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Abstract

WNTI0A (Wingless-type MMTV integration site family, member [0A) plays a crucial role in tooth development, and patients with
biallelic WNTI0A mutation and mice lacking Wnt/0a show taurodontism. However, whether epithelial or mesenchymal WNT/0A
controls the initiation of the root furcation formation remains unclear, and the functional significance of WNTI0A in regulating root
morphogenesis has not been clarified. Here, we investigated how Whnt/ Oa affects tooth root development by generating different tissue-
specific Wnt/0a conditional knockout mice. Wnt!0a knockout in the whole tissue (Ella-Cre;Wnt|0a™"™) and in dental epithelium (K/4-
Cre;Wnt10a™™) led to an absence of or apically located root furcation in molars of mice, a phenotype that resembled taurodontism. An
RNAscope analysis showed that the dynamic epithelial and mesenchymal Wnt/ Oa expression pattern occurred during root development.
Immunofluorescent staining of E-cadherin and EdU revealed decreased epithelial cell proliferation at the cervical region of the molar in
K1 4-Cre;Wnt | 0a™™ mice at postnatal day 0 (PNO), just before the initiation of root morphogenesis. Interestingly, we found increased
pulpal mesenchymal cell proliferation in the presumptive root furcating region of the molar in K1 4-Cre;Wnt | 0a™™* mice at PN4 and PN7.
RNA-seq indicated that among the Wnt ligands with high endogenous expression levels in molars, Wnt4 was increased after epithelial
knockout of Wnt/0a. The RNAscope assay confirmed that the expression of Wnt4 and Axin2 in the dental papilla of the presumptive
root furcating region, where dental pulp overgrowth occurred, was increased in K/4-Cre;Wnt!0a™™* molars. Furthermore, after
suppression of the elevated Wnt4 level in K/ 4-Cre;Wnt!0a™"™* molars by Wnt4 shRNA adenovirus and kidney capsule grafts, the root
furcation defect was partially rescued. Taken together, our study provides the first in vivo evidence that epithelial Wnt/0a guides root
furcation formation and plays a crucial role in controlling the organized proliferation of adjacent mesenchymal cells by regulating proper
Whnt4 expression during root furcation morphogenesis.
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2013; Song et al. 2014; Yu, Wong, et al. 2019). WNT10A4 muta-
tions could cause nonsyndromic oligodontia, odonto-onycho-
dermal dysplasia (OMIM#257980), and Schopf-Schulz-Passarge
syndrome (OMIM#224750; Adaimy et al. 2007; Petrof et al.
2011). We first reported that patients with odonto-onycho-dermal

Introduction

The tooth root is a unique and functional part of the dentition
because it anchors teeth to the jaw bones (Li et al. 2017). The
molars have multiple roots with furcation in between that
allows for the transmittal and balance of occlusal forces to the
alveolar bones during mastication (Wu et al. 2018). The loss of
roots and defects in the root size and shape lead to reduced
alveolar bone support and perturbed tooth function. Therefore,
understanding the root development process and the regulatory
mechanism is a prerequisite for studying the tooth root. Tooth
root development is an intricate process, and similar to crown
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development, it is regulated by reciprocal interactions between
the dental epithelium and mesenchyme (Huang and Chai
2012). Several highly conserved signaling pathways mediate
the epithelial-mesenchymal interactions during root develop-
ment, including the transforming growth factor 3, hedgehog,
and Wnt/B-catenin signaling pathways (van Genderen et al.
1994; Thesleff 2003; Li et al. 2017).

WNTI104 is a ligand in the Wnt/B-catenin pathway. Recent
evidences have shown that WNTI10A mutations play a major
pathogenic role in human tooth agenesis (Kantaputra and
Sripathomsawat 2011; van den Boogaard et al. 2012; He et al.
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dysplasia and biallelic WNT10A mutations had typical taur-
odontism, a condition characterized by defects in tooth root fur-
cation of deciduous molars (Yu, Liu, et al. 2019). Moreover,
Wntl0a” mice show taurodontism (Yang et al. 2015; Xu et al.
2017), indicating that there must be a significant role of Wnt10a
in tooth root morphogenesis.

Wntl0a expression can be observed in the epithelium and
mesenchyme throughout the entire processes of pre- and post-
natal tooth development. Wntl0a is strongly expressed in the
dental epithelium at the bud stage (embryonic day 13.5 [E13.5])
and cap stage (E14.5; Dassule and McMahon 1998), whereas
its expression shifts from secondary enamel knots to the under-
lying mesenchymal cells at E16 (Yamashiro et al. 2007).
Whntl0a expression is mainly presented in the preodontoblasts
and adheres to Hertwig’s epithelial root sheath (HERS) during
root development (Yamashiro et al. 2007). However, Wntl0a
expression in the epithelial or HERS cells during root develop-
ment was not carefully observed or mentioned. Although con-
siderable evidence has shown the strong link between Wntl0a
and root morphogenesis, whether epithelial or mesenchymal
Wntl0a controls the initiation of root furcation remains unclear,
and the functional significance of Wntl0a in regulating root
morphogenesis has not been confirmed.

In the present study, we explored the role of Wnt10a in root
development by establishing murine models via the condi-
tional deletion of the Wntl0a gene in the whole body, dental
epithelium, and dental mesenchyme and investigating the root
morphology of the mandibular molars. We found that K/74-
Cre; Wnt10a"", rather than WntI-Cre; Wnt10a"""", devel-
oped taurodontism in the molars. Knockout of epithelial
Whntl0a resulted in 1) decreased proliferation of apical epithe-
lial cells before root initiation and increased pulpal mesen-
chymal cell proliferation, 2) which is associated with the
compensatory elevation of Wnt4 and upregulated the expres-
sion of Axin2 in the presumptive furcation region during root
development. Additionally, adenovirus-mediated knockdown
of Wnt4 in the first molars partially rescued the taurodontism
defect in K14-Cre;Wnt10d"*"* mice. Our findings demon-
strate that epithelial Wnt10a is specifically required during root
furcation formation and crucial for the proper proliferation of
epithelial and mesenchymal cells in the furcation region during
root morphogenesis.

Materials and Methods
Mouse Models

Wnt10d"*" mice on a C57BL/6J background were generated
by Cyagen Biosciences Inc. Ella-Cre (Lakso et al. 1996), K14-
Cre (Byrne et al. 1994), and WntI-Cre (Brault et al. 2001) mice
were crossed with Wntl0a"* mice to generate the different
conditional knockout mice. All animal experiments were
approved by the Ethics Committee of the Peking University

Health Science Center (PKUSSIRB-201736082).

Micro—computed tomography Analysis

The parameters of the Inveon MM system (Gantry-STD CT,;
Siemens) were set as follows: voltage of 60 kV, current of 220
mA, exposure time of 1500 ms, and effective pixel size of 8.89
pm. Sagittal images of the mandibles from 3-wk-old K/4-
Cre; Wnt10d"*"** and Wnt10a"*"** mice were captured with
Inveon software. The slices through the furcation of the first
mandibular molar were chosen for the quantitative analysis.

Histologic Analysis

For hematoxylin and eosin staining, mandibles from K74-
Cre; Wnt10d"*°* and Wnt10a"/* mice at postnatal day 0
(PNO), PN4, PN7, PN14, and PN28 (n = 3 per stage) were pro-
cessed and stained according to standard procedures.

Immunostaining

For E-cadherin and 5-ethynyl-2'-deoxyuridine (EdU) dual
immunofluorescence labeling, mice at PNO, PN4, and PN7
(n =13 per stage) were sacrificed 6 h after intraperitoneal injec-
tion with EAU (5 mg/kg; RiboBio), and the incorporated EAU
was detectable by the Click-iT Apollo 567 Stain Kit (RiboBio).

RNA-seq and Data Analysis

Three pairs of biological replicates (pooling 4 first mandibular
molars as 1 sample) of the RNA samples were collected from
K14-Cre; Wnt10a""* and Wnt10a""* mice at PN4. Samples
were sent to the Beijing Genomic Institution for mRNA enrich-
ment, cDNA library construction, and sequencing with the
BGISEQ-500 platform. SOAPnuke was employed to filter
low-quality reads and obtain high-quality clean reads. The
alignment was acquired by comparing the clean reads and the
reference gene sequence with Bowtie-2 software. The gene
expression levels were counted and normalized to fragments
per kilobase of exon model per million mapped reads by RESM
software. The log -fold changes and —log, (P < 0.05) of the
Wnat signaling-related genes were integrated to create the vol-
cano plot and the heat map. The list of differential expression
genes was generated by the combination of the absolute value
of log2 ratio > 0.1 (KI4-Cre; Wnt10d""*] Wnt10a"*"*) and
O value < 0.001 (Wntl0a"""*-vs-K14-Cre; Wnt10a""* )
with the Beijing Genomic Institution bioinformatics platform.
The expression profiles were deposited in the Gene Expression
Omnibus database (GSE125893).

RNAscope In Situ RNA Analysis

The detection of Wntl0Oa, Wnt4, and Axin2 signals was per-
formed by RNAscope analysis with RNAscope 2.5 HD
Reagent Kit-Red (Advanced Cell Diagnostics) according to
the manufacturer’s procedure as previously described (Wang
et al. 2012).
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Adenovirus Infection and Kidney Capsule
Transplantation

The pDC316-ZsGreen-shRNA vector was used to generate
shRNA against the mouse Wnt4 gene (NM_009523.2).
Recombinant adenoviruses of Ad-ZsGreen-shRNA-mWnt4-1,
mWnt4-2, mWnt4-3 (Ad-Wnt4 group), and Ad-ZsGreen-
shRNA (Ad-control group) were constructed by Likely
Biotechnology via the AdMax system. To verify the extent of
adenovirus infection, the first mandibular molars (r = 3) from
PN4 Wnt10a"™"" mice were dissected and infected with
Ad-control and Ad-Wnt4, and the cryosections of kidney cap-
sule transplantation after 7-d culture were examined. For the
rescue experiment, kidney capsule transplantation was carried
out as previously described (Li et al. 2011).

Results

Epithelial-Wnt | 0a but Not Mesenchymal-Wnt|Oa
Is Crucial for the Proper Formation of Root Furcation

To discuss whether epithelial or mesenchymal WntI0a controls
the formation of root furcation, we generated Ella-Cre;
Wnt10d"",  K14-Cre;Wnt10a"", and ~ Wntl-Cre;
Wnt10a"""™ mice (Appendix Figs. 1, 2). Then, we performed
a micro—computed tomography analysis to identify the postna-
tal root morphology in 3 specific Wnt10a conditional knockout
mice. We found that Ella-Cre;Wntl0d"*" and KI4-
Cre; Wnt10d"*" mice developed an absence of or apically
located root furcation, a higher pulp chamber, and a larger pulp
cavity in molars (Fig. 1A—C), whereas the root furcation and
root numbers of Wntl-Cre; Wnt10a""* mice were almost
unaffected (Fig. 1D). Particularly, a comparison with the
Wnt10a"*" mice showed that the ratio of pulp chamber
height to root length increased by 6.8-fold in Ella-
Cre; Wnt10d""™ mice (P < 0.0001) and 7-fold in K14-
Cre; Wnt10d""™ mice (P < 0.0001; Fig. 1E). Therefore, the
characteristics observed in Ella-Cre; Wnt10d"*/"* and K14-
Cre; Wnt10d"*"** mice phenocopied the taurodontism of
human with the biallelic WNT10A mutation.

Ablation of Wntl0a in Epithelium Results in the
Failure of Pulp Chamber Floor Formation in Molars

To further address the role of epithelial Wntl0Oa during root
furcation development, we performed hematoxylin and eosin
staining of the first mandibular molars at key development
time points in Wnt10a""* and K14-Cre; Wnt10a""* mice.
At PNO, no significant differences were observed between the
K14-Cre; Wnt10a""* and Wnt10d"*"°* molars (Fig. 2A, B).
At PN4, the tooth crown of Wnt10d"*/* mice had grown to its
full size; HERS had formed; and root had initiated at the apical
papilla (Fig. 2C, C'). Specifically, the mandibular first molar of
Wnt10d"*"°* mice already exhibited a horizontal elongation of
HERS from the buccal and lingual sides at the root furcation
region (Fig. 2M, M’). However, in KI4-Cre; Wntl0d"""*

mice, the growth retardation of the epithelium toward the cen-
ter from the buccal and lingual sides was apparent, and the
horizontal elongation of epithelium was not observed (Figs.
2D, D', N, N’). At PN7, more remarkable morphologic differ-
ences were found between the 2 groups. In Wnt10a™"* mice,
the apical papilla began to grow apically, and the HERS in the
furcation was visible (Fig. 2E, E', Q, Q). However, in K/4-
Cre; Wnt10d""* mice, the epithelial pulp chamber floor
failed to form in the putative furcation (Fig. 2F, F, R, R’). At
PN14, the root continued to grow apically, and at PN28, the
molars had fully erupted into the oral cavity. The first man-
dibular molars in Wntl0a"*"** mice formed a typical root fur-
cation (Fig. 2G, 1), while the root furcation was extremely
apically located and inapparent in K14-Cre; Wnt10d""* mice
(Fig. 2H, J). The schematic diagram showed the section orien-
tation and the mesial (nonfurcation) and furcation regions that
we described earlier (Fig. 2S—X). Our data demonstrate that
ablation of Wnt10a in dental epithelium results in taurodontism
and impairs root furcation morphogenesis.

Loss of Wntl0a in the Epithelium Results

in the Decreased Proliferation of Epithelial Cells
and Increased Proliferation of Mesenchymal Cells
in the Presumptive Root Furcating Region

To demonstrate the functional significance of Wntl0a during
root development, we performed an RNAscope assay to
observe the Wnt10a expression pattern at serial developmental
stages. At E18.5, Wntl0a mRNA was expressed in the dental
epithelium and mesenchyme of the crown (Figs. 3A, A’). At
PN2, immediately before the emergence of HERS, WntlOa
was expressed in the epithelial and adjacent mesenchymal cells
at the cervical region (Fig. 3B, B’). At PN6, when HERS elon-
gated horizontally at the central part of tooth, WntlOa was
expressed in HERS and adjacent dental papilla cells of the root
furcating region (Fig. 3C, C"). At PN9, when the pulp chamber
floor formed, Wntl0a expression was aggregated in the odon-
toblasts at the root furcation and the surrounding dental follicle
cells, although it was hardly detected in the epithelial cells
(Fig. 3D, D’). At PN11 and PN14, the expression of Wntl0a
had almost disappeared in the dental pulp and alveolar bone
beneath the root furcation (Fig. 3E, E’, F, F"). This dynamic
expression pattern suggested that Wnt10a might play a unique
role during root furcation development.

To investigate the cellular mechanism responsible for taur-
odontism in K14-Cre; Wnt10a™ mice, we examined cell
proliferation and apoptosis. E-cadherin, an epithelial cell adhe-
sion marker, was used to distinguish the dental mesenchyme
from the dental epithelium (Verstraeten et al. 2010). At PNO,
EdU-positive cells could be seen in the dental epithelium and
mesenchyme of the cervical loop (Fig. 3G -G,). A quantitative
analysis of the EQU+/DAPI+ nuclei rate showed that prolifera-
tion of dental epithelial cells in the cervical loop of the pre-
sumptive root furcating region was significantly decreased in
K14-Cre; Wnt10a™ mice as compared with Wntl 0"
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Figure |. Micro—computed tomography (LCT) analysis of mandibles
from Whntl0a knockout and control mice. (A-D) Representative pCT
images of the mandibles from 3-wk-old Wnt/0af*¥'fx, Ella-Cre;
Wht10a™"™, K14-Cre;Wnt10a™™, and Wnt I-Cre;Wnt1 0a™ ™ mice.
(E) Quantification of the pulp chamber height / mesial tooth root length
of the first mandibular molars (MI) from nCT. n=3 per group. ¥**P <
0.0001. ns, no statistic difference. Values are presented as the mean +
SD. PH, pulp chamber height; RL, root length. Scale bar: 1.0 mm.

mice (Fig. 3G1—G3, HI—H3, M). Interestingly, when HERS
elongated horizontally at PN4, EdU-positive cells were mainly
found in the dental papilla and dental follicle adhering to
HERS rather than in the HERS cells (Fig. 31 -I,). A quantita-
tive analysis showed that the proliferation of dental papilla
cells in the furcation was significantly increased in the K/74-
Cre; Wnt10d"*" mice as compared with the Wntl0a"/"
mice at PN4 (Fig. AL T, N) and PN7 (Fig. 3K K, L -
L, N). However, significant differences were not observed in
the proliferation of dental follicle cells surrounding the furca-
tion between K14-Cre; Wnt10d"*"* and Wnt10d"*"* mice at
PN4 and PN7 (Fig. 312—J2, K2—L2, 0). Furthermore, we found
that apoptosis mainly occurred in the occlusal region of the
enamel organ and dental pulp beneath the cusps, while apopto-
sis was hardly detected in presumptive root furcating region in
Wint10d™°* and K14-Cre; Wnt10a"*"* molar germs at PN2
(Appendix Fig. 3). Therefore, our data indicate that epithelial
Wntl0a regulates the organized proliferation of epithelial and
dental pulpal mesenchymal cells in the furcation region during
root development.

Ablation of Epithelial Wntl0Oa Results in the
Compensatory Elevation of Wnt4 and Upregulated
Activation of Axin2 in Dental Papilla

Wnt ligands are essential for cell proliferation during tooth

development; therefore, we hypothesized that other Wnt
ligands may be upregulated to compensate for the loss of

epithelial Wntl0a. To test this hypothesis, we first explored the
activity of canonical Wnt signaling by an RNAscope analysis
of Axin2, a Wnt pathway activation readout, in Wntl0a"/"**
and K14-Cre; Wnt10d"*"° first mandibular molars at PN4. We
found an elevated Axin2 signal in the mesenchyme of dental
papilla adjacent to the epithelium of the presumptive root fur-
cating region in KI4-Cre;Wntl10d""* molars as compared
with the Wnt10a""°* molars, where increased cell prolifera-
tion occurred as mentioned earlier (Fig. 4A, B).

To precisely define the expression profiles of Wnt ligands
during root furcation morphogenesis, we performed an RNA-
seq analysis in the first mandibular molars of Wnt10d"*/"** and
K14-Cre; Wnt10d""* mice at PN4. The results identified 26
differentially expressed Wnt pathway—associated genes
between 2 groups: 7 genes were upregulated and 19 genes were
downregulated in K14-Cre; Wnt10a""* mice (P < 0.05; Fig.
4C). The volcano plot analysis showed that Wnt5a and Wnt7b
were significantly downregulated and Wnt4 was significantly
upregulated in K14-Cre; Wnt 104" mice (Fig. 4C). Moreover,
the heat map and RT-qPCR (reverse transcription quantitative
polymerase chain reaction) of Wnt ligands demonstrated that
the endogenous expression level of Wnt4 was relatively high in
Wnt10a""* molars and Wnt4 was significantly increased in
K14-Cre; Wnt10d"*/"** molars (Fig. 4D—F).

Given these results, we hypothesized that the upregulation of
Wnt4 contributed to the increased dental pulp cell proliferation
after epithelial-Wnt10a knockout. To test that, we investigated
the Wnt4 expression in first mandibular molars of Wntl0a"*""*
and K14-Cre; Wnt10d"*"** mice by RNAscope. In Wnt10a """
mice, Wnt4 was mainly expressed in the HERS cells (Fig. 5A).
However, in KI4-Cre;Wnt10d"™* mice, increased Wni4
expression occurred in the dental papilla mesenchymal cells of
the presumptive root furcating region (Fig. 5SB).

Partial Rescue of Taurodont Defects in K14-
Cre;Wntl0a"" Mice after Wnt4 Silencing

To test the hypothesis that the dental papilla mesenchymal Wnt4
acts downstream of Wntl10a-mediated Wnt/B-catenin signaling
in the epithelium to control root furcation morphogenesis, we
employed rescue experiments with adenovirus-mediated Wnt4
knockdown in PN4 mouse molars and kidney capsule trans-
plantation. After 24 h of adenovirus infection, Western blotting
results showed that, when compared with the control-shRNA
infected molars, Wnt4 expression was decreased by as much as
80% in the Wnt4-shRNA infected molars (P < 0.001; Appendix
Fig. 4). After 7-d culture in kidney capsule, fluorescence exam-
ination was performed to identify the location and extent of
adenovirus, and the results showed that the entire dental epi-
thelium and most parts of the mesenchyme were green fluores-
cent protein (GFP) positive, indicating that control-shRNA and
Wnt4-shRNA infection was successful (Appendix Fig. 5).
After 18 d of growth in the kidney capsule, the micro—computed
tomography results demonstrated that the control-shRNA-
infected Wnt10d""™ molars were all well developed (n = 8)
with a normal root morphology, a typical furcation structure in
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Figure 2. Comparison of the tooth histology during postnatal root development of the first mandibular molar. (A-J) Representative sagittal images

of hematoxylin and eosin—stained M| from Wnt10a™™ mice and KI4-Cre;Wnt ! 0a™™* mice at PNO, PN4, PN7, PN 4, and PN28. Scale bars: 100 pm.
(C'-F) Higher magnification of the region where root furcation would form at PN4 and PN7, with blue arrows indicating HERS cells. Scale bars: 20 um.
(K-R) Coronal images of the mesial root and central root furcation region of M| from Wnt!0a™ and K 14-Cre;Wnt | 0a™™* mice at PN4 and PN7.
Scale bars: 100 um. (M, N', Q’, R’) Higher-magnification fields of the representative root furcation region are outlined with a black dashed line at

PN4 and PN7. Yellow dashed line circles the HERS cells. Scale bars: 20 pm. (S-U) Schematic diagrams of normal tooth root furcation development in
sagittal view, apical view, and coronal view at PN7 and PN I. (V=X) Schematic diagrams of taurodontism formation in sagittal view, apical view, and
coronal view at PN7 and PN I. Dentin is shown in blue; epithelium and enamel are shown in pink. Ab, ameloblast; AP, apical papilla; BV, blood vessel;
DE, dental epithelium; DM, dental mesenchyme; DP, dental pulp; F, furcation; HERS, Hertwig’s epithelial root sheath; M, first mandibular molar; Ob,
odontoblast; PC, pulp chamber; PN, postnatal day; R, root.
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Figure 3. Expression pattern of Wnt/0a during tooth root development and altered proliferation in dental epithelial and mesenchymal cells of KI4-
Cre;Wnt | 0a™ ™ mice. (A—F) RNAscope in situ hybridization of Wnt/0a, with positive staining in red dots, on coronal sections of the central root
furcation region of M| from wild-type mice at EI8.5, PN2, PN6, PN9, PN 11, and PN 14. Scale bars: 100 pym. (A'—F') Higher magnifications of the bottom
of the pulp chamber are outlined with a black dashed line in the images above. Scale bars: 20 ym. (GI_ —Ll_z) Combinations of the 3 fluorescence
signals (anti-E-cadherin in green, EdU in red, and DAPI in blue) show the proliferation of dental epithezlial and mesenchymal cells in the labial half of

the central root furcation region of the first mandibular molars from Wnt/0a™"™ mice and K14-Cre;Wnt | 0a™™ mice. White and cyan dashed lines
circle the dental epithelium and the HERS, respectively. Pink solid line outlines the dental pulp adjacent to the HERS cells in the root furcation region
for quantification. Blue solid line outlines the dental follicle cells in the root furcation region for quantification. Scale bars: 50 um. (M) Ratios of EdU"/
DAPI* cells representing the dental epithelial cell proliferation rate in the region where HERS would form at PNO. (N) Ratios of EdU*/DAPI" cells
representing the dental mesenchymal cell proliferation rate from the outlined regions adjacent to the HERS cells in the dental pulp at PN4 and PN7.
(O) Ratios of EdU*/DAPI” cells representing the dental follicle cell proliferation activity in the root furcation region at PN4 and PN7. n=3 per group.
DE, dental epithelium; DF, dental follicle; DM, dental mesenchyme; DP, dental pulp; DPC, dental pulpal cells; EI8.5, embryonic day 18.5; Epi, epithelium;
F, furcation; HERS, Hertwig’s epithelial root sheath; M, first mandibular molar; Ob, odontoblasts; PC, pulp chamber; PN, postnatal day. Values are
presented as mean + SD. ¥**P<0.01.
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is highly expressed in the epithelial cells of
the crown and its underlying mesenchymal
cells, but it is mainly expressed in the preo-

Figure 4. Elevated Wnt/B-catenin activity in the pulp of furcation region of the K/4-
Cre;Wnt 1 0a™™ mice and RNA-sequencing results of Wnt genes. (A, B) RNAscope in situ
hybridization of Axin2, with positive staining in red, on coronal section in the furcation region
of M1 from Whnt!0a™* mice and K[4-Cre;Wnt!0a™ " mice. Blue lines circle the dental
mesenchymal cells adjacent to the HERS cells in the root furcation region. Scale bars: 20 ym.
(€) Volcano plot of the differentially expressed Wnt pathway genes detected by RNA-sequencing
from M1 of Wntl0a™/™ and K |4-Cre;Wnt ! 0a™f* mice. The vertical dashed line shows a
threshold of up- and downfold changes, and the horizontal dashed line represents a P value

of 0.05. All Wnt family ligands with statistically significant differences are pointed out. Up-

and downregulated genes (P<0.05) are depicted in red spots and green spots, respectively.
The genes with no statistically significant differences are depicted in gray spots. (D) Log2
(FPKM value) values of Wht ligands detected by RNA-sequencing from M| of Whnt/ Oafox/flox

and K1 4-Cre;Wnt10a™™ mice are encoded in the heat map from low expression (blue) to

high expression (red). Wnt4 is framed and highlighted in green. (E, F) Quantitative reverse
transcription polymerase chain reaction of all the Whnt ligands expressed in the first mandibular
molars of Wht!0afox and K I 4-Cre;Wnt | 0a™™ mice at postnatal day 4. The expression level
of Whnt6 from Whntl0a™™* samples is set as | for the relative expression. Values are presented
as mean + SD. *P<0.05, **P<0.01. n=3 per group. DE, dental epithelium; HERS, Hertwig’s
epithelial root sheath; FPKM, fragments per kilobase of exon model per million mapped reads;

M, first mandibular molar.

the sagittal plane (Fig. 5C), and 2 independent oval profiles of
the roots in the axial plane (Fig. SE,—E,), whereas the control-
shRNA-infected K14-Cre; Wntl0a"/°* molars all presented
taurodontism (n = 6), with the absence of root furcation in the
sagittal plane (Fig. 5F) and 1 whole oval root profile in the axial
plane (Fig. 5H,—H;). In the Wnt4-shRNA-infected K/4-
Cre; Wnt10a"*"°* molars, an isthmus in the middle resembling
root furcation appeared after kidney capsule transplantation
(n =5 in 6 treated samples; Fig. 51). Specifically, the normal
apical growth of the roots was not disturbed (Fig. 5J), and the

dontoblasts adhering to HERS during root
development (Yamashiro et al. 2007).
Interestingly, our RNAscope results showed
dynamic Wntl0a expression in the epithe-
lial and mesenchymal cells of the root fur-
cation, thus demonstrating the crucial role
of Wntl0a in guiding the root furcation
formation.

HERS are formed by the continuous
extension of inner and outer enamel epi-
thelium at the cervical loop in the tooth
crown (Huang and Chai 2012). Since PN4,
when the crown is fully developed and the
root is just beginning to develop, a hori-
zontal elongation of HERS cells leads to a
closure of the pulp chamber floor and the
subsequent formation of root furcation
(Liu et al. 2015; Li et al. 2017). In our
study, the proliferation of epithelial cells is
compromised in KI4-Cre; Wnt10d"*"* mice; HERS cannot
elongate horizontally to guide the normal formation of pulp
chamber floor; and tooth displays an absence of or apically
located root furcation. This result provides solid evidence for
the epithelial guidance of multiroot tooth morphogenesis and
further suggests the pivotal role of epithelial Wnt10a in regu-
lating the proper molar root pattern.

Tooth root development, as a later stage of tooth develop-
ment, is mediated by epithelial-mesenchymal interactions (Li
et al. 2017; Jing et al. 2019). Proliferating mesenchymal cells
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Figure 5. Compensatory upregulation of Wnt4 contributes to the increased dental pulp
proliferation and taurodontism in K/ 4-Cre;Wnt10a™™* mice. (A, B) RNAscope in situ

hybridization of Wnt4 expression in the furcation region of first mandibular molars from Wnt!0a
and K/ 4-Cre;Wnt | 0a™"™ mice on coronal section. Yellow arrows indicate the Wnt4 positive signal.
Scale bars: 20 pm. (C-K) Micro—computed tomography scanning images of Wnt/ 0a

fodflex polars

infected with control-shRNA, K[ 4-Cre;Wnt ! 0a™™* molars infected with control-shRNA, and
K14-Cre;Wnt10a™"™* molars infected with Wnt4-shRNA. Sagittal view in the middle and coronal
view in the mesial root of molars from 3 groups. (E, 3, H, 3, K,_;) Axial view of the upper, middle,
and lower one-third of the roots from 3 groups. Arrows indicate the root furcation region;
dashed lines indicate the root contour. n>6 per group. Scale bars: | mm. Ab, ameloblasts; Ob,

odontoblasts.

adhered to HERS are involved in epithelial cell migration, which
is essential for normal root formation (Sohn et al. 2014). Our
results show a significant increase of dental pulp mesenchymal
cell proliferation of the presumptive root furcating region in
K14-Cre; Wnt10a"** mice, suggesting that taurodontism is
caused by reduced HERS cell proliferation at the initial stage

flox/flox

of root development as well as excessive
proliferation of adjacent mesenchymal
cells in dental papilla during root develop-
ment. However, the proliferation of dental
follicle cells did not show a significant dif-
ference in the alveolar bone between
Wnt10d""* and K14-Cre;Wnt10d"""*
mice. The functional significance of
Wntl0a on the relationship of alveolar
bone development and root furcation for-
mation needs to be further investigated.

Including Wntl0a, a number of Wnt
ligands are expressed continuously during
tooth development (de Lau et al. 2014). In
our K14-Cre; Wnt10a""°* mice, an ele-
vated Axin2 is observed in the dental
pulp. Moreover, RNA-seq, RT-qPCR, and
RNAscope results show that Wnt4 expres-
sion is significantly increased in K/4-Cre;
Wnt10d""* mouse molars. Furthermore,
knockdown of Wnt4 in the molar germ of
K14-Cre; Wnt10d"* mice at PN4, which
is the key time point for root initiation,
ameliorates taurodontism. Our data indi-
cate that knockout of epithelial-Wntl0a
results in the compensatory upregulation
of Wnt4 and elevated Wnt/B-catenin sig-
naling in the mesenchyme of apical papilla,
thus leading to the increased proliferation
and overgrowth of dental pulp in root
furcation, which might contribute to
taurodontism.

Our study provides in vivo evidence that
epithelial Wnt10a guides root furcation for-
mation. Insights into the epithelial-mesen-
chymal interaction driven by Wntl0a will
greatly enhance our understanding of the
molecular and cellular mechanisms involved
in normal and abnormal tooth root develop-
ment. Information from this study may facil-
itate bioengineered root regeneration.
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