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1 | INTRODUCTION

Objectives: To investigate pathogenic variants of the paired box 9 (PAX9) gene in pa-
tients with non-syndromic oligodontia, and the functional impact of these variants.
Subjects and Methods: Whole exome sequencing and Sanger sequencing were uti-
lized to detect gene variants in a cohort of 80 patients diagnosed with non-syndromic
oligodontia. Bioinformatic and conformational analyses, fluorescence microscopy
and luciferase reporter assay were employed to explore the functional impact.
Results: We identified three novel variants in the PAX9, including two frameshift
variants (c.211_212insA; p.I71Nfs*246 and c.236_237insAC; p.T80Lfs*6), and one
missense variant (c.229C > G; p.R77G). Familial co-segregation verified an autosomal-
dominant inheritance pattern. Conformational analyses revealed that the variants
resided in the paired domain, and could cause corresponding structural impairment
of the PAX9 protein. Fluorescence microscopy showed abnormal subcellular localiza-
tions of frameshift variants, and luciferase assay showed impaired downstream trans-
activation activities of the bone morphogenetic protein 4 (BMP4) gene in all variants.
Conclusions: Our findings broaden the spectrum of PAX9 variants in patients with
non-syndromic oligodontia and support that paired domain structural impairment
and the dominant-negative effect are likely the underlying mechanisms of PAX9-
related non-syndromic oligodontia. Our findings will facilitate genetic diagnosis and

counselling, and help lay the foundation for precise oral health therapies.
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non-syndromic oligodontia (NSO) or as part of a syndrome (syn-

dromic oligodontia; SO). Compared with hypodontia (one to five

Tooth agenesis (TA) is the developmental failure of permanent
dentition and is reported to be one of the most prevalent devel-
opment-related anomalies with a prevalence of 2.2%-10.1% in
humans (Polder et al., 2004; Zhang et al., 2015). Oligodontia is a
severer TA condition of more than six missing teeth when the third

molars are excluded. This condition clinically manifests either as

Sun and Yu authors are contributed equally to this work.

missing teeth), patients with oligodontia present more serious
dentition defects and have worse health-related quality of life due
to decreased masticatory function, phonetic ability and maxillofa-
cial aesthetics (Vieira et al., 2004).

Genetic, environmental and epigenetic factors are common

causes of TA; however, genetics is considered to be the most
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significant factor (Liu et al., 2013; Wang et al., 2016). A clus-
ter of genes responsible for tooth morphogenesis can lead to
non-syndromic tooth agenesis (NSTA), including wingless-type
MMTV integration site family member 10B (WNT10B; OMIM
*601906), MSH homeobox 1 (MSX1; OMIM *142983), paired box
gene 9 (PAX9; OMIM *167416), wingless-type MMTV integra-
tion site family member 10A (WNT10A; OMIM *606268), ecto-
dysplasin A (EDA; OMIM *300451) and axis inhibitor 2 (AXIN2;
OMIM *604025) (Bergendal et al., 2011; Wong, et al., 2014; Yu
et al., 2016; Zeng et al., 2017). Among them, PAX9 is one of
the earliest confirmed genes associated with NSTA in an au-
tosomal-dominant manner (TOOTH AGENESIS, SELECTIVE,
3; STHAG3; OMIM #604625) (Stockton et al., 2000). After
Stockton et al. first identified a PAX9 variant in patients with
a distinct manifestation of molar oligodontia, more attentions
were paid to the PAX9 variants and oligodontia, and henceforth,
a series of tooth agenesis phenotypes in NSO patients with de-
fined PAX9 variants were reported. (Jumlongras et al., 2004;
Lammi et al.,, 2003; Nieminen et al.,, 2001; Thimmegowda
et al., 2015; Wong et al., 2018).

As a well-known transcription factor, PAX9 serves as a principle
regulator during embryonic developmental processes, especially
tooth development (Peters et al., 1998). The gene contains 4 exons
that encode for 341 amino acids to form the PAX9 protein, which
specifically binds to downstream DNA promoter regions by the DNA-
binding paired domain (PD) (Wong et al., 2018). The PD is an import-
ant functional domain and has a bipartite structure composed of two
distinct helix-turn-helix motifs (a N-subdomain and a C-subdomain
connected by a linker). Recognition of the target DNA by PAX9 pro-
tein (PD-DNA contact) is realized through the coordination of these
two subdomains (Vogan & Gros, 1997), and thereby activates odonto-
genic potential during tooth morphogenesis and the following tooth
formation process (Jia et al., 2013). Evidence from murine studies has
confirmed that homozygous Pax9-deficient mice present a failure in
tooth development due to its arrest at the bud stage, suggesting an
indispensable role of Pax9 in tooth mesenchymal establishment and
bud-to-cap patterning (Peters et al., 1998).

Although approximately 50 pathogenic variants have so far
been identified in PAX9 that lead to NSO (Bonczek et al., 2017;
Daw et al., 2017; Koskinen et al., 2019; Sarkar et al., 2017; Wong
et al., 2018; Zhang et al., 2019), novel variants continue to be iden-
tified, and the definite pathogenic mechanism underlying PAX9-
related NSO has not yet been elucidated. In this study, we sought
to provide more evidence to address this important issue. We em-
ployed whole exome sequencing (WES) and Sanger sequencing to
identify potential genetic defects among 80 individuals with NSO.
We then used bioinformatic and conservation analyses to predict
the pathogenicity of identified variants. Finally, we conducted con-
formational structural analysis and preliminary functional studies to
further investigate the possible effects of these altered PAX9 pro-
teins in vitro.

2 | SUBJECTS AND METHODS
2.1 | Recruitment of patients with NSO

A cohort of 80 non-consanguineous individuals with NSO
was recruited from the Department of Prosthodontics at the
Peking University Hospital of Stomatology. Physical examina-
tion, intra-oral and panoramic radiographic examinations were
performed. No missing permanent teeth were claimed to be
caused by injury or extraction. All participants provided writ-
ten informed consent for the academic purposes of clinical pho-
tographs and follow-up genetic analyses. All experiments were
approved by the Ethics Committee of Peking University School
and Hospital of Stomatology (PKUSSIRB-201736082) and per-
formed in accordance with the principles of the Declaration of
Helsinki.

2.2 | Genetic tests and variant analysis

Genomic DNA of the patients and of their available family mem-
bers were obtained from the peripheral blood using a Universal
Genomic DNA Kit (Cwbiotech), according to the manufactur-
er's instructions. After polymerase chain reaction (PCR), DNA
products were sheared to acquire 150 to 200-bp fragments.
Library preparation was conducted using Fast Library Prep Kit
(iGeneTech). WES was conducted using Illumina X10 sequenc-
ing platform (lllumina) by the iGeneTech Institute. Then, we
filtered the detected variants according to the following meth-
ods. Firstly, all genes associated with tooth development were
analysed (Prasad et al., 2016); secondly, non-synonymous sin-
gle nucleotide variants (SNVs) and insertions/deletions (InDels)
with a minor allele frequency (MAF) 2 0.01 in bioinformatic
databases, including the single nucleotide polymorphism data-
base (dbSNP, http://www.ncbi.nlm.nih.gov/projects/SNP/snp_
summary.cgi), the Genome Aggregation Database (gnomAD,
http://gnomad.broadinstitute.org), the Exome Aggregation
Consortium (ExAC, http://exac.broadinstitute.org) and the
1,000 Genomes Project data in Ensembl (http://asia.ensem
bl.org/Homo_sapiens/Info/Index) were excluded; finally,
pathogenicity of the remaining variants was further predicted
using the Protein Variation Effect Analyzer (PROVEAN, http://
provean.jcvi.org/index.php) and polymorphism phenotyping
(PolyPhen-2, http://genetics.bwh.harvard.edu/pph2/). To ver-
ify the variants and to analyse the familial co-segregation, PCR
was employed to amplify four coding exons and intron-exon
boundaries of the PAX9 gene (NM_001372076.1) (primers and
PCR conditions were shown in Table S1). The PCR products
were sent to Tsingke Biological for purification and Sanger se-
quencing. TA clone sequencing was employed for the confirma-

tion of frameshift variants.
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2.3 | Conservation and protein
conformation analyses

Conservation analysis of the PAX9 missense variant in different spe-
cies was performed using ClustalW2 (http://www.ebi.ac.uk/tools/
clustalw2/). The homo crystal scaffold of PD was obtained from
SWISS-MODEL (https://swissmodel.expasy.org). Then, the influ-
ence of PAX9 variants on protein conformation was visualized using
the PyMOL Molecular Graphics System (DelLano Scientific).

2.4 | Preparation of expression and
reporter plasmids

The human PAX9 gene coding sequence was subcloned into pEGFP-N1
expression vector (Tsingke Biological) between 5’-Hindlll and 3'-Pstl
sites to construct the wild-type plasmid. The QuikChange Lightning
Site-Directed Mutagenesis Kit (Agilent) was used to induce R77G mu-
tagenesis. Insertion of A and AC nucleotides was also performed by the
site-directed mutagenesis system to construct I71Nfs*246 and T80Lfs*6
frameshift variant plasmids. Next, to construct the reporter plasmid (p.2.4
BMP4-Luc), BMP4 promoter sequence was linked between the 5'-Nhel
and 3'-Xhol sites of the pGL3-Basic vector (Promega). All constructed
plasmids were verified by re-sequencing and BLAST tool analysis.

2.5 | Cell culture, transient transfection and
Western blotting

Dulbecco's modified Eagle medium (Invitrogen) supplemented with
10% foetal bovine serum (ScienCell) and 1% penicillin-streptomycin
(Solarbio) was used for culturing 293T cells at 37°Cina humidified atmos-
phere. Transient transfections were performed using Lipofectamine™
3000 Transfection Reagent (Invitrogen). To verify expression, 20 ug of
cell lysate protein from each group was collected for Western blotting.
Blots were probed with anti-GFP antibody (ab183734; Abcam) and anti-
GAPDH antibody (KM9002T; Syngene Biotech). Protein bands were
visualized using ECL reagent (Thermo Scientific) and imaged.

2.6 | Fluorescence microscopy

Forty-eight hours after transfection, the 293T cells were fixed with
4% paraformaldehyde, mounted using mounting medium with 4/,
6'-diamidino-2-phenylindole (DAPI; ZSGB-BIO) to stain the nuclear,
and observed using a Zeiss LSM710 confocal microscope (Carl Zeiss)

with a x 40/1.00 numerical aperture oil objective lens.

2.7 | Luciferase reporter assay

Wild type and variants were separately co-transfected with p.2.4
BMP4-Luc and Renilla plasmids (phRL-TK; used as the internal

control). Forty-eight hours after transfection, cells were lysed for
the measurement of Firefly/Renilla luciferase activity by the Dual-
Luciferase Reporter Assay (Promega). Measurements were repeated
at least thrice. Data were analysed by Student's t test using GraphPad
Prismé. Quantitative results were expressed as mean + standard de-

viation (SD), with p < .05 being considered statistically significant.

3 | RESULTS

3.1 | Clinical findings of patients harbouring novel
PAX9 variants

In this study, 80 patients with NSO from unrelated families were in-
volved in the analyses. Since all patients were carefully examined
and did not present any systemic phenotype besides the oligodontia,
they were clinically diagnosed with NSO. We conducted intra-oral
examinations and panoramic radiographs to confirm our diagnoses.
Unfortunately, some of the probands’ family members had under-
gone varying degrees of dental prosthetic treatment and thus could
not provide detailed numbers regarding congenital absence of teeth.
WES data are available at the NCBI SRA database (www.ncbi.nlm.
nih.gov/sra/) with the accession number PRJINA638099.

The proband of family #480 (lI-2) was a 14-year-old girl. Clinical
examination and panoramic radiograph revealed that, in addition to
retained deciduous teeth, she was missing a total of 18 permanent
teeth including five incisors, two upper canines, three premolars and
all molars (Figure 1a). This patient provided a family history of her fa-
ther and elder sister that were congenitally missing permanent teeth
(Figure 2a).

The proband of family #356 (llI-1) was a 22-year-old female. Her
clinical and radiographic examination revealed oligodontia with agen-
esis of 16 permanent teeth including two lower incisors, one upper ca-
nine, five premolars and all molars (Figure 1b). This proband's mother
was also diagnosed with NSO, while her father was normal (Figure 2b).

The proband of family #348 (IV-2) was a 22-year-old male who
had congenital agenesis of three upper anterior teeth, four premo-
lars and six molars (Figure 1c). The proband's elder sister, father and
three agnate relatives also had an NSO phenotype (Figure 2c).

3.2 | Identification of three novel variants

Through a combination of WES and Sanger sequencing, we identified
three novel PAX9 (NM_001372076.1, NP_001359005.1) variants in
the PD domain (Figure 3a). Sequencing results of these variants, con-
sisting of two frameshift variants (c.211_212insA; p.I71Nfs*246 and
€.236_237insAC; p.T80Lfs*6) and one missense variant (c.229C > G;
p.R77G), are shown in Figure 2. None of these variants were found
inthe dbSNP, 1000G, gnomAD or ExAC databases, indicating that all
PAX9 variants identified in this study were novel variants (Table 1).
All these PAX9 variants were inherited from the probands’ fathers

or mothers, which was confirmed by Sanger sequencing and familial
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FIGURE 1 Dental features of NSO probands with PAX9 variants. (a-c) Panoramic radiographs and schematics of oligodontia in the
proband of family #480 (a), family #356 (b) and family #348 (c). White asterisks in panoramic radiographs and black solid squares in
schematics indicate the congenital missing permanent teeth. R, right side; Max, maxillary; Mand, mandibular

co-segregation analysis (Figure 2 and Table 1), indicating that inher-
itance of PAX9-related NSO occurred in an autosomal-dominant
manner. A summary of the above variants, locations, tooth agen-
esis phenotypes, possible pathogenicities and ACMG Classification
(Richards et al., 2015) is presented in Table 1 and described below.

For the proband of family #480, genetic analysis demonstrated a
heterozygous frameshift variant, c.211_212insA,; p.I71Nfs*246, caused
by a one-nucleotide duplication that gave rise to a premature stop
codon at amino acid 316. Her father and elder sister also harboured the
identical PAX9 variant, as confirmed by Sanger sequencing (Figure 2a).

The proband of family #356 carried a two-nucleotide heterozy-
gous insertion variant, c.236_237insAC; p.T80Lfs*6, which resulted
inthe occurrence of a premature stop codon at amino acid 85. Sanger
sequencing revealed that she inherited this frameshift variant from
her mother who also suffered from NSO (Figure 2b).

Another PAX9 missense variant, c.229C > G; p.R77G, was iden-
tified in the proband of family #348. The nucleotide sequence
showed a heterozygous C to G transition at nucleotide 229, leading
to the substitution of arginine to glycine at the position of residue
77 (Figure 2c). The potential pathogenicity of this missense variant
was predicted to be deleterious (with a score of -6.981) or probably
damaging (with a score of 0.994) by PROVEAN and Polyphen-2, re-
spectively (Table 1). We also performed conservation analysis and
revealed that the affected arginine 77 was evolutionarily conserved

among species (Figure 3b).
3.3 | Novel PAX9 variants caused distinct structural
changes in the PD

We conducted homology modelling and 3-dimensional structural

analysis to assess the conformational changes and functional

impacts of PAX9 variants. We predicted the conformation of the
wild-type PD domain, composed of two distinct helix-turn-helix
subdomains connected by a linker, as shown in Figure 4a. Of note,
the three novel variants mainly caused varying degrees of con-
formational differences in the C-subdomain (Figure 4b-d, marked
with red dotted boxes). When compared with the wild type, the
p.171Nfs*246 variant led to the disappearance of the third helix in
the C-subdomain, as well as the conversion of the first helix into
a loop (Figure 4b). More seriously, the p.T80Lfs*6 variant caused
the entire loss of the C-subdomain (Figure 4c). Additionally, the
p.R77G variant caused arginine, a positively charged amino acid
with a longer molecular chain, to be substituted by an uncharged
glycine at residue 77 (Figure 4d). Thus, results from the 3-di-
mensional structural analysis suggested that the diverse altera-
tions of PAX9 variants might damage the interaction with other
critical tooth developmental regulating signal molecules, such as
BMP4, possibly by affecting their biological functions during tooth

development.

3.4 | Novel frameshift variants of PAX9 affected the
nuclear localization of PAX9

Successful expression of wild type and three variant PAX9 fusion
proteins were detected by Western blotting (Figure 4t). Then, to
investigate the functional impacts of PAX9 variants, we examined
whether the nuclear localization of the expressed protein was af-
fected. Fluorescence microscopy revealed that R77G variant specifi-
cally distributed in the nuclear of transient transfected 293T cells,
similar to the localization of wild-type PAX9, whereas the variants
of I71Nfs*246 and T80Lfs*6 were expressed in both cell nuclear and
cytoplasm (Figure 4e-s).
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FIGURE 2 Pedigrees and genetic analyses of NSO families with PAX9 variants. (a) Sequencing chromatograms of available DNA in family
#480 present a heterozygous PAX9 frameshift variant (c.211_212insA; p.I71Nfs*246) identified in the proband (I1-2) and her father (I-1).

(b) Sequencing chromatograms of available DNA in family #356 also present a heterozygous PAX9 frameshift variant (c.236_237insAC;
p.T80Lfs*6) identified in the proband (lI-1) and her mother (I-2). (c) Sequencing chromatograms of available DNA in family #348 present a
heterozygous PAX9 missense variant (c.229C > G; p.R77G) identified in the proband (IV-2). Solid circles and squares represent the individuals
with NSO. Black arrows indicate the probands. NA indicates that DNA samples are unavailable. Question marks (?) indicate that the oral
phenotype is untraceable. All mutated nucleotides are framed in red [Colour figure can be viewed at wileyonlinelibrary.com]
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3.5 | Novel PAX9 variants severely reduced the
activation of BMP4

BMP4 was recently identified to be one of the downstream targets of
PAX9 during the process of tooth development (Mitsui et al., 2014;
Wong et al., 2018). Therefore, we investigated the transcriptional
activation of BMP4 to further explore the pathogenic mechanism of
PAX9-related NSO. The luciferase results indicated that the trans-
activation capacity of PAX9 to the BMP4 promoter was significantly
decreased in p.I71Nfs*246, p.T80Lfs*6 and p.R77G, when compared
with the wild-type group (p < .05) (Figure 4u).

4 | DISCUSSION

Tooth development is controlled by the coordinated functions of
numerous genes that are involved in dental epithelial-mesenchy-
mal interactions. Alterations in any single gene may underlie tooth
malformation or even TA (Murakami et al., 2017). However, the
precise molecular pathways and gene-gene synergisms responsi-
ble for the occurrence of TA still require deep exploration. Given
that PAX9 variants are identified in 9% of the NSTA cases, only
second to WNT10A (the detection rate was 56% in NSTA cases)
(van den Boogaard et al., 2012), the continuous discovery of novel
PAX9 variants can help us gain a better understanding of the ge-
netic mechanisms of tooth development. Our study described the
identification of three hitherto unknown PAX9 variants in individu-
als with autosomal-dominant NSO, including two frameshift variants
(c.211_212insA; p.17ANfs*246 and ¢.236_237insAC; p.T80Lfs*6) and
one missense variant (c.229C > G; p.R77G). All identified variants
resided within the PD, the DNA-binding domain of PAX9, and were
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predicted to affect evolutionarily conserved amino acid residues.
This distribution corresponds with the germline variant hot spot
of PAX9 that correlated with NSO (Liang et al., 2016), considering
that approximately half (26/53) of the PAX9 variants found in previ-
ous studies reside in the PD (Bonczek et al., 2017; Daw et al., 2017;
Koskinen et al., 2019; Sarkar et al., 2017; Wong et al., 2018; Zhang
et al., 2019). Since our results support the viewpoint that the evolu-
tionarily conserved region closely interrelates with most of the vari-
ant hot spots, the PAX9 hot spot region can be prioritized for variant
screening (Walker et al., 1999). Our results further imply that the
PD is the main functional domain in PAX9 that regulates the tooth
development.

Despite extensive progress on the aetiology of oligodontia in
molecular genetics, a significant issue remains to be resolved re-
garding the phenotypic variability of NSO, and more specifically,
how certain gene variants, or different variants in the same gene,
cause diverse missing teeth positions. Studies examining the gen-
otype-phenotype correlation revealed that variants in different
genes demonstrated quite distinct agenesis patterns in tooth posi-
tion. To summarize, EDA variants typically result in the agenesis of
lateral incisors and mandibular central incisors; however, MSX1 or
WNT10A variants generally affect the maxillary and mandibular sec-
ond premolars (Fournier et al., 2018). For PAX9 variants, the typical
tooth phenotypes are summarized as follows: (a) 91.67% of patients
with PAX9 variants are diagnosed with autosomal-dominant NSO
(Fournier et al., 2018; Gabris et al., 2006; Rolling & Poulsen, 2001);
(b) the anterior teeth are the least affected whereas the maxillary
and mandibular posterior regions are most affected, and the most
striking feature associated with PAX9 variants is the frequent agen-
esis of second molars (more than 80%) (Fournier et al., 2018; Kim

et al., 2006); (c) bilaterally symmetrical agenesis is a particular form
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TABLE 1 Summary of three novel PAX9 variants in NSO patients and predicted results of functional changes

Number

Proband
Sex/Age

(yrs)

ACMBG Classification (evidence

of missing
teeth

Tooth position
involvement

Exon/

of pathogenicity)

PolyPhen-2 ExAC

PROVEAN

Variant/Hereditary

Nucleotide/Protein change

Domain

Leadingin Ora, Marlfacil, Head & Neck Medicine

Pathogenic

Not present

18

Molars, premolars,
anterior teeth

Frameshift/parental

p.I71Nfs*246

c.211_212insA/

2PD

#480

PVS1 + PS3+PM1 + PM2+PP1

F/14
#356

Pathogenic

Not present

16

Molars dominating

Frameshift/parental

p.T80Lfs*6

c.236_237insAC/|

2PD

PVS1 + PS3+PM1 + PM2+PP1
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13 -6.981
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2PD

PS3 + PM1+PM2 + PP3

Probably

Deleterious

M/22

damaging

Note: -, not available.
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in individuals harbouring PAX9 variants; (d) some of the affected
individuals also have morphological anomalies in their remaining
teeth, which mainly manifests as microdontia and cone-shaped
teeth (Lammi et al., 2003; Nieminen et al., 2001; Wang et al., 2011).
Consistent with previous conclusions, the missing teeth positions of
our probands predominantly distributed in the molar region, sym-
metrically. This suggests that PAX9 plays a unique role in the devel-
opment of molars. Besides, in contrast to the other two cases, the
proband of family #480 presented a more severe agenesis in the an-
terior region, which indicates that different variant types within the
same gene may lead to subtle changes in transcription products or
downstream signals, and consequently cause different phenotypes
in NSO. It is noteworthy that the strategy of looking only at genes
related to tooth development is an advantage but also a limitation
because it does not allow the discovery of new genes with poten-
tial role in odontogenesis. However, identification of new clinical
pathogenic genes requires large and proper family pedigrees, and
it is quite difficult to investigate unknown variants from unrelated
sporadic patients with no consanguinity.

Through protein conformational analysis, we found the
p.171Nfs*246, p.T80Lfs*6 and p.R77G resulted in extreme structural
disorders in the PD of PAX9 protein, manifesting as different degrees
of C-subdomain deletion in the 171Nfs*246 and T80Lfs*6 variants,
and a disruption in the coordination between the N-subdomain and
C-subdomain in the R77G variant. These conformational changes
suggest that the impaired DNA-binding ability of PAX9, influenced
by the protein structure, plays a vital role in the failure of tooth for-
mation in NSO patients.

To further elucidate the pathogenic mechanisms of PAX9 vari-
ants, we performed functional analyses with respect to subcellular
localization and BMP4 promoter binding ability. Our results showed
that all the PAX9 variants were detected at predicted size, suggest-
ing that these variants were stable in vitro. However, only R77G
variants presented uniform distribution within nuclear of 293T cells,
whereas the GFP signals of 171Nfs*246 and T80Lfs*6 variants were
observed in both nuclear and cytoplasms, indicating that the nuclear
localization of frameshift variants was impaired. Therefore, PAX9
frameshift variants may lead to much lower efficiency on binding
and regulating the downstream target genes.

BMP4 is a promising candidate gene for TA in humans and
acts as a downstream signal molecule of PAX9 (Jia et al., 2013;
Yu et al., 2019). The importance of BMP4 in tooth morphogenesis
has been demonstrated in vivo. Homozygous Pax9-deficient mice
showed tooth developmental arrest, accompanied by markedly
reduced Bmp4 expression in the dental mesenchyme, whereas
the transgenic expression of Bmp4 partially rescued the tooth
dysplasia on Pax9-deficient mice (Nakatomi et al., 2010; Peters
et al., 1998). An in vitro study demonstrated that PAX9 activated
the BMP4 gene promoter by synergistically forming a heterodi-
meric complex with MSX1 (Ogawa et al., 2006). Consistent with
the previous findings (Mitsui et al., 2014), our luciferase results
demonstrated that three identified PAX9 variants affected DNA-
binding and BMP4 promoter transactivation, suggesting that the
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FIGURE 4 Protein conformational analysis and in vitro functional studies of PAX9 variants. (a) Tertiary structural modelling of the paired
domain in wild-type PAX9 protein. (b-d) Predicted tertiary structural changes in the three altered proteins, I71Nfs*246 (b), T8OLfs*6 (c)

and R77G (d), are boxed with red dotted lines. (e-s) Fluorescence microscopy demonstrates the subcellular localization of wild-type (h--j)
and PAX9 variants: 171Nfs*246 (k-m), T8OLfs*6 (n-p) and R77G (g-s). GFP (green) for PAX9 expression, and DAPI (blue) for nuclear staining.
(t) Expressions of wild-type and altered PAX9 proteins detected by Western blotting. An empty vector was used as a negative control. (u)
Transactivation activity of PAX9 variants on the BMP4 promoter, as assessed by luciferase reporter assay. Asterisks denote a statistically
significant difference (p < .05), compared to the wild-type group. All data are expressed as means + SD [Colour figure can be viewed at

wileyonlinelibrary.com]

dominant-negative effect might be the underlying pathogenic
mechanism in PAX9-related NSO. However, further studies are
required to give insight into how the variants impact tooth devel-
opment in PAX9-related NSO patients.

In conclusion, our study identified three hitherto unknown
variants in the PD of PAX9, which extended the PAX9 variant
spectrum in NSO. Subsequent bioinformatic and functional stud-
ies confirmed that PD structural changes and the dominant-neg-
ative effect contributed to NSO in patients with PAX9 variants.
Continuous decoding of genetic aetiologies to reveal molecular
mechanisms and further in-depth analyses of genotype-pheno-
type relationships will facilitate the early diagnosis, clinical inter-
vention and treatment of TA, thus improving the oral health and

quality of life of patients.
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