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Analyses of oligodontia phenotypes and genetic etiologies
Mengqi Zhou1,2,3, Hong Zhang1, Heather Camhi4,5, Figen Seymen6, Mine Koruyucu6, Yelda Kasimoglu6, Jung-Wook Kim 7,8,
Hera Kim-Berman4, Ninna M. R. Yuson9, Paul J. Benke10, Yiqun Wu2✉, Feng Wang11, Yaqin Zhu3, James P. Simmer 1✉ and Jan C-C. Hu1

Oligodontia is the congenital absence of six or more teeth and comprises the more severe forms of tooth agenesis. Many genes
have been implicated in the etiology of tooth agenesis, which is highly variable in its clinical presentation. The purpose of this study
was to identify associations between genetic mutations and clinical features of oligodontia patients. An online systematic search of
papers published from January 1992 to June 2021 identified 381 oligodontia cases meeting the eligibility criteria of causative gene
mutation, phenotype description, and radiographic records. Additionally, ten families with oligodontia were recruited and their
genetic etiologies were determined by whole-exome sequence analyses. We identified a novel mutation in WNT10A (c.99_105dup)
and eight previously reported mutations in WNT10A (c.433 G > A; c.682 T > A; c.318 C > G; c.511.C > T; c.321 C > A), EDAR (c.581 C >
T), and LRP6 (c.1003 C > T, c.2747 G > T). Collectively, 20 different causative genes were implicated among those 393 cases with
oligodontia. For each causative gene, the mean number of missing teeth per case and the frequency of teeth missing at each
position were calculated. Genotype–phenotype correlation analysis indicated that molars agenesis is more likely linked to PAX9
mutations, mandibular first premolar agenesis is least associated with PAX9 mutations. Mandibular incisors and maxillary lateral
incisor agenesis are most closely linked to EDA mutations.
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INTRODUCTION
Congenital absence of teeth or hypodontia is the most
commonly encountered dominant human disorder, while
oligodontia is a less common dominant disorder with a
hallmark presentation of congenital absence of six or more
teeth, excluding third molars.1,2 Oligodontia can present as an
isolated trait such as in tooth agenesis or exist as part of a
syndrome.3 When oligodontia is part of a syndrome, con-
comitant abnormalities may be observed in the skin, nails,
eyes, ears, and skeleton.4

The prevalence of oligodontia varies based on reports from
different geographic regions and ethnicities. The prevalence of
oligodontia was estimated as 0.19% in a Swedish study,5 0.08%
in a Dutch study,1 and 0.1% in a Finnish study.6 The prevalence
of oligodontia in the Caucasian populations in North America,
Australia, and Europe is estimated to be 0.14%,7 and ~0.25% in
Asian populations in China.8 However, articles reporting
oligodontia prevalence were extremely limited for Africa. The
prevalence also varies among different age groups. According to
studies from northern Europe, oligodontia occurs in 0.16% of the
school children at 9–13 years of age,9 0.084% among 18-year-old
young adults.10 Although it was reported that the prevalence of

tooth agenesis in females was higher than in males,11 no
additional literature has offered a logical explanation.
In addition to genetic factors, studies have suggested that tooth

agenesis can also be influenced by many environmental and/or
host factors, such as radiotherapy, chemotherapy, disease/infec-
tion of the preceding deciduous teeth,12 viral infection during
pregnancy, and metabolic imbalances, etc.13. In this study, we
focus only on oligodontia caused by genetic factors. Third molars
were excluded from this analysis, which are often ignored in
oligodontia studies because of the high frequency of their
absence (~20%) in the general population, although third molar
absence is significantly higher in persons missing teeth other than
third molars.14 Furthermore, ten families with oligodontia were
recruited and characterized with clinical examinations and the
causative mutation determined by genotype analyses.
The fact that oligodontia can be presented as an isolated

condition or as part of a syndrome makes accurate diagnosis
important for early detection and management. In many clinical
settings, where a genetic diagnosis is not possible, determining
the potential correlation between the oligodontia genotype and
phenotype may provide useful insights leading to early and
accurate clinical diagnoses. The objective of this study was to
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characterize and correlate oligodontia phenotypes with their
causative genetic etiologies, based upon analyses of available
cases through a systematic review (Fig. S1) supplemented with a
characterization of ten additional families with oligodontia.

RESULTS
Mutational analysis and phenotypic findings
Ten probands with oligodontia were identified by groups working
in North America and Asia. All of the probands had agenesis of six
or more teeth (excluding third molars), and normal facial features,
hair, skin, sweat glands, and nails determined through clinical
examinations. In these families, we identified six different
oligodontia-causing sequence variants (one novel) in seven
unrelated WNT10A kindreds, two oligodontia-causing variants in
LRP6, and one in EDAR.
Family 1 was a Turkish family reported to have no consanguinity

(Fig. 1). The parents of the proband both exhibited agenesis of
two permanent teeth and were each heterozygous for novel
WNT10A 7-nucleotide duplication in exon 1. The NCBI reference
sequence designation for this WNT10A variant is NG_012179.1:
g.5562_5568dup; NG_012179.1(WNT10A_v001): c.99_105dup, p.
(Met36Cysfs*10). The father’s tooth agenesis was two maxillary

lateral incisors while the mother’s was two maxillary second
molars. The proband who was homozygous for the WNT10 variant
developed only three permanent teeth, missing 25 permanent
teeth excluding third molars (which were also absent). At age 13
years 6 months 17 of his primary teeth were retained but had
undergone significant attrition. His maxillary central incisors
showed a narrower mesiodistal width and a lack of mesial and
distal contour. His only permanent molar (#30) showed a rounded
crown with decreased crown height. His older brother showed the
wild-type sequence on both alleles and had no teeth missing. In
this family, the WNT10A defect demonstrated a consistent dose
effect.
In the supplemental data, we present six more families with

oligodontia caused by WNT10A defects that have been previously
described. In the first three, there is a similar dose effect as in
Family 1. In Family 2 from Turkey (Fig. S2), serious oligodontia
(agenesis of 22 and 24 teeth) was observed in the two compound
heterozygotes for WNT10A defects c.433 G > A/p.Val145Met and
c.682 T > A/p.Phe228Ile, whereas only four teeth failed to develop
in the c.433 G > A or c.682 T > A heterozygotes. In Family 3 from
Turkey (Fig. S3), the proband was homozygous for the WNT10A
defect c.433 G > A/p.Val145Met and exhibited agenesis of 18
permanent teeth, whereas the heterozygous mother developed all
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Fig. 1 Oligodontia Family 1 from Turkey with the homozygous WNT10A exon 1 defect c.99_105dup, p.Met36CysfsTer10. a Panoramic
radiographs with sites of tooth agenesis marked by stars. The proband (III:2) was the youngest at 13 years 4 months. b Pedigree of Family 1.
Asterisks mark the four subjects who participated in the study. Subject genotypes are II:1 +/−, II:2 +/−, III:1 +/+, and III:2 −/−. c Oral
photographs of the proband (III:2) showing marked attrition of retained primary teeth. d Summary chart of missing teeth (X, agenesis; E,
extracted). The proband exhibited agenesis of 25 permanent teeth and was included in the oligodontia data analysis. e WNT10A
chromatogram showing the wild-type (reference) sequence (III:1), heterozygous (II:2), and homozygous (III:2) conditions. The seven duplicated
nucleotides (TGCTGCC) are indicated by blue arrows. Note the consistent dose effect of the mutation. The heterozygous parents both
exhibited agenesis of two permanent teeth and the homozygous proband 25. The NCBI reference sequence designation for this WNT10A
variant is NG_012179.1: g.5562_5568dup; NG_012179.1(WNT10A_v001): c.99_105dup, p.(Met36Cysfs*10)
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of her permanent teeth and the father all but one (tooth #26). In
Family 4 (Fig. S4), agenesis of 18 teeth was observed in the
proband who was a compound heterozygote with the WNT10A
defects c.318 C > G, p.Asn106Lys and c.682 T > A, p.(Phe228Ile),
whereas her mother, who was heterozygous for only the c.318 C >
G variation, developed all of her teeth. In Family 5 (Fig. S5) there
were three subjects that were heterozygous for the WNT10A
defect c.682 T > A, p.(Phe228Ile). One of the heterozygotes
developed all of their teeth. The others showed agenesis of five
and nine permanent teeth. In Family 6 (Fig. S6) there were four
subjects heterozygous for the WNT10A defect c.321 C > A, p.
Cys107*. Two showed oligodontia, failing to develop 6 and 14
permanent teeth. The number of missing teeth could not be
ascertained for the other two. In Family 7 (Fig. S7) there were two
heterozygous and three homozygous subjects with the WNT10A
defect: c.682 T > A, p.Phe228Ile. The two heterozygotes failed to
form zero and one permanent tooth. Two of the homozygotes
weren’t much different, with only one and two permanent teeth
failing to develop. The third homozygote, however, exhibited
agenesis of 15 permanent teeth. Subjects II:1 and III:2 also carried
a heterozygous EDARADD variation NM_145861.4: c.308 C > T; p.
(Ser103Phe) (rs114632254), which is described in the literature as a
functional variant.15

In Family 8 the proband showed agenesis of 15 permanent
teeth, taurodontism, and microdontia caused by the heterozygous
EDAR defect c.581 C > T, p.(Thr194Ile) (Fig. S8). In Family 9 the
proband showed agenesis of 15 permanent teeth and taurodont-
ism caused by the heterozygous LRP6 defect c.1003 C > T, p.
(Arg335*) (Fig. S9). In Family 10 the proband showed agenesis of
12 permanent teeth caused by the heterozygous LRP6 defect
c.2747 G > T, p.(Cys916Phe) (Fig. S10). A summary of mutations
and corresponding phenotypes is provided in Table 1.

Literature search results
Taken together, the data presented in 381 published cases and 12
cases from those ten study families were compiled and analyzed.
The frequency of tooth absence at each tooth position was
different among various causative genes. Twelve genes (frequency
of mutations) including PAX9 (24.7%), MSX1 (14.5%), WNT10A
(26.0%), WNT10B (1.5%), AXIN2 (6.1%), EDA (5.9%), EDAR (4.0%),
EDARADD (1.3%), LRP6 (4.1%), KREMEN1 (3.8%), PITX2 (2.8%), and
SMOC2 (1.5%) that collectively accounted for 99.1% of cases were
specifically analyzed in the following section.

Data analyses
After combining data from our collected cases with data from
published cases, the frequencies of missing teeth at each location
were summarized in Table 2. It is demonstrated that the specific
genetic etiology impacts the frequencies of tooth absence at each
tooth position.
Seventy-four isolated oligodontia cases and twenty-eight

syndromic oligodontia cases with WNT10A gene mutations (102
total) were analyzed. In our study, 53.84% of syndromic
oligodontia cases were caused by WNT10A mutations. On average,
(13.0 ± 6.2) (mean ± SD) teeth were missed per case. What stands
out is the high frequency of absent maxillary second premolars
(max. PM2, 82.4%), and the low frequency of absent maxillary
central incisors (max. CI, 6.4%) (Table 2). WNT10B is most
homologous to WNT10A (59.2% amino acid sequence identity).16

However, the phenotypic features associated with WNT10A and
WNT10B mutations were different. The most frequently missing
permanent teeth in persons with WNT10B mutations were
mandibular lateral incisors (mand. LI, 91.7%) and the least were
mandibular first premolars (8.3%). The average number of teeth
missing per case was 13.7 ± 6.2.
PAX9 is the most frequently involved gene responsible for

isolated oligodontia.17 In this study, there were no cases
diagnosed as syndromic oligodontia reported with PAX9

mutations. On average, (11.7 ± 3.8) teeth were missed per case
with PAX9mutations. A high percentage of agenesis was observed
for maxillary second molars (max. Mo2, 86.6%), mandibular second
molars (man. Mo2, 86.6%), maxillary second premolars (max. PM2
70.6%), and maxillary first molars (max. Mo1, 69.1%) (Table 2). In
contrast, only 6.7% of maxillary central incisors were missing. This
finding is consistent with a previous study.18 Interestingly,
according to the published reports, cases with PAX9 mutations
showed a reduction in bitter taste perception.19

Fifty-seven oligodontia cases with MSX1mutations were analyzed.
On average, (11.1 ± 3.8) teeth were absent per case when MSX1 was
mutated. Agenesis affected mainly premolars: mand. PM2 (88.6%),
max. PM2 (84.2%), and max. PM1 (75.4%) (Table 2).
Twenty-four oligodontia cases with AXIN2 gene mutations

were evaluated. On average, (13.0 ± 5.6) teeth were missed per
case. The most prevalent missing teeth were max. PM2 (83.3%)
followed by mand. PM2 (83.3%). Less common agenesis
observed was mandibular canine (mand. CA, 18.8%), max.
Mo1 (33.3%), mand. Mo1 (37.5%), and maxillary central incisor
(max. CI, 8.3%) (Table 2).
Twenty-three oligodontia cases with EDA mutations were

analyzed. On average, (12.6 ± 5.6) teeth were missed per case.
A high percentage of agenesis of mand. LI (91.3%), mand. CI
(89.1%), and max. LI (84.8%) was noted (Table 2). Fifteen cases
were reported to have EDAR gene mutations. On average,
(10.5 ± 4.7) teeth were missed per case. The highest percentage
of missing teeth were max. LI (66.7%), and mand. LI (66.7%). All
cases with EDAR gene mutations showed no missing maxillary
central incisors. Five cases diagnosed as isolated oligodontia
with the EDARADD gene mutation were assessed. On average,
(7.8 ± 2.2) teeth were missing per case. The tooth agenesis
pattern was unique: 100% absence of the mandibular second
premolars, but no missing central incisors, maxillary molars,
mandibular first molars, mandibular canines, and mandibular
lateral incisors.
Sixteen oligodontia cases with LRP6 gene mutations were

reviewed. On average, (13.8 ± 3.8) teeth were missing per case.
The highest rate of agenesis was the max. LI (93.8%) and the
lowest was max. CI (0.0%) (Table 2). Fifteen oligodontia cases with
KREMEN1 mutations were reviewed. On average, (10.1 ± 4.9) teeth
were missing per case. The most prevalent missing teeth were
max. LI (80.0%), mand. LI (80.0%), and mand. CI (80.0%) (Table 2).
Eleven cases with PITX2 mutations were evaluated. (16.8 ± 4.9)
teeth were missing per case on average. The most prevalent
missing teeth was Max. CI (90.9%), and the least prevalent missing
teeth was Man. Mo1 (0.0%). Six cases with SMOC2 mutations were
evaluated. On average, (10.3 ± 2.6) teeth were missing per case.
The most prevalent missing tooth types were max. PM2 (100.00%),
and mand. PM2 (100.00%) (Table 2).
Considering the quantity of cases, we chose the top five genes

(PAX9, MSX1, EDA, AXIN2, and WNT10A) for statistical analysis. The
correlation between genotype and dental phenotype of oligo-
dontia is shown in Figs. 2 and 3. At the maxillary second molar,
maxillary first molar, mandibular first molar, and mandibular
second molar positions, PAX9 mutations showed a significantly
higher percentage of missing teeth (P < 0.05). At the mandibular
first premolar position, PAX9 mutation showed a significantly
lower percentage of missing teeth (P < 0.05). At the maxillary
lateral incisor, mandibular lateral incisor, and mandibular central
incisor positions, EDA mutation showed a significantly higher
percentage of missing teeth (P < 0.05) (Fig. 2). When PAX9 is
mutated the mandibular second and the maxillary first and
second molars are frequently absent when EDA is mutated the
maxillary lateral and mandibular central and lateral incisors are
frequently absent (Fig. 3).
Eleven cases with more than one gene mutation were

reported.19–21 Some of the subjects presented with a more severe
phenotype: two cases with MSX1 and PAX9 mutations19 (missing
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teeth number n= 15 and 17) compared to family members with a
PAX9 monogenic mutation (missing number n= 12), and one case
with WNT10A and WNT10B mutations20 (missing number n= 22)
compared to the heterozygous family members22 (average
missing teeth number n= 13.66).
Ectodermal dysplasia (ED) is the most frequently mentioned

syndrome associated with oligodontia. Other mentioned syn-
dromes were Naxos disease (OMIM#601214), Wolf-Hirschhorn
syndrome (OMIM#194190), Witkop syndrome (OMIM#189500),
and Axenfeld–Rieger syndrome (OMIM # 180500).

DISCUSSION
The vast majority of tooth agenesis cases in the general
population involve only one or two congenitally absent teeth.
The absence of one or two permanent teeth is found in 83% of
the subjects with dental agenesis.11 In a recent study of 1101
individuals, 23 patients showed congenitally missing teeth with a
combined total of 34 missing teeth (average= 1.5).23 In contrast a
systematic review of over a 100 articles identifying the gene/
mutation that caused tooth agenesis found the average number
of missing teeth per affected individual was over 11, with a range
from 1 to 28. Hypodontia (five or less missing teeth) comprised
only 11.25% of the total. The rest had oligodontia (at least six
missing teeth).24 As the average number of missing teeth per
patient in genetic studies is far higher than that of the general
population (and a mixture of hypodontia and oligodontia cases),
genotype-phenotype correlations with respect to an average
number of specific teeth or total teeth missing is less likely to be
useful for clinicians or geneticists to arrive at a molecular
diagnosis in the absence of genetic testing. We, therefore,
conducted a study combining new clinical data with a systematic
study of oligodontia cases to determine how the frequency of
agenesis of specific tooth types varies with respect to the
causative gene in oligodontia-only cases.

We observed that the absence of the mand. and max. molars
(third molars excluded) is significantly linked to PAX9 muta-
tion.25 PAX9 is a transcription factor belonging to the paired
box (PAX) family. A recent study demonstrated that PAX9-
related oligodontia may be associated with paired domain
structural destruction leading to a dominant-negative effect.26

Furthermore, a hotspot of PAX9 mutations is in exon 2, which
encodes the paired box DNA binding domain involved in
protein–DNA interactions.19

The agenesis of anterior teeth is more likely linked to EDA
mutations.24,27 EDA encodes ectodysplasin A, a transmembrane
protein of the TNF family involved in the EDA/EDAR/NF-κB
signaling pathway required for normal embryogenesis, parti-
cularly of ectodermal organs including tooth, hair, and skin.28

In our review, four cases showed syndromic phenotype
including sparse or curly hair, wrinkled skin, or heat intoler-
ance. In this pathway, the EDA receptor (EDAR) binds to its
adapter (EDARADD) and forms an EDA-EDAR-EDARADD com-
plex that leads to the downstream activation of NF-κB
signaling.15,29 Additionally, during tooth development, EDA
may regulate the expression of WNT10A, WNT10B, and BMP4 via
NF-κB.30 Interestingly, despite a close relationship between
EDA and EDAR, when these genes are mutated the resulting
patterns of oligodontia are distinct.31

WNT10A is a member of the Wnt family expressed in the
dental epithelium and mesenchyme during odontogenesis.
WNT10A binds to the Frizzled transmembrane receptor (G
protein-coupled receptor that serves to transduce extracellular
signals into cells32 and to LRP6 (lipoprotein receptor-related
protein 6) co-receptor, leading to the activation of the Wnt/
β-catenin pathway.33 WNT10A mutations are predicted to
disrupt or reduce Wnt-mediated signaling.34 resulting in a
deficiency of Wnt/β-catenin activity and arrest of tooth
development.35 In contrast, increased expression of WNT10A
results in upregulation of the β-catenin pathway, which may
lead to cancers.32

Table 2. Frequencies of tooth absence (in percentage) among the study cases affected by PAX9, MSX1, WNT10A, WNT10B, AXIN2, EDA, EDAR, EDARADD,
LRP6, KREMEN1, SMOC2, and PITX2 gene mutations

Gene Maxillary Teeth (% of Cases Missing) Mandibular Teeth (% of Cases Missing)
Mo2 Mo1 PM2 PM1 Ca LI CI Mo2 Mo1 PM2 PM1 Ca LI CI

AXIN2 50.0 33.3 83.3 56.3 31.3 62.5 8.3 37.5 37.5 83.3 35.4 18.8 47.9 66.7

PAX9 86.6 69.1 70.6 32.5 30.9 27.8 6.7 86.6 43.8 50.5 14.4 11.3 11.9 41.2

EDA 19.6 8.7 47.8 41.3 50.0 84.8 19.6 17.4 10.9 67.4 45.7 34.8 91.3 89.1

EDAR 23.3 20.0 53.3 50.0 50.0 66.7 6.7 20.0 13.3 63.3 33.3 23.3 66.7 36.7

WNT10A 40.7 26.0 82.4 64.2 40.2 64.7 6.4 44.6 24.5 77.9 50.0 33.3 42.2 53.4

WNT10B 25.0 25.0 50.0 50.0 58.3 83.3 50.0 25.0 33.3 66.7 8.3 50.0 91.7 66.7

LRP6 40.6 6.3 68.8 59.4 65.6 93.8 0.0 46.9 3.1 75.0 37.5 43.8 71.9 78.1

MSX1 30.7 14.0 84.2 75.4 13.2 39.5 15.8 46.5 33.3 88.6 29.8 14.0 21.1 50.9

EDARADD 0.0 0.0 80.0 40.0 30.0 40.0 0.0 50.0 0.0 100.0 50.0 0.0 0.0 0.0
KREMEN1 26.7 0.0 6.7 26.7 13.3 80.0 6.7 20.0 0.0 20.0 20.0 66.7 80.0 80.0
SMOC2 16.7 0.0 100.0 8.3 33.3 16.7 0.0 8.3 0.0 100.0 83.3 83.3 66.7 0.0
TSPEAR 62.5 50.0 25.0 50.0 50.0 100.0 0.0 25.0 12.5 25.0 25.0 50.0 75.0 100.0
SATB2 0.0 0.0 100.0 0.0 100.0 0.0 0.0 0.0 0.0 100.0 0.0 100.0 100.0 0.0
PITX2 68.2 36.4 59.1 54.5 86.4 81.8 90.9 22.7 0.0 59.1 54.5 68.2 77.3 81.8

BMP4 25.0 37.5 75.0 100.0 0.0 75.0 0.0 50.0 25.0 100.0 25.0 12.5 50.0 50.0

BMP2 16.7 16.7 100.0 33.3 0.0 100.0 0.0 33.3 66.7 50.0 0.0 0.0 16.7 100.0
OPN3 100.0 0.0 50.0 0.0 100.0 100.0 0.0 0.0 0.0 100.0 50.0 100.0 0.0 100.0
DSP 100.0 0.0 100.0 0.0 100.0 50.0 0.0 100.0 0.0 100.0 0.0 0.0 0.0 0.0
IKBKG 50.0 0.0 100.0 50.0 0.0 50.0 0.0 50.0 50.0 100.0 100.0 0.0 0.0 0.0
GREMLIN2 100.0 0.0 100.0 100.0 100.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 100.0 50.0

Please note that the same type of tooth absent in the right and left arches were pooled together for the calculation. Numbers in gold color represent the
highest frequency and numbers in blue color represent the lowest frequency of tooth type absence in each causative gene
Ca canine; CI central incisor; LI lateral incisor; Mo molar; PM premolar

Analyses of oligodontia phenotypes and genetic etiologies
Zhou et al.

6

International Journal of Oral Science           (2021) 13:32 



A dosage-dependent pattern has been suggested when it
comes to the phenotype caused by WNT10A mutations.36

Individuals with biallelic WNT10A mutations generally present
with more severe tooth agenesis when compared to individuals in
the same family with defects in a single allele.37 Heterozygous
WNT10A variants resulting in variable penetrance and expressivity
has been observed in many studies.37,38 These observations are

consistent dental phenotypic features observed in the oligodontia
subjects of the seven families with WNT10A mutations reported
here. These features included variations in dental crown and root
morphology including microdontia, generalized dental spacing,
hypoplastic enamel, conically-shaped teeth, missing disto-palatal
cusps on first molars, taurodontic roots, fused roots of maxillary
molars, moderate to severe attrition of over-retained primary
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teeth, and deficient alveolar ridges. The oligodontia phenotype
often proved to be a dose effect of combining two defective
WNT10A alleles from heterozygous parents, sometimes with
hypodontia. This was not a strict finding, however. In our seven
WNT10A families there were six subjects with oligodontia caused
by biallelic defects, three caused by single allele defects, and two
subjects with biallelic defects that showed a less severe
hypodontia phenotype. We searched our WES data paying
particular attention to other genes associated with tooth agenesis
but could not identify additional sequence variants (genetic
modifiers) that correlated with the variations in expressivity.
WNT10B (formerly WNT12) is a protein belonging to the Wnt

protein family and encoded by the WNT10B gene in humans.39

WNT10B is a downstream target of the Eda/Edar/NF-kB signaling
pathway during tooth development.40 Proper reciprocal interac-
tions between Wnt/β-catenin and Eda/Edar/NF-kB signaling path-
ways is necessary for tooth development. Therefore, WNT10B
variant-associated tooth agenesis is hypothesized to be a
synergistic result of aberrant Wnt/β-catenin and Eda/Edar/NF-kB
signaling pathways.22

MSX1 represses transcription of the proximal BMP4 (bone
morphogenetic protein 4) promoter. When combined with PAX9,
MSX1 acts as a reinforcer of PAX9-induced BMB4 transactivation.
BMP4 belongs to the TGF-β superfamily of proteins. It contributes
to bone and cartilage development, specifically limb and tooth
development and bone fracture repair. Both MSX1 and PAX9 are
critical to regulate the transition from bud to cap stage of tooth
development41–43 because these two genes synergistically reg-
ulate the expression of BMP4. An in vitro experiment44 suggested
that the risk for oligodontia may increase when the PAX9 and
MSX1 gene dosages are reduced. This may explain why cases19

with digenic mutations involving MSX1 and PAX9 presented with a
more severe phenotype. Although Wang et al. suggested that the
mechanism of human tooth agenesis caused by MSX1 mutations
may be independent of any synergism with PAX9.45 Jia, S. et al.46

reported a novel mechanism BMP4-MSX1 pathway and OSR2
(protein odd-skipped-related) being implicated in tooth develop-
ment by antagonistic regulation of secreted molecules involved in
the WNT signaling pathway.
KREMEN1 is a high-affinity DKK1 (dickkopf homolog 1)

transmembrane receptor that functionally collaborates with
DKK1 to block Wnt/β-catenin signaling. Additionally, KREMEN1 is
a component of a Wnt/β-catenin membrane signaling com-
plex.47,48 In our review, two articles described ten cases with
KREMEN1 mutations resulting in syndromic oligodontia. On
average, 9.80 teeth were absent per case. All of the ten cases

were missing maxillary lateral incisors, mandibular lateral incisors,
and mandibular central incisors.
AXIN2 is a negative feedback regulator of Wnt signaling.

AXIN2 plays an important role in the Wnt signaling pathway by
regulating β-catenin stability.49,50 Lammi et al. demonstrated
that AXIN2 regulated tooth formation by showing intensive
expression of Axin2 in the mouse embryos, dental mesenchyme,
and enamel knots during odontogenesis.49 It has been
demonstrated that AXIN2 mutation carriers show a higher risk
of colorectal adenomatous polyposis and/or colorectal cancer.49

The phenotype of AXIN2 oligodontia can be diagnosed
noninvasively prior to the detection of colorectal adenomatous
polyposis, making it possible to monitor a potential late-onset
hereditary cancer risk.51

It is important to make clear that the phenotype of the
commonly encountered oligodontia causative genes discussed
above is tightly linked with the ectoderm-derived organs. There
are many less commonly encountered genes linked to oligodontia
when mutated also impact basic cellular functions such as
transcription or mRNA splicing. Genes such as BMP4, PITX2, and
NEMO (IKBKG) when mutated have a broad impact on early
embryogenesis, therefore, resulting in complex syndromic phe-
notypes. Because of this review focusing on commonly encoun-
tered oligodontia causative genes, it is not possible to review all
the causative genes of oligodontia with syndromic presentations.
However, the Human Phenotype Ontology, which incorporates
both the OMIM and Orphanet curated human disorders is a
valuable resource for an in-depth understanding of this complex
subject. Furthermore, it is important to keep in mind that literature
reports represent a snapshot of cases or conditions in a defined
window of time, often the late-onset clinical features and
prognosis are less well described.
Oligodontia is a genetic disorder that often presents as an

isolated condition but can be part of a syndrome. In our study, ED
is the most frequently mentioned syndrome with oligodontia,
while WNT10A mutations constitute the most frequently deter-
mined genetic cause, 53.84%, of the syndromic oligodontia. These
findings are consistent with previous reports which established
WNT10A variants accounting for up to 50% of various ED
syndromes with missing teeth.52 ED caused by WNT10A mutations
often include hypohidrotic ectodermal dysplasia (HED), odonto-
onycho-dermal dysplasia (OODD) syndrome, and Schopf-Schulz-
Passarge syndrome (SSPS). HED is a genetic condition character-
ized by missing teeth, hypotrichosis, and hypohidrosis. HED is
classified into three forms: X-linked hypohidrotic ectodermal
dysplasia (XLHED), autosomal recessive hypohidrotic ectodermal
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dysplasia (ARHED), and autosomal dominant hypohidrotic ecto-
dermal dysplasia (ADHED). OODD is a severe form of autosomal
recessive ED manifested by oligodontia, nail dysplasia, kerato-
derma, hyperhidrosis of the palms and soles, and hyperkeratosis
of the skin.53,54 SSPS is a rare type of autosomal recessive ED. It is
characterized by missing teeth, sparse hair, palmoplantar kerato-
derma, nail dystrophy, and multiple periocular and eyelid apocrine
hidrocystomas.55

Apart from missing teeth, there are other features associated
with oligodontia: reduced tooth size, altered tooth shape,56

taurodontism,56 enamel hypoplasia,57 ectopic eruption,58 over-
retained primary teeth,59 reduced alveolar development,60 tooth
surface structure loss,60 delayed formations and eruption of
permanent teeth,61 altered craniofacial morphology,62 and
increased leeway space.63

In our study, the maxillary central incisor was the least affected
tooth type. This might be explained by the evolution theory. In
1945 Dalberg used Butler’s Field theory which divided teeth into
four morphological fields to explain patterns of tooth agenesis.
These fields are molars, premolars, canines, and incisors.60 The
more medial in each field the tooth was thought to be more
genetically stable and less likely to be absent.

CONCLUSIONS
Extensive variations in the patterns of missing teeth were
observed among the 393 cases reviewed, highlighting the
difficulty and limitation of pathognomonic candidate gene
diagnosis for tooth agenesis. In our study, one novel WNT10A
gene mutation causing oligodontia was identified, expanding the
WNT10A mutation spectrum, and our analyses identified several
new correlations: maxillary and mandibular molar agenesis is most
often associated with PAX9mutations, maxillary lateral incisor, and
mandibular incisors agenesis is most linked to EDA mutations, and
mandibular first premolar agenesis is least associated with PAX9
mutations.
Based upon our review, ED is the syndrome most frequently

associated with oligodontia. WNT10A mutations are the most
commonly reported in the genetic etiology for syndromic
oligodontia and PAX9 mutations are the most commonly reported
genetic etiology for isolated oligodontia.
Oligodontia is not only a disorder of missing teeth but also a

clinical sign of a potentially complex systemic condition. In rare
occasions, severe oligodontia can be associated with potentially
adverse conditions like hyperplastic polyps with malignant tenden-
cies. Such potential associations make it critical for dentists to
understand and become familiar with the correlations between
genotype and phenotypes of oligodontia in order to facilitate an
accurate diagnosis that may impact the patient’s overall well-being.

METHODS
Subject recruitment and enrollment
The study protocol and subject consent forms were reviewed and
approved by the Ethics Committee at the University of Istanbul
and the Institution Review Board at the University of Michigan.
Patients with six or more missing teeth (excluding third molars)
were recruited. Study explanation, pedigree construction, subject
enrollment, clinical examinations, and collection of saliva samples
were completed under the proper consenting procedure specified
in the study protocols. Available subjects were evaluated clinically
and radiographically. The ectodermal organs reviewed include
hair (scalp and facial hair), nail (smooth or dysplastic), and skin
(facial and hand skin dryness). We asked subjects to describe their
toenails, signs of dry skin (redness, roughness, and size of the dry
patch if present), excessive sweating or limited sweating, and
dryness of eyes. Family members unavailable for evaluation
received phone interviews.

Whole-exome sequencing and bioinformatics analysis
Genomic DNA was isolated from non-stimulated saliva samples
following the manufacturer’s protocol (Norgen Biotek Corp.,
Thorold, ON, Canada). Samples from the parents and proband of
each family were selected for whole-exome sequencing (WES),
and DNA samples from all other family members were used for
segregation analyses. Trio DNA samples following the initial
quality control were submitted to Johns Hopkins Center for
Inherited Disease Research (CIDR, Baltimore, MD) for WES.
GATK’s reference confidence model workflow was used to
perform joint sample genotyping and all variants were
annotated using VarSeq (Golden Helix, Bozeman, MT). Following
the comparisons between the affected and unaffected indivi-
duals, a list of prioritized variants was then subjected to
segregation analysis.

Segregation analyses using Sanger sequencing
The prioritized sequence variations and their segregation with the
oligodontia phenotype within each family was confirmed by
Sanger sequencing. PCR primers were designed to bracket the
candidate variant and reactions were conducted following
established protocols.56 Chromatograms of all participating
subjects from the ten study families are reviewed and complied
as in Fig. S11.

Phenotypic analyses
The number and type of missing, present, and extracted teeth
was determined by reviewing available dental records including
clinical photos and radiographic images. Two independent
clinical specialists (a pediatric dentist and an orthodontist),
appraised all available records for each individual recruited in
the study and determined which teeth were present, absent,
and/or extracted. When the assessments were not in agree-
ment, the two specialists reviewed the images together to
reach a consensus.

Sources of data and search strategy
Following standard literature review procedures, a search of the
OMIM database and recent publications was conducted on July 3,
2021 to determine genes associated with oligodontia. The genes
identified from this search included: MSX1, EDA, PAX9, WNT10B,
WNT10A, LRP6, EDARADD, EDAR, POLR3A, AXIN2, SMOC2, LTBP3,
DSP, SATB2, BCOR, ATP6V1B2, SLC25A24, CDH1, KCNJ2, HUWE1,
PPP1R15B, PIK3C2A, PDE3A, UBR1, IKBKB, EVC2, KIAA1279, SRD5A3,
DVL1, MESD, TSPEAR, COL1A1, CREB3L1, and KREMEN1. We then
conducted a search on July 3, 2021 of PubMed and Web of
Science for articles published in English between January 1, 1992,
and June 30, 2021, using the above-mentioned “gene name” and
“oligodontia” as key words. Based upon the review of study key
words, title, and abstract, relevant studies were selected for a
comprehensive systematic review. A list of 96 articles reviewed in
this study is presented at the end of the supplementary
document. Additionally, a brief summary of selected findings
from those 96 articles is compiled and presented in the
supplementary Table S1. Five genes with the largest number of
oligodontia cases reported in the literature were reviewed in-
depth.

Eligibility criteria
Articles were included in the review if they met the following
criteria: written in English-language, the subjects were humans,
included a genetic mutation from one of the above-mentioned
candidate genes, included the patients’ dental radiographs
allowing confirmation of oligodontia and assessment of dental
phenotype, the number of missing teeth equaled to or greater
than six (excluding third molars), but not edentulous. Cases with
more than one genetic mutation were excluded. A flow diagram
of the search strategy is presented in Fig. S1.
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Data extraction and synthesis
Specific data including genetic mutation, phenotypic diagnosis,
mode of inheritance, case demographics, and non-dental
phenotype were compiled from all cases that met the above-
described criteria. Missing teeth locations were assessed by the
same specialists mentioned previously using panoramic radio-
graphs. Cases were grouped for qualitative/descriptive analysis
according to their causative genes. The mean number of missing
permanent teeth for each causative gene group and the
frequency of tooth absence at each tooth position were
calculated. Each causative gene group with more than one
reported case was included for such analyses. Mean number and
missing teeth percentage were calculated using Microsoft Excel
(Version 16.0.5110.100; 2016 Microsoft Corporation). Statistical
analysis was performed using the χ2 test (IBM SPSS Statistics 26)
and Prism 8 (GraphPad Prism 8.1.2, Macintosh Version, GraphPad
Software, San Diego, CA, USA). The value of p < 0.05 was
considered statistically significant.

ACKNOWLEDGEMENTS
In conducting this review, the authors adhered to Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines. This research was
supported by the National Institute of Dental and Craniofacial Research (DE015846)
and a National Research Foundation of Korea (NRF) grant funded by the Korean
government (MEST) (NRF-2018R1A5A2024418 and NRF-2020R1A2C2100543).

AUTHOR CONTRIBUTIONS
M.Z., H.Z., H.C., F.S., J.-W.K., Y.Q.W., F.W., Y.Q.Z., J.P.S., and J.C.-C.H. contributed to the
research design. F.S., M.K., Y.K., N.M.R.Y., H.K.-B., P.J.B., and J.C.-C.H. contributed to
subject recruitment. M.Z., H.Z., H.C., J.-W.K., J.P.S., and J.C.-C.H. contributed to genetic
analyses/etiology determination. M.Z., H.Z., H.C., F.S., J.-W.K., Y.Q.W., F.W., Y.Q.Z., J.P.S.,
and J.C.-C.H. contributed to data analyses. M.Z., H.Z., H.C., F.S., M.K., Y.K., J.-W.K., N.M.R.
Y., H.K.-B., P.J.B., Y.Q.W., F.W., Y.Q.Z., J.P.S., and J.C.-C.H. contributed to manuscript
preparation and revision and approved the final manuscript submitted for review.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41368-021-00135-3.

Competing interests: The authors declare no competing interests.

REFERENCES
1. Schalk van der Weide, Y., Steen, W. H. & Bosman, F. Distribution of missing teeth

and tooth morphology in patients with oligodontia. ASDC J. Dent. Child 59,
133–140 (1992).

2. Schalk van der Weide, Y., Beemer, F. A., Faber, J. A. & Bosman, F. Symptomatology
of patients with oligodontia. J. Oral. Rehabil. 21, 247–261 (1994).

3. Slayton, R. L. et al. Genetic association studies of cleft lip and/or palate with
hypodontia outside the cleft region. Cleft Palate Craniofac. J. 40, 274–279
(2003).

4. Worsaae, N., Jensen, B. N., Holm, B. & Holsko, J. Treatment of severe hypodontia-
oligodontia-an interdisciplinary concept. Int J. Oral. Maxillofac. Surg. 36, 473–480
(2007).

5. Bergström, K. An orthopantomographic study of hypodontia, supernumeraries
and other anomalies in school children between the ages of 8-9 years. An epi-
demiological study. Swed. Dent. J. 1, 145–157 (1977).

6. Nieminen, P. Genetic basis of tooth agenesis. J. Exp. Zool. B Mol. Dev. Evol. 312B,
320–342 (2009).

7. Créton, M. A., Cune, M. S., Verhoeven, W. & Meijer, G. J. Patterns of missing teeth
in a population of oligodontia patients. Int. J. Prosthodont. 20, 409–413 (2007).

8. Feng, H. L. Prosthodontic treatment of congenital tooth agenesis I. The classifi-
cation, prevalence and etiology of congenital tooth agenesis. Zhonghua Kou
Qiang Yi Xue Za Zhi 46, 54–57 (2011).

9. Rølling, S. & Poulsen, S. Oligodontia in Danish schoolchildren. Acta Odontol.
Scand. 59, 111–112 (2001).

10. Nordgarden, H., Jensen, J. L. & Storhaug, K. Reported prevalence of congenitally
missing teeth in two Norwegian counties. Community Dent. Health 19, 258–261
(2002).

11. Polder, B. J., Van’t Hof, M. A., Van der Linden, F. P. & Kuijpers-Jagtman, A. M. A
meta-analysis of the prevalence of dental agenesis of permanent teeth. Com-
munity Dent. Oral. Epidemiol. 32, 217–226 (2004).

12. Cakur, B., Dagistan, S., Miloglu, O. & Bilge, M. Nonsyndromic oligodontia in per-
manent dentition: three siblings. J. Dent. Sci. 3, 1–6 (2005).

13. Bural, C., Oztas, E., Ozturk, S. & Bayraktar, G. Multidisciplinary treatment of non-
syndromic oligodontia. Eur. J. Dent. 6, 218–226 (2012).

14. Scheiwiller, M., Oeschger, E. S. & Gkantidis, N. Third molar agenesis in modern
humans with and without agenesis of other teeth. PeerJ 8, e10367 (2020).

15. Salvi, A. et al. Mutation analysis by direct and whole exome sequencing in familial
and sporadic tooth agenesis. Int J. Mol. Med. 38, 1338–1348 (2016).

16. Kirikoshi, H., Sekihara, H. & Katoh, M. WNT10A and WNT6, clustered in human
chromosome 2q35 region with head-to-tail manner, are strongly coexpressed in
SW480 cells. Biochem. Biophys. Res. Commun. 283, 798–805 (2001).

17. Yu, M., Wong, S. W., Han, D. & Cai, T. Genetic analysis: Wnt and other pathways in
nonsyndromic tooth agenesis. Oral. Dis. 25, 646–651 (2019).

18. Suda, N., Ogawa, T., Kojima, T., Saito, C. & Moriyama, K. Non-syndromic oligo-
dontia with a novel mutation of PAX9. J. Dent. Res. 90, 382–386 (2011).

19. Wong, S. W. et al. Nine novel PAX9 mutations and a distinct tooth agenesis
genotype-phenotype. J. Dent. Res. 97, 155–162 (2018).

20. Kantaputra, P. N. et al. WNT10B mutations associated with isolated dental
anomalies. Clin. Genet. 93, 992–999 (2018).

21. Arte, S., Parmanen, S., Pirinen, S., Alaluusua, S. & Nieminen, P. Candidate gene
analysis of tooth agenesis identifies novel mutations in six genes and suggests
significant role for WNT and EDA signaling and allele combinations. PLoS ONE 8,
e73705 (2013).

22. Yu, P. et al. Mutations in WNT10B are identified in individuals with oligodontia.
Am. J. Hum. Genet. 99, 195–201 (2016).

23. Eshgian, N., Al-Talib, T., Nelson, S. & Abubakr, N. H. Prevalence of hyperdontia,
hypodontia, and concomitant hypo-hyperdontia. J. Dent. Sci. 16, 713–717 (2021).

24. Fournier, B. P. et al. Patterns of dental agenesis highlight the nature of the
causative mutated genes. J. Dent. Res. 97, 1306–1316 (2018).

25. Kist, R. et al. Reduction of Pax9 gene dosage in an allelic series of mouse mutants
causes hypodontia and oligodontia. Hum. Mol. Genet. 14, 3605–3617 (2005).

26. Sun, K. et al. Functional study of novel PAX9 variants: the paired domain and non-
syndromic oligodontia. Oral Dis. 27, 1468–1477 (2020).

27. Han, D. et al. Novel EDA mutation resulting in X-linked non-syndromic hypo-
dontia and the pattern of EDA-associated isolated tooth agenesis. Eur. J. Med.
Genet. 51, 536–546 (2008).

28. Sadier, A., Viriot, L., Pantalacci, S. & Laudet, V. The ectodysplasin pathway: from
diseases to adaptations. Trends Genet. 30, 24–31 (2014).

29. Okita, T., Asano, N., Yasuno, S. & Shimomura, Y. Functional studies for a dominant
mutation in the EDAR gene responsible for hypohidrotic ectodermal dysplasia. J.
Dermatol. 46, 710–715 (2019).

30. Shen, W. et al. Functional study of ectodysplasin-A mutations causing non-
syndromic tooth agenesis. PLoS ONE 11, e0154884 (2016).

31. Zhang, L. et al. Comparative analysis of rare EDAR mutations and tooth agenesis
pattern in EDAR- and EDA-associated nonsyndromic oligodontia. Hum. Mutat. 41,
1957–1966 (2020).

32. Long, A. et al. WNT10A promotes an invasive and self-renewing phenotype in
esophageal squamous cell carcinoma. Carcinogenesis 36, 598–606 (2015).

33. Feng, C. et al. Down-regulation of Wnt10a by RNA interference inhibits pro-
liferation and promotes apoptosis in mouse embryonic palatal mesenchymal
cells through Wnt/β-catenin signaling pathway. J. Physiol. Biochem. 69, 855–863
(2013).

34. Liu, F. & Millar, S. E. Wnt/beta-catenin signaling in oral tissue development and
disease. J. Dent. Res. 89, 318–330 (2010).

35. Zhu, B. F., Lai, J. H., Zheng, H. B., Li, S. B. & Yan, J. W. Genetic polymorphisms of 9
STR loci in Achang ethnic group in Yunnan Province. Yi Chuan Xue Bao 28,
981–984 (2001).

36. Tardieu, C. et al. Dental and extra-oral clinical features in 41 patients with
WNT10A gene mutations: a multicentric genotype-phenotype study. Clin. Genet.
92, 477–486 (2017).

37. van den Boogaard, M. J. et al. Mutations in WNT10A are present in more than half
of isolated hypodontia cases. J. Med. Genet. 49, 327–331 (2012).

38. Yuan, Q. et al. Role of WNT10A in failure of tooth development in humans and
zebrafish. Mol. Genet Genom. Med. 5, 730–741 (2017).

39. Schubert, M., Holland, L. Z., Holland, N. D. & Jacobs, D. K. A phylogenetic tree of
the Wnt genes based on all available full-length sequences, including five from
the cephalochordate amphioxus. Mol. Biol. Evol. 17, 1896–1903 (2000).

40. Bui, T. D. et al. A novel human Wnt gene, WNT10B, maps to 12q13 and is
expressed in human breast carcinomas. Oncogene 14, 1249–1253 (1997).

41. Peters, H., Neubüser, A., Kratochwil, K. & Balling, R. Pax9-deficient mice lack
pharyngeal pouch derivatives and teeth and exhibit craniofacial and limb
abnormalities. Genes Dev. 12, 2735–2747 (1998).

Analyses of oligodontia phenotypes and genetic etiologies
Zhou et al.

10

International Journal of Oral Science           (2021) 13:32 

https://doi.org/10.1038/s41368-021-00135-3


42. Ogawa, T. et al. Functional consequences of interactions between Pax9 and Msx1
genes in normal and abnormal tooth development. J. Biol. Chem. 281,
18363–18369 (2006).

43. Nassif, A. et al. Msx1 role in craniofacial bone morphogenesis. Bone 66, 96–104
(2014).

44. Nakatomi, M. et al. Genetic interactions between Pax9 and Msx1 regulate lip
development and several stages of tooth morphogenesis. Dev. Biol. 340, 438–449
(2010).

45. Wang, Y., Kong, H., Mues, G. & D’Souza, R. Msx1 mutations: how do they cause
tooth agenesis? J. Dent. Res. 90, 311–316 (2011).

46. Jia, S. et al. Bmp4-Msx1 signaling and Osr2 control tooth organogenesis through
antagonistic regulation of secreted Wnt antagonists. Dev. Biol. 420, 110–119
(2016).

47. Dinckan, N. et al. Whole-exome sequencing identifies novel variants for tooth
agenesis. J. Dent. Res. 97, 49–59 (2018).

48. Nakamura, T. et al. Molecular cloning and characterization of Kremen, a novel
kringle-containing transmembrane protein. Biochim. Biophys. Acta 1518, 63–72
(2001).

49. Lammi, L. et al. Mutations in AXIN2 cause familial tooth agenesis and predispose
to colorectal cancer. Am. J. Hum. Genet. 74, 1043–1050 (2004).

50. Jho, E. H. et al. Wnt/beta-catenin/Tcf signaling induces the transcription of Axin2,
a negative regulator of the signaling pathway. Mol. Cell Biol. 22, 1172–1183
(2002).

51. Beard, C., Purvis, R., Winship, I. M., Macrae, F. A. & Buchanan, D. D. Phenotypic
confirmation of oligodontia, colorectal polyposis and cancer in a family carrying
an exon 7 nonsense variant in the AXIN2 gene. Fam. Cancer 18, 311–315 (2019).

52. Arzoo, P. S., Klar, J., Bergendal, B., Norderyd, J. & Dahl, N. WNT10A mutations
account for (1/4) of population-based isolated oligodontia and show phenotypic
correlations. Am. J. Med. Genet. A 164A, 353–359 (2014).

53. Park, H. et al. WNT10A mutations causing oligodontia. Arch. Oral. Biol. 103, 8–11
(2019).

54. Yu, M. et al. Distinct impacts of bi-allelic WNT10A mutations on the permanent
and primary dentitions in odonto-onycho-dermal dysplasia. Am. J. Med. Genet. A
179, 57–64 (2019).

55. Monk, B. E., Pieris, S. & Soni, V. Schöpf-Schulz-Passarge syndrome. Br. J. Dermatol.
127, 33–35 (1992).

56. Yang, J. et al. Taurodontism, variations in tooth number, and misshapened
crowns in Wnt10a null mice and human kindreds. Mol. Genet. Genom. Med. 3,
40–58 (2015).

57. Baccetti, T. Tooth rotation associated with aplasia of nonadjacent teeth. Angle
Orthod. 68, 471–474 (1998).

58. Bjerklin, K., Kurol, J. & Valentin, J. Ectopic eruption of maxillary first permanent
molars and association with other tooth and developmental disturbances. Eur. J.
Orthod. 14, 369–375 (1992).

59. Haselden, K., Hobkirk, J. A., Goodman, J. R., Jones, S. P. & Hemmings, K. W. Root
resorption in retained deciduous canine and molar teeth without permanent
successors in patients with severe hypodontia. Int J. Paediatr. Dent. 11, 171–178
(2001).

60. Hobkirk, A. et al. Hypodontia A Team Approach to Management. 210 (Wiley, 2010).
61. Schalk van der Weide, Y., Prahl-Andersen, B. & Bosman, F. Tooth formation in

patients with oligodontia. Angle Orthod. 63, 31–37 (1993).
62. Ogaard, B. & Krogstad, O. Craniofacial structure and soft tissue profile in patients

with severe hypodontia. Am. J. Orthod. Dentofac. Orthop. 108, 472–477 (1995).
63. Hobkirk, J. A., Goodman, J. R. & Jones, S. P. Presenting complaints and findings in

a group of patients attending a hypodontia clinic. Br. Dent. J. 177, 337–339
(1994).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021, corrected publication 2021

Analyses of oligodontia phenotypes and genetic etiologies
Zhou et al.

11

International Journal of Oral Science           (2021) 13:32 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Analyses of oligodontia phenotypes and genetic etiologies
	Introduction
	Results
	Mutational analysis and phenotypic findings
	Literature search results
	Data analyses

	Discussion
	Conclusions
	Methods
	Subject recruitment and enrollment
	Whole-exome sequencing and bioinformatics analysis
	Segregation analyses using Sanger sequencing
	Phenotypic analyses
	Sources of data and search strategy
	Eligibility criteria
	Data extraction and synthesis

	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




