
https://doi.org/10.1177/0022034520970459

Journal of Dental Research
2021, Vol. 100(4) 415 –422
© International & American Associations 
for Dental Research 2020
Article reuse guidelines: 
sagepub.com/journals-permissions
DOI: 10.1177/0022034520970459
journals.sagepub.com/home/jdr

Research Reports: Biological

Introduction
With a prevalence varying from 0.03% to 10.2% among differ-
ent areas and races, tooth agenesis is considered one of the 
most common craniofacial developmental defects in humans 
(Mattheeuws et al. 2004; Rakhshan and Rakhshan 2016). 
Hypodontia is the congenital absence of fewer than 6 perma-
nent teeth, while permanent tooth agenesis of 6 or more teeth is 
defined as oligodontia (excluding the third molars). Oligodontia 
is even more rare, with an estimated incidence of 0.08% to 
0.14% worldwide (Dhamo et al. 2018). Moreover, individuals 
with tooth agenesis often have morphological and structural 
abnormalities or eruption defects of the remaining teeth (Wong 
et al. 2018).

Genetic factors play a predominant role in the occurrence 
and pathogenesis of oligodontia and other dental development 
disorders (Yu, Wong, et al. 2019). Mutations in genes involved 
in the WNT/β-catenin, TGF-β/BMP, and EDA/EDAR/NF-κB 
pathways are responsible for the majority of oligodontia cases, 
including WNT10A (wingless-type MMTV integration site family, 
member 10A, 2q35; OMIM *606268), WNT10B (wingless-type 
MMTV integration site family, member 10B, 12q13.12; OMIM 
*601906), AXIN2 (axis inhibitor, 17q24.1; OMIM *604025), 
PAX9 (paired box gene 9, 14q13.3; OMIM *167416), MSX1 
(Msh homeobox 1, 4p16.2; OMIM *142983), EDA (ectodys-
plasin A, Xq13.1; OMIM *300451), EDAR (ectodysplasin A 

receptor, 2q13; OMIM *604095), and EDARADD (EDAR-
associated death domain, 1q42-q43; OMIM *606603) (Han et al. 
2008; van der Hout et al. 2008; Song et al. 2009; Bergendal  
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Abstract
Genes associated with the WNT pathway play an important role in the etiology of tooth agenesis. Low-density lipoprotein receptor–
related protein 6 encoding gene (LRP6) is a recently defined gene that is associated with autosomal dominant inherited tooth agenesis. 
Here, we aimed to identify novel LRP6 mutations in patients with tooth agenesis and investigate the significance of Lrp6 during tooth 
development. Using whole-exome sequencing, we identified 4 novel LRP6 heterozygous mutations (c.2292G>A, c.195dup, c.1095dup, 
and c.1681C>T) in 4 of 77 oligodontia patients. Notably, a patient who carried a nonsense LRP6 mutation (c.2292G>A; p.W764*) 
presented a hypohidrotic ectodermal dysplasia phenotype. Preliminary functional studies, including bioinformatics analysis and TOP-/
FOP-flash reporter assays, demonstrated that the activation of WNT/β-catenin signaling was compromised as a consequence of LRP6 
mutations. RNAscope in situ hybridization revealed dynamic and special changes of Lrp6 expression during murine tooth development 
from E11.5 to E16.5. It was noteworthy that Lrp6 was specifically expressed in the epithelium at E11.5 to E13.5 but was expressed in 
both dental epithelium and dental papilla from E14.5 and persisted in both tissues at later stages. Our study broadens the mutation 
spectrum of human tooth agenesis and is the first to identify a LRP6 mutation in patients with hypohidrotic ectodermal dysplasia and 
reveal the dynamic expression pattern of Lrp6 during tooth development. Information from this study is conducive to understanding the 
functional significance of Lrp6 on the biological process of tooth development.
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et al. 2011; Song et al. 2014; Wong et al. 2014; Yu et al. 2016; 
Bonczek et al. 2018; Wong et al. 2018; Yu, Liu, et al. 2019).

The WNT pathway plays a crucial role in regulating cell 
differentiation, cell proliferation, and cell migration during 
dental and orofacial development (Thesleff and Sharpe 1997; 
Li et al. 2017). Low-density lipoprotein receptor–related pro-
tein 6 (LRP6, OMIM *603507), a single-pass transmembrane 
receptor, is a member of the low-density lipoprotein (LDL) 
receptor–related proteins family and functions as a vital core-
ceptor for WNTs (MacDonald and He, 2012). LRP6 has 1 
extracellular domain consisting of 4 β-propellers and neigh-
boring EGF-like repeats (E1–4), followed by 3 low-density 
lipoprotein receptor (LDLR) type A repeats. Moreover, a recent 
study reported that the LRP6 binding sites for WNT ligands or 
other inhibitors, such as SOST and DKK1, are located at the 
surface of its E1 to E3 functional domains (MacDonald and He 
2012; Joiner et al. 2013).

To date, LRP6 has been associated with a broad panel of 
human diseases, such as late-onset Alzheimer disease (De 
Ferrari et al. 2007), osteoporosis (Williams and Insogna 2009), 
coronary artery disease alongside with atherosclerosis, and 
some metabolic syndromes, including diabetes, hypertension, 
and hyperlipidemia (Mani et al. 2007; Singh et al. 2013; Xu  
et al. 2014), spina bifida (Lei et al. 2015), neural tube defects 
(Shi et al. 2018), and prostate cancer (Roslan et al. 2019). 
Recently, LRP6 was reported as a novel candidate gene in non-
syndromic oligodontia (Massink et al. 2015), which further 
highlighted the etiological significance of the WNT pathway in 
human tooth agenesis (Yu, Wong, et al. 2019). Mutations in the 
LRP6 gene were also identified in cleft lip and/or palate, as 
well as tooth agenesis with minor anatomical congenital 
defects of the fingers and the ear (Ockeloen et al. 2016; Basha 
et al. 2018; Dinckan et al. 2018; Ross et al. 2019). Despite the 
important role of LRP6 during tooth development, the expres-
sion pattern of LRP6 has never been investigated.

In this study, we identified 4 novel LRP6 mutations, includ-
ing 2 nonsense (c.2292G>A and c.1681C>T) and 2 frameshift 
(c.195dup and c.1095dup) mutations in 4 of the 77 patients 
with oligodontia. Tertiary structural and in vitro functional 
analysis revealed that the activation of WNT/β-catenin signal-
ing was severely impaired by loss of function of LRP6. Our 
findings confirm that LRP6 is the pathogenic gene for oligo-
dontia. Importantly, we also defined the dynamic expression 
pattern of Lrp6 at serial tooth developmental stages in mice, 
implicating its role in tooth development.

Materials and Methods

Participant Recruitment

A cohort of 77 participants with oligodontia was recruited from 
the Department of Prosthodontics at Peking University School 
and Hospital of Stomatology, Beijing, China. All participants 
denied a history of tooth extraction or loss, confirming the 
nature of congenital tooth missing. Informed consent was 
signed by all participants. Detailed intraoral and radiographic 
examinations were performed by a prosthodontist. All experi-
ments were approved by the Ethics Committee of Peking 

University School and Hospital of Stomatology (PKUSSIRB- 
201736082) and the Institutional Animal Care and Use 
Committees at the Peking University Health Science Center 
(LA2016078).

Whole-Exome Sequencing Analysis

Genomic DNA of each proband were extracted from peripheral 
blood lymphocytes using the Blood Genomic DNA Mini-Kit 
(Cwbiotech) and sent for whole-exome sequencing (WES) 
with the Illumina-X10 platform by iGeneTech. To filter the 
detected variants, orodental-related genes were annotated 
(Prasad et al. 2016). Then, we excluded silent variants and mis-
sense variants with a minor allele frequency (MAF) ≥0.01 in 
East Asians in the single Nucleotide Polymorphism database 
(dbSNP), the 1000 Genomes Project database (1000G), the 
Genome Aggregation Database (gnomAD), or the Exome 
Aggregation Consortium (ExAC). Sorting Intolerant from 
Tolerant (SIFT), Polymorphism Phenotyping v2 (PolyPhen-2), 
and Mutation Taster were carried out for the bioinformatic 
analysis to predict the functional impact of the remaining 
variants.

We confirmed 4 novel pathogenic variants of the LRP6 
(NM_002336.3) and excluded other candidate genes in 4 
affected families. Cosegregation analysis and Sanger sequenc-
ing (primers are in Appendix Table 1) of the probands and their 
family members were employed to validate LRP6 variants in 
the family pedigrees. TA clone sequencing was used to confirm 
the frameshift mutations.

Tertiary Structural Modeling and Conformational 
Analysis

The crystal structure of the 4 β-propeller–EGF fragments in 
LRP6: LRP6-E1E2 (Protein Data Bank database, PDB data-
base ID, 5gje.1.A) and LRP6-E3E4 (PDB database ID, 
6h15.1.A) (Cheng et al. 2011) was used as a template to pre-
dict the conformational effect of the LRP6 mutations. 
Visualization of the tertiary structure of wild-type and mutant 
LRP6 proteins was drawn using the PyMOL2.3 Molecular 
Graphics System.

LRP6 Plasmid Generation

To generate a wild-type LRP6 plasmid, the full-length coding 
sequence of the human LRP6 gene was subcloned into an 
empty pEGFP-M98 vector between 5′-NspV and 3′-XhoI. 
Y66Ifs*4, D366Rfs*13, R561*, and W764* were designed as 
previously described (Lee et al. 2010). Primers are in Appendix 
Table 1. TOP-flash (a TCF reporter plasmid) and FOP-flash (a 
mutant TCF reporter plasmid) were obtained from MiaoLing 
Plasmid (Miaoling Bioscience).

Western Blot Analysis

Human embryonic kidney 293T (HEK-293T) cells were trans-
fected with the empty vector, the wild-type and mutant LRP6 
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plasmids using Lipofectamine 3000 (Invitrogen). 
Then, 40 μg of total protein was extracted from 
the transfected cells and 80 μg of secretory pro-
tein was extracted from their culture supernatant 
fluids using the Cultural Supernatants Total 
Protein Extraction Kit (applygen). Protein lysates 
were resolved by sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis (SDS-PAGE) and 
transferred onto a nitrocellulose membrane. Blots 
were probed with anti-GFP (Abcam) and anti-
GAPDH (Sungene Biotech) antibodies.

TOP-/FOP-Flash Reporter Assay

Equivalent amounts (1.5 μg) of each construct 
alone (empty vector, wild type, and mutant) or 
coexpression of wild type (0.75 μg) and each 
mutant (0.75 μg) were cotransfected with either a 
TOP-flash or FOP-flash reporter plasmid into 
HEK-293T cells. The phRL-TK (Renilla reporter 
plasmid; Promega) was used as an endogenous 
reference. Twenty-four hours after transfection, 
cells were cultured in the absence or presence of 
100 ng/mL Wnt3a (R&D) for 8 h, respectively. 
Cell lysates were used to measure both firefly and 
Renilla luciferase activity in replicates by a dual-
luciferase reporter system (Promega). Firefly 
luciferase activity was normalized to the Renilla 
luciferase for each sample. The Wnt/β-catenin 
activation was determined as the ratio of TOP-/
FOP-luciferase activity with or without Wnt3a 
stimulated. Student’s t test was carried out to 
compare the difference of relative activity between 
the wild type and mutants. Data were presented as 
mean ± SD (n = 3), and P < 0.001 was considered 
statistically significant.

Tooth Germ Preparation and RNAscope  
In Situ RNA Analysis

According to the appearance of a vaginal plug, 
timed-pregnant ICR mice were sacrificed at the 
stages of embryonic (E) day 11.5 (E11.5), E12.5, E13.5, E14.5, 
E15.5, and E16.5, respectively. Three embryonic heads of each 
developmental stage were microdissected and fixed in 4% 
paraformaldehyde for 24 h and ethanol series dehydrated,  
paraffin embedded, and serially sectioned (5 μm) in the  
coronal plane. RNAscope Probe-Mm-Lrp6 (Advanced Cell 
Diagnostics; ACD, 315801) and Probe-Mm-Lrp5 (ACD, 
315791) were designed to target the 2097 to 2992 bp of mouse 
Lrp6 messenger RNA (mRNA) (NM_008514.4) and the 1261 
to 2246 bp of mouse Lrp5 mRNA (NM_008513.3), respec-
tively. RNAscope 2.5 HD detection reagents–RED analysis 
system (ACD, 322360) was used to explore the expression pat-
tern of Lrp6 and Lrp5 following the manufacturer’s protocol 
(Wang et al. 2012).

Results

Clinical Examination and Variants Identification

Four novel LRP6 heterozygous mutations (c.2292G>A, 
c.195dup, c.1095dup, and c.1681C>T) were identified in 4 of 
77 oligodontia patients, with a mutation detection rate of 5.2% 
(4/77).

An 11-y-old male proband (II:1) of family #46 had 18 con-
genital missing permanent teeth (Fig. 1A). This proband 
showed hypohidrotic ectodermal dysplasia-associated fea-
tures, such as sparse hair and hypohidrosis (Fig. 1B). WES 
screening revealed a heterozygous nonsense mutation 
c.2292G>A (p.W764*) in exon 11 of the LRP6 gene in the pro-
band (Fig. 2A). There was no pathogenic mutation identified in 

Figure 1. Clinical features of patients with tooth agenesis. (A) Panoramic radiograph 
and schematic of #46 proband (II:1) with congenital lack of permanent teeth. (B) Facial 
photographs of #46 II:1 showing sparse hair and eyebrows. (C) Panoramic radiograph 
and schematic of #189 proband (II:1) with congenital missing permanent teeth. (D, E) 
Panoramic radiograph and schematic of #268 (II:1) proband with congenital missing 
permanent teeth and the mother of the proband (I:2). (F) Panoramic radiograph and 
schematic of #564 proband (II:1) with congenital missing permanent teeth. Asterisks in 
panoramic radiographs and solid squares in the schematics indicate congenital missing 
permanent teeth. Triangles in panoramic radiographs indicate cone-shaped teeth. L, left; 
Mand, mandibular; Max, maxillary.
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ectodermal dysplasia-related genes, such as the genes of the 
EDA pathway (Appendix Table 2). The proband’s father exhib-
ited nonsyndromic oligodontia, with normal characteristics of 
the hair and sweat glands, and also carried the heterozygous 
LRP6 mutation c.2292G>A. This mutation was not detected in 
his unaffected mother or sister. Therefore, the proband’s LPR6 
mutation c.2292G>A (p.W764*) was inherited from his father 
and cosegregated with oligodontia in a dominant manner (Fig. 2A).

A 19-y-old male proband (II:1) of family #189 was diag-
nosed with congenitally missing 16 permanent teeth, and he 
also had cone-shaped maxillary central incisors (Fig. 1C). His 
facial features, hair, sweat, and skin were normal. The denti-
tions and other ectodermal organs of his parents were unaf-
fected, and the patient denied a family history of tooth agenesis 
or ectodermal abnormalities. A heterozygous frameshift muta-
tion c.195dup (p.Y66Ifs*4) located in exon 2 of the LRP6 gene 

was detected in the proband (Fig. 2B). However, 
this mutation was not detected in his asymptomatic 
parents, suggesting that the proband’s LRP6 muta-
tion c.272_273insA (p.Y66Ifs*4) was a novel de 
novo mutation (Fig. 2B).

The proband (II:1) of family #268 was a 20-y-
old female who presented with the absence of 15 
permanent teeth (Fig. 1D). Her mother (I:2) also 
had 7 permanent teeth congenitally missing (Fig. 
1E), but her father was not affected. No obvious 
systemic anomaly was observed in this family. A 
heterozygous frameshift mutation c.1095dup 
(p.D366Rfs*13) in exon 6 of the LRP6 gene was 
detected in the proband and her mother, indicating 
that the proband’s LRP6 mutation was inherited 
from her mother (Fig. 2C).

In family #564, a 21-y-old female proband (II:1) 
had 9 permanent teeth missing and cone-shaped 
maxillary lateral incisors (Fig. 1F). Her father was 
unaffected with tooth agenesis or other systemic 
anomalies while her mother’s clinical manifesta-
tion and genotype were unavailable because of her 
death. A heterozygous nonsense mutation 
c.1681C>T (p.R561*) in exon 8 of the LRP6 gene 
was detected in the proband (Fig. 2D).

Conformational Changes  
of LRP6 Mutants

The extracellular domain of wild-type LRP6 con-
sists of 4 continuous “YWTD-β-propeller-EGF-
like” domains: E1 to E4 domains (Cheng et al. 
2011), which are presented in Figure 3A, B, D, F, 
and H. When compared with wild-type LRP6 con-
formation, the p.W764* mutation located at the E3 
domain led to a premature termination at residue 
Trp764 (Fig. 3B, C). The p.Y66Ifs*4 mutation was 
located at the E1 domain of LRP6 and resulted in a 
frameshift from residue 66 to the resultant prema-
ture stop at residue 70. The conformation of the 
helix and sheet, adjacent to residue 70, was con-

verted into a loop in this LRP6 mutant (Fig. 3D, E). The 
p.D366Rfs*13 mutation at the E2 domain also caused a prema-
ture truncation at residue 379 and a more marked conforma-
tional change near residue 379. Two sheets in this site converted 
into loops (Fig. 3F, G). For the p.R561* mutant, a premature 
truncation occurred at residue 561, which only left the signal 
peptide, E1, and partial E2 domains intact (Fig. 3H, I). 
Therefore, these diverse conformational changes of LRP6 
mutants suggested that these 4 novel mutations may affect the 
biological functions of LRP6.

Expression of the LRP6 Mutants

We next accessed the functional consequences of LRP6 mutants 
by overexpressing wild-type or mutant LRP6 in HEK-293T 
cells. Western blot analysis showed that all 4 mutant proteins 

Figure 2. Pedigrees in tooth agenesis patients and genetic screen of LRP6 
mutations. (A) Sequencing chromatograms show a heterozygous LRP6 nonsense 
mutation (c.2292G>A; p.W764*) identified in #46 II:1 and #46 I:1. (B) Sequencing 
chromatograms show a heterozygous LRP6 frameshift mutation (c.195dup; Y66Ifs*4) 
identified in #189 II:1. (C) Sequencing chromatograms show a heterozygous LRP6 
frameshift mutation (c.1095dup; p.D366Rfs*13) identified in #268 II:1 and #268 
I:2. (D) Sequencing chromatograms show a heterozygous LRP6 nonsense mutation 
(c.1681C>T; p.R561*) identified in #564 II:1. Black arrows indicate the proband in 
each family. Solid circles and squares represent the individuals with tooth agenesis. All 
mutated nucleotides are labeled with red frames and red arrows.
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with a GFP-tag could be expressed in vitro. The wild-type and 
the truncated LRP6 proteins (p.Y66Ifs*4, p.D366Rfs*13, 
p.R561*, and p.W764*) were produced at the predicted molec-
ular weight (Fig. 4A). Since all truncated LRP6 proteins lacked 
the transmembrane domain, we next assessed if these mutants 
could be secreted in the culture media of transfected cells. 
Intriguingly, these truncated LRP6 were not detectable in the 
culture supernatant media (Appendix Fig.).

LRP6 Mutants Inhibit WNT/β-Catenin Signaling 
Activation through a Dominant-Negative Behavior

The TOP-/FOP-flash activities results showed that the TOP-/
FOP-flash luciferase activity of Wnt3a was significantly lower 
in HEK-293T cells transfected with 4 LRP6 mutant plasmids 
when compared to those transfected with wild-type plasmids 
(P < 0.001; Fig. 4B), indicating that 4 LRP6 mutants severely 
reduced WNT/β-catenin signaling activities. To investigate the 
mechanism of dominant-negative effect, we coexpressed wild-
type LRP6 with each truncated mutant and then observed that 

all the 4 truncated mutants were able to suppress the activity of 
TOP-/FOP-flash luciferase stimulated by wild-type LRP6 (Fig. 4B).

Dynamic Expression Pattern of Lrp6  
during Mouse Molar Development

These results demonstrated the loss-of-function LRP6 muta-
tions in human oligodontia patients, suggesting an important 
role of LRP6 in regulating dental organogenesis. The expres-
sion pattern of Lrp6 during tooth development, however, is 
hitherto unknown. To corroborate the role of Lrp6 in tooth 
development, we performed an RNAscope assay to visualize 
the spatial and temporal expressions of Lrp6 and its homolog, 
Lrp5, on mouse first mandibular molars at serial developmen-
tal stages. We found that the expression pattern of Lrp6 exhib-
ited dynamic changes from E11.5 to E16.5. At E11.5, when the 
ectoderm-derived dental epithelium thickened to form the den-
tal lamina, the expression of Lrp6 was detected in the dental 
lamina and the surrounding cranial neural crest–derived mes-
enchyme, which gave rise to mandible (Fig. 5A). At E12.5 to 

Figure 3. Location and tertiary structural analysis of LRP6 mutants. (A) Schematic diagram of the wild-type human LRP6 (NP_002327.2) protein and 
the distribution of the 4 novel LRP6 mutations identified in patients with tooth agenesis. E1 to E4 represent the 4 β-propeller–EGF–like repeats in the 
extracellular domain of LRP6. (B–I) Structural changes of 4 mutant LRP6 proteins (C, E, G, and I) compared with the wild-type E1–E2 and E3–E4 of 
LRP6 (B, D, F, and H).
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E13.5 (the bud stage), when the dental mesenchyme began to 
develop and surround the epithelial bud, the expression of Lrp6 
was restricted to the dental epithelium but was hardly detected 
in the dental mesenchyme (Fig. 5B, C). Strikingly, at E14.5 
(the cap stage), Lrp6 was expressed not only in the dental epi-
thelium, including the primary enamel knot (EK) and the inner 
and outer enamel epithelium (IEE and OEE), but also in the 
dental papilla (Fig. 5G). Later, at the bell stage (E15.5–E16.5), 
Lrp6 was highly expressed in the dental papilla and moderately 
expressed in the IEE and OEE (Fig. 5H, I). It is noteworthy that 
Lrp6 expression was never detected in the dental follicle from 
E14.5 to E16.5. Furthermore, our results demonstrated that the 
expression pattern of Lrp5 was highly consistent with that of 
Lrp6 in the tooth germs of E11.5 to E16.5 mouse embryos (Fig. 
5D–F, J–L).

Discussion
Although LRP6 mutations have been previously identified in 
tooth agenesis (Appendix Table 3), novel mutations need to be 
continually discovered to broaden the genotypic and pheno-
typic spectrum associated with LRP6 mutations. Here, we 

identified 4 novel LRP6 pathogenic mutations in 4 unrelated 
oligodontia families, including 2 frameshift mutations (c.195 
dup; p.Y66Ifs*4, c.1095dup; p.D366Rfs*13) and 2 nonsense 
mutations (c.1681C>T; p.R561*, c.2292G>A; p.W764*). 
Interestingly, we observed a notable phenotypic variation 
within a LRP6-related tooth agenesis family. A patient who 
carried a nonsense LRP6 mutation (c.2292G>A; p.W764*) had 
a hypohidrotic ectodermal dysplasia phenotype, including 
sparse scalp hair, hypohidrosis, and oligodontia, while his 
father who carried the same mutation only showed nonsyn-
dromic tooth agenesis. The phenotypic heterogeneity of LRP6 
mutations may due to an incomplete penetrance of the pheno-
type. Other possible factors, such as genetic and epigenetic 
modifiers, may also be implicated in the pathogenesis of hypo-
hidrotic ectodermal dysplasia and tooth agenesis.

Physiologically, LRP6 forms a complex with WNTs and 
Frizzled (FZD) to activate the WNT signaling pathway. 
Consequently, newly synthesized β-catenin translocates into 
the nucleus and binds to members of the lymphoid enhancer 
binding factor (LEF)/T cell–specific transcription factor (TCF) 
family of transcription factors, thereby facilitating the tran-
scription of WNT target genes (Logan and Nusse 2004). 
Variations in LEF/TCF transcription that decrease the activa-
tion of WNT target genes can lead to abnormalities in tooth 
development (van Genderen et al. 1994). Our tertiary structural 
analysis revealed that 3 LDLR type A domains, the transmem-
brane domain, and the intracellular domain of LRP6 were all 
disrupted by various degrees in the mutants, which may affect 
the WNT signaling activations as a consequence.

Indeed, in vitro experiment results demonstrated that these 
truncated LRP6 proteins compromised canonical WNT activa-
tions. To further mimic the heterozygosity found in the affected 
patients, an equivalent amount of wild-type and mutant LRP6 
plasmids was cotransfected into the cells, and the results indi-
cated that p.Y66Ifs*4, p.D366Rfs*13, p.R561*, and p.W764* 
mutations might have a dominant-negative effect on the activ-
ity of the wild-type allele in regulating WNT activations, con-
tributing to oligodontia pathogenesis.

LRP5 shares 73% sequence identity with LRP6 in the extra-
cellular domain and 64% in the intercellular domain (Roslan  
et al. 2019). During embryonic development, LRP5 is a col-
laborative factor with LRP6, forming a trimeric complex 
(WNT–FZD–LRP5/6) together with WNT receptors and FZD, 
which then activates the WNT/β-catenin signaling pathway 
(Roslan et al. 2019). Since the WNT/β-catenin signaling path-
way plays a vital role in the process of tooth development (Liu 
and Millar 2010), we speculated that Lrp6, possibly together 
with Lrp5, is involved in controlling tooth development. We 
analyzed the expression patterns of Lrp6 and Lrp5 at serial 
stages of mouse tooth germ development by RNAscope analy-
sis. Interestingly, we found that the expression pattern of Lrp6 
exhibits dynamic changes, and the expression patterns of Lrp6 
and Lrp5 transcripts are highly overlapping in the tooth germs 
of E11.5 to E16.5 mouse embryos. Lrp6 and Lrp5 were specifi-
cally expressed in the dental epithelium at E11.5 to E13.5. It is 
noteworthy that the expression of Lrp6 and Lrp5 was first 
detected in both dental papilla and dental epithelium from 

Figure 4. Expression and TOP-/FOP-flash luciferase reporter assay of 
LRP6 mutants. (A) Western blot analysis of wild-type and LRP6 mutants. 
An empty vector was transfected into cells as a negative control. (B) 
The TOP-/FOP-flash luciferase assay shows the transcriptional activation 
of the WNT/β-catenin signaling pathway in wild-type and mutant 
groups. The asterisks denote the difference with statistical significance 
(***P < 0.001), and the results are depicted as mean ± SD of triplicate 
experiments.
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E14.5 and persisted in both tissues at later stages. 
These data may indicate the crucial roles of Lrp6 
and Lrp5 in regulating epithelial-mesenchymal 
interactions during tooth development. However, 
Lrp6 and Lrp5 transcripts were never expressed in 
the dental follicle of E14.5 to E16.5 mouse 
embryos, suggesting that the development of den-
tal follicle–derived tissues, such as cementum and 
periodontal membrane, are Lrp6/5 independent.

Mutations in WNT10A and WNT10B also lead 
to oligodontia and share a similar localization pat-
tern in the dental epithelium at the bud and cap 
stages, when tooth morphogenesis is first appar-
ent (Yu et al. 2016). From E15.5 to the later stage, 
Wnt10b is exclusively expressed in the dental epi-
thelium (Dassule et al. 1998), while Wnt10a 
expression is gradually detected in both the dental 
epithelium and adjacent mesenchyme (Yu et al. 
2020). The partially overlapped expression pat-
terns of the WNT ligands, Wnt10a and Wnt10b, 
with the WNT coreceptors, Lrp6 and Lrp5, indi-
cate the precise regulation networks of Wnt/β-
catenin signaling in tooth development.

Taken together, we reported 4 novel LRP6 
mutations in oligodontia patients, and our results 
greatly expand the mutation spectrum of human 
tooth agenesis. Our data provide in vivo evidence 
that Lrp6 and Lrp5 may play crucial roles in epi-
thelial-mesenchymal interactions during tooth 
morphogenesis. The precise regulatory mecha-
nisms of Lrp6 and Lrp5 in tooth development 
need to be further investigated by constructing 
gene conditional knockout mouse models.
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