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1 | INTRODUCTION based on the presence of other accompanying symptoms.
TA can be categorized as hypodontia (<6 teeth missing,
Tooth agenesis (TA) is a common congenital abnormal- excluding third molars), oligodontia (>6 teeth missing, ex-

ity that may occur in a nonsyndromic or syndromic form  cluding third molars) and anodontia (missing all teeth).
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The prevalence of nonsyndromic TA varies greatly among
different ethnic populations, ranging from 2.3 to 10%
(Galluccio et al., 2012). TA, especially the absence of
multiple teeth, may affect masticatory efficiency and the
appearance of patients, causing physiological and psycho-
logical problems.

The aetiology of TA mainly involves genetic fac-
tors, but environmental factors may also contribute to
TA. Mutations in PAX9, WNT10A, MSX1, EDA, AXIN2,
WNT10B and LRP6, tend to be the main causative aetio-
logical factors involved in nonsyndromic TA; other genes
including BMP4, DKKI1, EDAR, EDARADD, GREM2,
KREMENI, LTBP3, SMOC2 and PITX2, have also been as-
sociated with nonsyndromic TA (Yu, Wong, et al., 2019).
Considering its complex aetiology, intensive efforts are
needed to gain greater insights into TA.

In this study, 72 patients from 43 unrelated Chinese
families with nonsyndromic TA were enrolled, and exome
sequencing and Sanger sequencing were performed to
analyse the pathogenic variants. Bioinformatics and con-
formational analyses were performed to investigate the
characteristics of the obtained mutants.

2 | SUBJECTS AND METHODS

2.1 | Subjects and clinical diagnosis

This study included 72 patients from 43 Chinese fam-
ilies with nonsyndromic TA who presented to the
School and Hospital of Stomatology, Wuhan University.
Nonsyndromic TA was diagnosed based on clinical
examinations and panoramic radiographs. The study
was approved by the institutional ethics committee of
the Hospital of Stomatology Wuhan University (2018-
A56), and informed consent was obtained from all
participants.

2.2 | Exome sequencing and
data analysis

An improved salting-out method was used to extract
genomic DNA from peripheral blood. The DNA quality
was analysed using a Qubit Assay Kit (Thermo Fisher
Scientific) and agarose gel electrophoresis. High-purity
DNA samples with concentrations >20ng/pl and a
total amount>1.5 pg were used for exome sequenc-
ing on the HiSeq X Ten platform (Illumina, San Diego,
CA, USA) at Genesky Biotechnologies Inc., Shanghai,
China. The reads were mapped to the reference assem-
bly (hgl9) using the Burrows-Wheeler Aligner (Li &
Durbin, 2010). Variant calling was carried out using the

Genome Analysis Toolkit (GATK) and VarScan. All var-
iants were further annotated using the 1000 Genomes
Project (1000G), Exome Aggregation Consortium
(EXAC), gnomAD, dbSNP, ClinVar, SIFT, PolyPhen-2,
MutationTaster, VarSome, OMIM, Gene Ontology and
the KEGG Pathway analysis (Tang et al., 2017). All can-
didate pathogenic variants were validated by Sanger
sequencing using a BigDye Terminator kit on an ABI
3730 XL sequencer (Foster City, CA, USA) at Tsingke
Biotechnology (Wuhan, China).

2.3 | Conservation analysis and variant
pathogenicity prediction

Multi-species amino acid sequence alignment was per-
formed using Clustal Omega (https://www.ebi.ac.uk/
Tools/msa/clustalo/). Orthologues from humans to
zebrafish were got from Ensembl. The variants were fur-
ther assessed using the earlier mentioned bioinformatics
databases, according to the American College of Medical
Genetics and Genomics (ACMG) guidelines for interpre-
tation of sequence variants.

2.4 | 3D structure modelling and
bioinformatics analysis of mutants

Domain Graph (DOG, version 2.0) was used to generate
schematic diagrams of protein domain structures with
distribution of mutations. To predict the conforma-
tional changes in the mutants, the crystal structure of
the Wnt signalling complex (SWISS-MODEL template
library, SMTL ID: 6ahy.2.B), E1 and E2 domains of LRP6
(SMTL ID: 4dg6.1.A) and Msx-1 homoeodomain (HD)/
DNA complex structure (SMTL ID: 1ig7.1.C) were used
as templates to generate 3D models for the WNT10A,
LRP6 and MSX1 mutants respectively. UCSF Chimera
1.16 was used for 3D structure visualization of wild-type
and mutant proteins.

The 3D structures of AXIN2 p.44_45insGQ, PAX9
p-Q147*, PAX9 p.L154QfsTer60 and PITX2 p.Y174* were
not modelled because no suitable templates were available.

3 | RESULTS
3.1 | Clinical diagnosis and mutation
detection

The tooth phenotypes and pedigree analysis of eight
Chinese families are illustrated in Figures 1 and 2. In total,
eight mutations in six genes were identified using exome
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FIGURE 1 Clinical analyses of patients with nonsyndromic
TA. (a-h) Panoramic radiographs and tooth phenotypes of patients
in families 1-8. An asterisk (%) marks the congenital missing tooth.

sequencing, confirmed using Sanger sequencing (Table 1).
Two LRP6 mutations, the AXIN2 mutation, two PAX9 mu-
tations and the MSX1 mutation were novel whereas the
mutations in WNT10A and PITX2 had been previously
reported to be associated with TA (B. Zeng et al., 2017),
odonto-onycho-dermal dysplasia (OODD) (Yu, Liu,
et al., 2019) and Axenfeld-Rieger syndrome (ARS) (Vieira
et al., 2006) respectively. Two LRP6 mutations, two PAX9
mutations and the MSXI mutation were not found in
dbSNP, EXAC 03, gnomAD_genome or HUABIAO (data-
base of the HUABIAO project, https://www.biosino.org/
wepd/).

Open Access,

3.1.1 | Family 1: WNT10A mutation

In family 1, the 17-y-old female proband and her
mother were affected with TA. The proband (II:1) had
16 congenitally missing teeth (third molars excluded),
with no other accompanying symptoms. Tooth 22 was
cone shaped and some deciduous teeth were retained
(Figure 1a). Her mother's clinical information is not de-
scribed because she underwent dental restorations and
a panoramic radiograph was unavailable. Exome se-
quencing and Sanger sequencing identified a previously
reported heterozygous nonsense mutation (NM_025216:
€.742C>T) in exon3 of WNTI0A in the proband and her
mother (Figure 2a).

3.1.2 | Families 2 and 3: LRP6 mutation

The 26-y-old female proband (I1I:2) in family 2 showed ol-
igodontia with 17 congenitally missing teeth (third molars
excluded) and retention of deciduous teeth (Figure 1b). A
pedigree investigation of the family is shown in Figure 2b.
Exome sequencing and Sanger sequencing revealed a
novel heterozygous nonsense mutation (NM_002336:
c.1518G>A) in exon 7 of LRP6 in the proband, and
verified the wild-type genotype in her unaffected sister
(Figure 2b). Unfortunately, the other family members
were unavailable for testing.

In family 3, the 18-y-old male proband, his younger sis-
ter, and father, were affected with TA, whereas his mother
was unaffected. The proband (II:1) had only four first mo-
lars, and all other teeth were congenitally missing. His
10-y-old sister (II:2) congenitally lacked 19 teeth, exclud-
ing the third molars, whereas his father (I:1) congenitally
lacked four teeth, excluding the third molars (Figure 1c).
Exome sequencing and Sanger sequencing revealed a
novel heterozygous splicing mutation (NM_002336:
€.2791+1G>T) in LRP6 in all three patients (Figure 2c).

3.1.3 | Family 4: AXIN2 mutation

In family 4, a 19-y-old female proband and her father
were affected with TA. The proband (II:1) had seven
congenitally missing teeth (third molars excluded), with
some retained deciduous teeth (Figure 1d). Her father's
clinical information is not described because he under-
went dental restorations and a panoramic radiograph was
unavailable. Exome sequencing and Sanger sequencing
revealed a novel heterozygous nonframeshift insertion
(NM_004655: ¢.133_134insGCCAGG) in exon 2 of AXIN2
in both the proband and her father (Figure 2d). The mu-
tation was found in dbSNP, EXAC 03 (2.52x107°) and
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FIGURE 2 Pedigree and mutation analysis of families 1-8. (a) Sanger sequence chromatograms presenting a known heterozygous
nonsense mutation WNTI0A [c.742C> T (p.R248*)] in the proband (II:1) and her mother (I:2). (b) Sanger sequence chromatograms
presenting a novel heterozygous nonsense mutation LRP6 [c.1518G > a (p.W506*)] in the proband (I1I:2) and her sister (III:1). (c)

Sanger sequence chromatograms presenting a novel heterozygous splicing mutation LRP6 ¢.2791+ 1G> T in the proband (II:1), the

sister (II:2) and the father (I:1). (d) Sanger sequence chromatograms presenting a novel heterozygous nonframeshift insertion AXIN2
[c.133_134insGCCAGG (p.44_45insGQ)] in the proband (IT:1) and the father (I:1). (e) Sanger sequence chromatograms presenting a
novel heterozygous nonsense mutation PAX9 [c.439C > T (p.Q147%)] in the proband (IV:1) and the mother (I11:10). (f) Sanger sequence
chromatograms presenting a novel heterozygous frameshift insertion PAX9 [c.453_454insCCAGC (p.L154QfsTer60)] in the proband (II:1)
and the brother (II:2) and mother (I:2). (g) Sanger sequence chromatograms presenting a novel de novo heterozygous frameshift deletion
MSXI1 [c.603_604del (p.A203GfsTer10)] in the proband (II:2). (h) Sanger sequence chromatograms showing a known heterozygous nonsense
mutation PITX2 [c.522C> G (p.Y174*)] in the proband (III:1) and her father (II:3). Filled symbols: Affected members; arrow: Proband.

gnomAD_genome (2.409x107°) (Table 1) but was not
previously associated with any disease.

3.1.4 | Families 5 and 6: PAX9 mutation

The 20-y-old male proband (IV:1) in family 5 had 17 con-
genitally missing teeth (third molars excluded), and his

mother (IT1:10) congenitally lacked 14 teeth (third molars
excluded) (Figure 1e). A pedigree investigation of family
5 is shown in Figure 2e. Exome sequencing and Sanger
sequencing revealed a novel heterozygous nonsense mu-
tation (NM_001372076: c.439C >T) in exon 2 of PAX9 in
the proband and his mother (Figure 2e).

In family 6, the proband was a 9-y-old male and his
younger brother and mother were also affected with TA.
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TABLE 1 Pathogenicity prediction of the eight mutations

Pathogenicity classification (ACMG

criteria)

) MutationTaster VarSome_
Pred Predition
D

gnomAD
genome

Mutation type

nonsense

Protein change

p.R248*

Exon Nucleotide change

Gene

Families

Pathogenic

Pathogenic

8.425%x 1078

c.742C>T

3

WNT10A

(PVS1 +PS1 + PP1 + PP3 + PP4)
Pathogenic (PVS1 + PM2 + PP3 + PP4)

Pathogenic

Pathogenic

nonsense
splicing

p.W506*

c.1518G> A

7

LRP6

Pathogenic

c.2791+1G>T

LRP6

(PVS1+PM2 + PP1 + PP3 + PP4)
Uncertain significance (PM4 + PP1 + PP4)

Uncertain

2.409x107°

nonframeshift

p-44_45insGQ

¢.133_134insGCCAGG

2

AXIN2

significance

insertion

Pathogenic

Pathogenic

nonsense

p-Q147*

c.439C>T

2

PAX9

(PVS1+PM2+ PP1+ PP3+ PP4)
Pathogenic (PVS1+ PM2 -+ PP1+ PP4)

Pathogenic

frameshift

v p-L154QfsTer60

c.453_454insCCAGC

2

PAX9

insertion

Pathogenic (PVS1 + PS2 + PM2)

Pathogenic

Pathogenic
Likely

frameshift deletion —

p-A203GfsTer10

p.Y174*

¢.603_604del
c.522C>G

2
3

MSX1

nonsense

PITX2

(PVS1 +PS1 +PS2 + PP1 + PP3 + PP4)

pathogenic

Abbreviations: -, absent in gnomAD_genome; A, disease_causing_automatic; D, disease_causing; PM, moderate-level evidence of pathogenic impact; PP, supporting-level evidence of pathogenic impact; PS, strong

evidence of pathogenic impact; PVS, very strong evidence of pathogenicity.
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The proband (II:1) had nine congenitally missing teeth
(third molars excluded) and his mother (I:2) congenitally
lacked five teeth (third molars excluded) (Figure 1f). The
clinical manifestations of his younger brother are not
described because a panoramic radiograph was unavail-
able. Exome sequencing and Sanger sequencing revealed a
novel heterozygous frameshift insertion (NM_001372076:
c.453_454insCCAGC) in exon 2 of PAX9 in the proband,
his younger brother, and mother (Figure 2f).

3.1.5 | Family 7: MSXI mutation

In family 7, the proband was a 13-y-old female; both her
parents were unaffected. The proband (II:2) had 12 con-
genitally missing teeth (third molars excluded) (Figure 1g).
Exome sequencing and Sanger sequencing identified a
novel heterozygous frameshift deletion (NM_002448:
€.603_604del) in exon 2 of MSX1 in the proband. The mu-
tation was considered de novo based on Sanger sequenc-
ing of the proband’s parents, after confirming their genetic
relationship (Figure 2g).

3.1.6 | Family 8: PITX2 mutation

The 5-y-old female proband (III:1) congenitally lacked
at least 16 teeth (third molars excluded), and her fa-
ther (II:3) congenitally lacked 12 teeth (third molars
excluded) (Figure 1h). Both the proband and her father
had no abnormalities in the eyes, abdomen or any other
syndromic phenotypes. The pedigree investigation of
family 8 is shown in Figure 2h. Exome sequencing and
Sanger sequencing identified a heterozygous nonsense
mutation (NM_000325: ¢.522C>G) in exon 3 of PITX2
in the proband and her father, whereas the grandparents
and aunt of the proband showed a wild-type genotype
(Figure 2h). After confirming the genetic relationships
among the family members, this mutation was considered
de novo. Interestingly, this mutation has previously been
described in patients with ARS (Vieira et al., 2006).

3.2 | Conservation analysis and
bioinformatics analyses

Conservation analysis showed that all eight muta-
tions were evolutionarily conserved across many
species (Supplementary Figure S1), implying their
functional importance. The mutations were further
assessed based on the ACMG variant pathogenic-
ity guidelines (Table 1). WNTI0A c.742C>T, LRP6
c.1518G> A and ¢.2791+1G>T, PAX9 ¢c.439C>T and
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c.453_454insCCAGC, MSXI c.603_604del and PITX2
¢.522C>G were predicted to be pathogenic, whereas
AXIN2 c.133_134insGCCAGG was of uncertain signifi-
cance on the basis of present evidence that needs further
exploration.

3.3 | Mutation analysis

The protein encoded by WNT10A contains a WNT1 do-
main (Kirikoshi et al., 2001), as shown in Figure 3a and
Supplementary Figure S2a. WNTIOA c.742C>T pro-
duces a premature stop, resulting in truncated WNT10A
(p-R248*). Compared with wild-type WNT10A, p.R248*
is distributed in the WNT1 domain (Supplementary
Figure S2b).

The extracellular fragment of wild-type LRP6 contains
four YWTD (Tyr, Trp, Thr and Asp)-type B-propeller do-
mains comprising five YWTD repeats, each followed by
an EGF-like domain, designated as E1 to E4 from the N- to
C-terminus (Ren et al., 2021), as indicated in Figure 3b and
Supplementary Figure S2c. LRP6 c.1518G > A produces a
premature stop, resulting in truncated LRP6 (p.W506%).
LRP6 p.W506* is located at the fourth YWTD repeat of
the E2 domain and causes deletion of sequences from
W506 through S1613 (Supplementary Figure S2d). As a
splice donor site mutation in the canonical splice motif,
LRP6 c.2791+1G>T, identified in family 3, may affect ca-
nonical GU-AG dinucleotides, resulting in aberrant RNA
splicing.

AXIN2 encodes an 843 amino acid polypeptide that
includes a regulator of the G protein signalling (RGS) do-
main. AXIN2 [c.133_134insGCCAGG (p.44_45insGQ)] is
located between the tankyrase-binding motif and the RGS
domain, resulting in the insertion of two novel amino
acids, that is, glycine (Gly, G) and glutamine (Gln, Q), fol-
lowing Gln44 (Figure 3c).

PAX9 encodes a 341 amino acid polypeptide with a
paired domain and octapeptide (Ogasawara et al., 1999).
PAX9 ¢c.439C > T produces a premature stop codon at Q147,
whereas PAX9 c.453_454insCCAGC recodes the amino
acids starting at 1.154, resulting in a premature stop codon
after 60 codons. Bioinformatics analysis showed that the
mutant-PAX9 protein p.Q147* and PAX9 p.L154QfsTer60
were downstream of the paired domain, both lacking the
octapeptide motif (Figure 3d).

MSX1 contains a highly conserved HD as indicated
in Figure 3e and Supplementary Figure S2e. MSX1
[c.603_604del (p.A203GfsTer10)] located on the HD re-
codes the amino acids starting at E203, resulting in a
premature stop codon after 10 codons. The HD domain
is truncated in the mutant-MSX1 protein p.A203GfsTer10
(Supplementary Figure S2f).

PITX2 has four isoforms, all of which include the
OAR domain, a C-terminal 14-amino acid region (Cox
et al., 2002). PITX2 [c.522C>G (p.Y174*)] produces a
premature stop, resulting in truncated PITX2 (p. Y174%).
PITX2 p. Y174* is located at the N-terminus of the OAR
domain and lacks the OAR domain (Figure 3f).

Therefore, WNT10A p.R248*, LRP6 p.W506*, LRP6
€.2791+1G>T, AXIN2 p.44_45insGQ, MSX1 p.A203Gf-
sTer10, PAX9 p.Q147* and p.L154QfsTer60 and PITX2
p. Y174* cause structural and conformational changes,
which may result in protein malfunction.

4 | DISCUSSION

Tooth development is under strict genetic control, wherein
signalling pathways, including Wnt/p-catenin, TGF-p/
BMP and Eda/Edar/NF-kB, play fundamental roles (Yu,
Wong, et al., 2019). Notably, Wnt/f-catenin signalling
is a major pathway related to TA (Liu & Millar, 2010).
Mutations in genes encoding members associated with the
Wnt/p-catenin pathway, including WNT10A, WNTIO0B,
LRP6, KREMENI, AXIN2, MSX1 and DKKI, have been
detected in patients with TA (Yu, Wong, et al., 2019).
WNTI10A, LRP6, AXIN2 and MSXI1 mutations were also
identified in the present study.

WNTI10A was first identified to be associated with
OODD and was then delineated in other forms of ectoder-
mal dysplasia, such as Schopf-Schulz-Passarge syndrome
(Bohring et al., 2009). Mutations in WNT10A were further
identified as common causative factors contributing to the
aetiology of TA (van den Boogaard et al., 2012). WNTI10A
mutants were found to inhibit Wnt signalling and dysreg-
ulate the expression levels of genes involved in protein
folding and stability (Y. Zeng et al., 2021). The nonsense
WNT10A mutation ¢.742C >T (p.R248*) detected in fam-
ily 1 has been reported in two nonconsanguineous pa-
tients, one with nonsyndromic TA (B. Zeng et al., 2017)
and the other with OODD (Yu, Liu, et al., 2019). This mu-
tation produces a premature stop, resulting in a truncated
WNTI10A (p.R248*). This mutation is disease causing be-
cause of the C-terminal truncation. However, the mech-
anism underlying the phenotypic variability in patients
with WNTI10A mutations remains unknown.

LRP6 mutations have been associated with early cor-
onary disease (Mani et al., 2007), metabolic syndrome
(Singh et al., 2013), neural tube defects (Shi et al., 2018),
spina bifida (Lei et al., 2015) and nonsyndromic cleft lip
and/or palate (Basha et al., 2018). Recently, LRP6 muta-
tions have been reported to be related to nonsyndromic
TA (Massink et al., 2015; Yu et al., 2021). Among these, a
nonsense mutation (c.2292G > A; p.W764*) was reported
to account for the hypohidrotic ectodermal dysplasia
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FIGURE 3 Diagram of protein structures indicating the distribution of mutations in WNT10A (a), LRP6 (b), AXIN2 (c), PAX9 (d),
MSXI1 (e) and PITX2 (f).
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phenotype in the proband, while resulting in nonsyn-
dromic TA in his father (Yu et al., 2021). LRP6 is a single-
pass transmembrane protein that acts as a co-receptor
of the Wnt/p-catenin pathway. Wnt ligands, including
WNT1, Wnt2, Wnt2b, Wnt6, Wnt8a, Wnt9a, Wnt9b and
Wntl0b, bind to the E1E2 domain, whereas Wnt3 and
Wnt3a prefer the E3E4 domain (Ren et al., 2021). W506
is located at the fourth YWTD repeat of the E2 domain
in LRP6, and p.W506* causes deletion of sequences from
W506 through S1613, disrupting the binding of Wnt li-
gands. LRP6 c.2791+1G>T is located in the canonical
splice motif and probably results in aberrant transcript
splicing. As LRP6 plays crucial roles in Wnt signal trans-
duction, mutated LRP6 may disrupt the Wnt/p-catenin
pathway and cause TA. The molecular mechanisms un-
derlying the LRP6 mutations that lead to different disease
phenotypes remain to be elucidated.

AXIN2 encodes axis inhibition protein 2, which as-
sembles a destruction complex and promotes f-catenin
degradation via the Wnt/p-catenin pathway. Mutations
in AXIN2 have been reported in both nonsyndromic TA
and TA with colorectal cancer/polyposis. Several fam-
ily studies indicated an association between TA and
colorectal cancer/polyposis (Beard et al., 2019; Lammi
et al., 2004; Marvin et al., 2011), while case-controlled
molecular studies and epidemiological data found no
statistically significant evidence (Bonczek et al., 2021).
In family 4, no colorectal cancer/polyposis was observed
in the 19-y-old proband and her father. However, con-
sidering the young age of the patients, long-term med-
ical observation is needed. The nonframeshift insertion
AXIN2 [c.133_134insGCCAGG (p.44_45GQ)] identified
in family 4 causes the insertion of two novel amino
acids, that is, glycine (Gly, G) and glutamine (Gln, Q),
and may alter the structure and function of AXINZ2,
causing dysregulation of the Wnt/p-catenin pathway
and leading to TA.

Mutations in PAX9 and MSX1 were the first pathogenic
factors discovered in TA (Stockton et al., 2000; Vastardis
et al., 1996). Both these genes encode transcription fac-
tors that play crucial roles in tooth development. Deletion
of Pax9 or Msx1 in mice causes an arrest at the bud stage
(Jumlongras et al., 2001; Peters et al., 1998). Most PAX9
mutations cluster in and around the paired domain (PD)
and mainly affect molars (Wong et al., 2018). The two
patients in family 5 were similar as both lacked all mo-
lars, and the two patients in family 6 were similar as both
lacked all maxillary molars. Interestingly, both mutations
PAX9 c.439C>T (p.Q147%) and c.453_454insCCAGC
(p.L154QfsTer60) identified in our study were located
outside the paired domain and caused deletion of the
octapeptide motif. We infer that the novel PAX9 p.Q147*
and p.L154QfsTer60 impair the structure and function of

PAXO9, respectively, leading to tooth agenesis in families 5
and 6.

In addition to TA, MSX1 mutations have also been as-
sociated with nonsyndromic cleft lip with or without cleft
palate (nsCL/P) (Suzuki et al., 2004) and the co-occurrence
of TA and nsCL/P (van den Boogaard et al., 2000), indi-
cating that different MSXI mutations may have distinct
influences on orofacial development. However, the molec-
ular mechanisms by which the MSX1 mutations cause dif-
ferent phenotypes remain unexplained. Exon 2 of MSX1
encodes a highly conserved HD, comprising an N-terminal
arm and three a-helices (Isaac et al., 1995). HD plays a
significant role in protein stability, DNA binding and in-
teractions with the TATA-binding protein (TBP) and DlIx
families (Hu et al., 1998). MSX1 [c.603_604del (p.A203Gf-
sTer10)] is located at helix II of the HD, incorporating a
premature stop following unrelated 10 amino acid resi-
dues, which may cause MSX1 malfunction and lead to TA
in family 7.

Pitx2 is specifically expressed in the epithelium during
murine tooth development (Hjalt et al., 2000); tooth devel-
opment is arrested at the placode or bud stage in Pitx2™/~
mice (Lin et al., 1999), indicating the fundamental role
of Pitx2. In humans, PITX2 mutants are generally associ-
ated with ARS, which manly affects the development of
the eyes, teeth and abdomen (Vieira et al., 2006). Notably,
for the first time, a frameshift deletion, c.573_574delCA
(p.L193QfsX5) in PITX2 was found to cause nonsyn-
dromic dental anomalies in humans (Intarak et al., 2018).
Interestingly, our study revealed a previously reported
PITX2 nonsense mutation (Y121X), which was iden-
tified in patients with ARS (Vieira et al., 2006), that is
NM_000325:¢c.522C > G (p.Y174*) in our study, was found
to be related to nonsyndromic TA in family 8. This is the
first study to uncover a PITX2 mutation in Chinese pa-
tients with nonsyndromic TA. This nonsense mutation
affects the C-terminal part of the PITX2 protein, including
the OAR domain, which may cause protein malfunctions
and affect tooth development. The mechanism underlying
the phenotypic variability in patients with PITX2 muta-
tions remains to be elucidated.

In conclusion, exome sequencing and Sanger se-
quencing revealed mutations in known pathogenic
genes in 19% of nonsyndromic TA patients. Among
these, seven mutations in WNT10A, LRP6, PAX9, MSX1
and PITX2 were classified as pathogenic, whereas the
AXIN2 mutation was of uncertain significance on the
basis of present evidence. Further analyses indicated
that these mutants caused structural abnormalities and
functional disabilities which resulted in TA in these
families. Overall, our study extends the mutation spec-
trum in patients with nonsyndromic TA and provides
valuable data for genetic counselling. However, further
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functional studies are required to elucidate the molecu-
lar pathogenesis of these mutations. The genetic cause
of TA in patients with unknown causative variants, es-
pecially those from large pedigrees, implying the exis-
tence of undiscovered genes associated with TA, needs
further analysis. Further research into the causes of TA
will help to better understand the mechanisms of TA
and enable early detection and clinical intervention to
improve the oral health of patients with TA.
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