling pathway 
genes in regulating dental and bone development.

Methods
Experimental animals. All animal experiments were approved by the Massachusetts General Hospital 
(MGH) Institutional Animal Care and Use Committee (IACUC) and in compliance with ARRIVE guidelines. 
Zebrafish embryos and adults were cared for and maintained in this study as previously  described38. Wild-type 
mice were ordered obtained from Jackson Laboratory (C57BL/6J, Bar Harbor, ME, USA) and Rspo3 mutant 
mice were kindly provided to Dr. Baron by Dr. Christof Nierhs (German Cancer Research Center, Heidelberg, 
Germany). All methods were carried out in accordance with relevant guidelines and regulations.

Zebrafish CRISPR mutant line, F0 CRISPR disruption and reporter lines. We used targeted 
genome editing via CRISPR-cas9 mutagenesis in zebrafish to perform functional analysis of rspo3. A rspo3 
mutant zebrafish line was created using the cas9 RNA CCT GGC AGC CCT GGG AGC TC, which resulted in a 20 
bp deletion (Supplemental Fig. S1). Genotyping primers for the rspo3 mutant line are 5′-AAG CAG CAA AAA 
TAA GTT CCCA-3′ and 5′-CCA CTC CCC ATT GCT TTA TTAC-3′ with FAM modification on the reverse primer 
for microsatellite analysis. The mutant peak was observed at 337 bp and wild-type peak observed at 357 bp.

CRISPR gRNA were designed using CRISPOR (http:// crisp or. tefor. net/) to target rspo2 translational start sites 
as previously  described29. Due to the presence of two rspo2 transcript variants with unique translational start 
sites (TSS), specific pairs of gRNAs (4 total) were designed to flank each TSS. Guides ordered from Synthego 
were the following: AGC TCA TAT ACG GAC CCT GAAGG, AGA CGC AGC AGT CCC ACC GCTGG, ATG TCT 
TTG TAC CAA ACG ATTGG, TCC TCT CCC TCC TCA GGA ACAGG.

All four gRNAs were co-injected into rspo3+/− in-crossed single cell zebrafish embryos. Each guide was pre-
pared at a final concentration of 1.25 µM and 2 nL were injected into each embryo. Injected embryos were raised 
to 9 days post fertilization, where they were subsequently fixed and stained for detailed phenotypic analysis. 
Stained fish were imaged using a Nikon Eclipse 80i compound microscope with a Nikon DS Ri1 camera. Meas-
urements were taken in ImageJ. Transgenic line Tg(sox10:kaede)39 was also used in this study.

Whole mount in situ hybridization analyses. The primers used to generate the rspo3 RNA probe were 
the forward primer 5′-AAC CTG TGG CTT CAA ATG G-3′ and reverse primer 5′-TTG TTG TCG CTC ATC CAG 
TA-3′40.

The T7 promotor (gaaattaatacgactcactatagg) was added to all reverse primers. The RNA products were con-
firmed by gel-electrophoresis. WISH in zebrafish was performed as previously  described41.

Skeletal staining. Double Alcian blue/Alizarin red S staining on fixed zebrafish was performed as previ-
ously  described42. The sample size (n) is 5 embryos per each group. The zebrafish palate and lower jaw were 
dissected and mounted in 4% methyl cellulose prior to imaging. Tartrate- resistant acid phosphatase (TRAP) 
staining for osteoclast activity was performed (n = 5 wild-type and 5 rspo3−/−) as adapted from previous  study43. 
Imaging was performed using Nikon Eclipse 80i microscope (Melville, NY, USA) and NIS-Elements Br imag-
ing software version 4.40 (2015). Measurements were taken in ImageJ. In vivo Alizarin red S staining of 9 dpf 
zebrafish was performed as previously  described44. Alizarin red S and sox10:kaede fluorescence was imaged 
using a Leica SP8 inverted confocal laser scanning microscope. Maximum intensity projections of z-stacks were 
generated using ImageJ version 2.0.

RNAscope in situ hybridization, immunofluorescence and confocal imaging. For sample prepa-
ration, 48 hpf and 5 dpf zebrafish embryos were fixed using 4% formaldehyde overnight (ON) at 4 °C. Adult 
zebrafish (6 months old) were fixed using 4% formaldehyde ON at 4 °C and then decalcified ON using 0.35 M 

http://crispor.tefor.net/
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EDTA as previously  published45. The E13.5 and E15.5 mouse embryos were fixed with 4% formaldehyde ON. n 
= 3 zebrafish embryos and n = 3 mouse embryos were analyzed.

Subsequently, all samples were placed in 15% sucrose in PBS until the tissue sank, and then placed in 30% 
sucrose in PBS ON. Samples were then embedded in OCT (Tissue-Tek) and serially sectioned (10 um) in coronal 
orientation using a Leica CM1850 cryostat.

RNAscope probes included: Dr-rspo3-C2 (catalog number: 555121-C2), Dr-runx2a-C1 (catalog number: 
409521), Dr-rspo2-C3 (catalog number: 899271-C3) Mm-Rspo3-C3 (catalog number: 402011-C3), Mm-rspo2-
C2 (catalog number: 402008-C2). All probes were manufactured by Advanced Cell Diagnostics in Newark, 
NJ, USA. Sample pre-treatment and RNAscope were performed according to the manufacturer’s instructions 
(Advanced Cell Diagnostics, Newark, NJ, USA). Stained slides were imaged using a Leica SP8 inverted confocal 
laser scanning microscope and image processing was performed using ImageJ version 2.0 (2018). Immunofluo-
rescence detection of mouse Runx2 (Abcam primary antibody, catalog number: ab192256; Invitrogen Alexa 
Fluor 488 goat anti rabbit secondary antibody) was performed following RNAscope in situ hybridization as 
described by Advanced Cell Diagnostics.

Micro-computed tomography. Wild-type and rspo3 mutant adult zebrafish were sacrificed at 6 months 
of age, n = 9 wild-type and 7 mutant zebrafish. All zebrafish were scanned as previously  described46. The voxel 
size of Micro-CT analysis is 10.5 μm. The examiner (K.W.) was blinded to the genotype of the zebrafish. Images 
were reconstructed, analyzed and viewed using Amira software version 6.

Measurement of bone volume. 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 segmented into bone elements (dentary, anguloarticular, 
premaxilla, maxilla and parasphenoid) using Amira manufacture’s instruction. 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 (−  20 base 
pairs micro-deletion mutants) 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  point34. In addition, three independent 1-cell stage and 24 hpf wild 
type embryo samples were collected and measured to define the expression of rspo3 mRNAs. RNA extractions 
were performed using RNeasy Mini Kit (Qiagen). SuperScript First-Strand Synthesis System IV (Thermo Fisher 
Scientific) was used to synthesize first-strand cDNA. Quantitative reverse-transcription PCR (qRT-PCR) was 
performed using rspo3 Taqman assay (Dr03109282_m1) Taqman Fast Advanced master mix (Thermo Fisher 
Scientific) and normalized to 18S rRNA expression (Hs03003631_g1). qPCR was performed on a StepOnePlus 
Real-Time PCR system (Applied Biosystems).

Statistical analysis. IBM SPSS statistics version 26 was used for all Student’s t-test statistical analyses. Stu-
dent’s t-test was used to compare between the two groups. Prism 9 software was used to perform Kruskal–Wallis 
statistical test with multiple comparisons when more than two groups were compared. 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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