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Abstract

Objectives The aim of this study was the analysis of WNT10A variants in seven families of probands with various forms of
tooth agenesis and self-reported family history of cancer.

Materials and methods We enrolled 60 young subjects (aged 13 to 17) from the Czech Republic with various forms of tooth
agenesis. Dental phenotypes were assessed using Planmeca ProMax 3D (Planmeca Oy, Finland) with Planmeca Romexis
software (version 2.9.2) together with oral examinations. After screening PAX9, MSX1, EDA, EDAR, AXIN2 and WNT10A
genes on the Illumina MiSeq platform (Illumina, USA), we further analyzed the evolutionarily highly conserved WNT10A
gene by capillary sequencing in the seven families.

Results All the detected variants were heterozygous or compound heterozygous with various levels of phenotypic expres-
sion. The most severe phenotype (oligodontia) was found in a proband who was compound heterozygous for the previously
identified WNT10A variant p.Phe228Ile and a newly discovered c.748G > A variant (p.Gly250Arg) of WNT10A. The newly
identified variant causes substitution of hydrophobic glycine for hydrophilic arginine.

Conclusions We suggest that the amino acid changes in otherwise highly conserved sequences significantly affect the dental
phenotype. No relationship between the presence of WNT10A variants and a risk of cancer has been found.

Clinical relevance Screening of PAX9, MSX1, EDA, EDAR, AXIN2 and WNT10A genes in hope to elucidate the pattern of
inheritance in families.
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Introduction

>4 Omar Sery Tooth development is controlled by a set of highly conserved
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regulatory genes with similar functions in different animal
species [1]. It is of crucial importance for all the components
of signaling pathways to be present at the right place, at the
right time and at the required quantity [2, 3]. Any devia-
tion in this process may lead to developmental malfunctions
[1]. Tooth agenesis is one of the most prevalent craniofacial
anomalies [4]. According to the number of missing teeth,
tooth agenesis is classified as hypodontia (missing 1-5
teeth), oligodontia (missing 6 or more teeth) or anodontia
(complete absence of dentition) [5]. The prevalence of tooth
agenesis (excluding the third molars) depends somewhat on
the ethnicity of the populations under study. Generally, more
severe phenotypes occur less frequently than the milder
ones. Females have been found to have higher prevalence of
tooth agenesis than males [6—8].
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Tooth development is a dynamic and complex process
involving more than 350 genes [9, 10]. Among these,
PAX9, MSX1, EDA, EDAR, AXIN2 and WNT10A are the
most studied ones [11-15]. Most of the variants are found
in patients with tooth agenesis [16]. The WNTI10A gene
belongs to the WNT family (wingless type MMTYV inte-
gration site) which is apparently highly conserved in the
animal kingdom, particularly in the vertebrates [17, 18].
The family consists of structurally related genes encod-
ing secreted signaling proteins [19]. WNT proteins bind
to Frizzled receptors (G-protein coupled receptors) and
to low-density lipoprotein receptor-related protein (LRP)
[20]. They are involved in the differentiation of tissues
and organs during embryonic development [21-23]. The
human WNT family consists of 19 genes, among which
WNT10A shows the strongest association with odontogen-
esis [24, 25]. WNT10A encodes a signaling protein, which
plays an essential role at multiple stages of tooth mor-
phogenesis including the induction and maintenance of
primary and secondary enamel knots [26, 27]. This gene
is 13.4 kb long, located on the long arm of 2q35 and has
4 exons. The first and the last exons contain untranslated
regions. The transcribed protein is 417 amino acids long
with a 23-24 cysteine residue motif conserved among
all WNT proteins [19]. WNT proteins share 27-83%
amino acid sequence identity [28, 29] and contain a sig-
nal peptide (residues 1-35) and a WNT domain ranging
from 60—417 amino acids [30]. WNT10A is constitutively
expressed in the skin and is particularly abundant dur-
ing the formation of ectodermal appendages, including
hair follicles [31-34]. Tooth agenesis may occur as an
isolated form without further syndromes or as part of one
or more syndromes [10, 35]. In addition to tooth agenesis,
the most common syndromes caused by WNTI0A vari-
ants are a wide range of ectodermal dysplasias, including
hypohidrotic ectodermal dysplasia, odonto-onycho-dermal
dysplasia (OODD) and Shop-Schulz-Passarge syndrome
(SSPS) [17, 30]. These conditions show a high degree of
phenotypic variability with unclear genotype—phenotype
correlation, suggesting a role of other, as yet unknown
variants [30, 36, 37]. The occurrence of WNT10A variants
in patients with tooth agenesis is between 44 and 62%
[38—41], although one Swedish study reported 27.7% [42].
The number of missing teeth correlates with the propor-
tional presence of variants; in patients missing 1-3 teeth,
WNTI10A variants were found in 15.8% of cases while in
those missing 4 or more teeth the proportion of the vari-
ants was 51.6% [41].

WNT signaling has also been associated with oncogenesis
[43, 44]. The simultaneous occurrence of tooth agenesis and
cancer including in patients carrying particular variants of
components of the WNT signaling cascade has recently been
reviewed [45]. Nevertheless, details of putative interactions
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between the mutations associated with tooth agenesis and
those involved in mechanisms of cancer are yet to be eluci-
dated [46, 47].

In this study, we discuss WNT10A variants that were
detected in seven families of probands with various forms
of tooth agenesis and self-reported family history of cancer.

Materials and methods

From among the patients with dental anomalies who pre-
sented at the Department of Stomatology of St. Anne's Fac-
ulty Hospital and Faculty of Medicine in Brno and at the
Institute of Dentistry and Oral Sciences, Palacky University,
Olomouc, we selected a sample of 60 individuals for further
study. The selection criteria were as follows: age between
13 and 17 years, absence of any major known genetic dis-
eases, no history of cancer and willingness (informed con-
sent) to participate in the project. All participants were fully
screened by next generation sequencing for exon mutations
in PAX9, MSX1, AXIN2, EDA, EDAR and WNTI0A genes.
The focus was on WNT10A gene since the mutations in this
gene were those found to be most often associated with
the patterns of missing teeth observed in the patients. In
patients where exon mutations were found, the first-degree
relatives (parents and siblings) were then contacted and, if
they agreed (and consented), they were added to the sample,
clinically examined and NGS sequenced.

To assess dental phenotypes, Planmeca ProMax 3D (Plan-
meca Oy, Finland) in mode orthopantomogram with Plan-
meca Romexis software (version 2.9.2) was used together
with oral examinations. The diagnosis of agenesis was deter-
mined based on the absence of (a) permanent tooth/teeth
followed by a radiological examination using orthopanto-
mogram. Additionally, we ruled out the possibility that the
missing teeth may have resulted from earlier extractions by
questioning the patients and checking their medical records
when available. The ageneses were categorized as follows:
absence of up to five permanent teeth except third molars
was classified as hypodontia, absence of six or more perma-
nent teeth was classified as oligodontia; the total agenesis
of all permanent teeth was not encountered in the group.
Information on the incidence of oncological diseases was
obtained by interviewing the probands, their relatives (or,
when possible, interviewing additional family members).

Genomic DNA was obtained from 200 uL of whole
blood taken from the fingers by EDTA coated capillaries
Microvette® 200 pL, K3 EDTA (Sarstedt, Germany). DNA
isolation was performed using the Zephyrus Magneto (Elisa-
beth Pharmacon, Czech Republic) and Prepito® NA Body
Fluid Kit (PerkinElmer, Germany). DNA quality and con-
centration were verified spectrophotometrically. DNA was
diluted to a concentration of 150 ng in 50 uL. PCR water and
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sheared to a size of 200 bp using the Covaris S220 Sonica-
tor (Covaris, USA) (treatment time 180 s, volume 130 pL).
Next, size and quantity of DNA fragments were verified on
2200 TapeStation Instrument (Agilent Technologies, USA).
NGS library was prepared by enrichment of genomic regions
for PAX9, MSX1, AXIN2, EDA, EDAR and WNTI10A genes
according to the protocol for SeqCap EZ System (Roche
NimbleGen, USA). Concentrations of prepared libraries
before pooling and of the final library were determined by
KAPA gPCR KAPA Library Quantification Kit (Kapa Bio-
systems, USA). The final library was sequenced on the Illu-
mina MiSeq platform (Illumina, USA) using MiSeq Reagent
Kit V2 (300 cycles) according to manufacturer recommenda-
tions for 14 pM libraries.

NGS data were analyzed according to Roche NimbleGen
workflow [48]. As a reference genome, Hg38 was used.
BWA 0.7.13 software package [49] was used for indexing the
reference genome and alignment of reads. Adapter trimming
was performed using Trimmomatic 0.32 software [50]. PCR
duplicates were removed using Picard Tools 1.110 software.
Variant calling and filtering were performed using SAM
tools 1.3 and BCF tools 1.3 software [51, 52]. Using soft-
ware R, the depth of coverage was calculated for each posi-
tion on the reference genome corresponding to the selected
genes (PAX9, MSXI1, AXIN2, EDA, EDAR and WNTI10A)
[53]. Sequence data were browsed through using Integrative
Genomics Viewer 2.3 (IGV) [54, 55].

Selected variants in WNT10A were further analyzed by
capillary sequencing. DNA isolation followed the same pro-
tocol as described above for NGS (Table 1).

PCR was carried out using the EliZyme™ HS FAST MIX
(Elisabeth Pharmacon, Czech Republic) on a Veriti® ther-
mal cycler (Applied Biosystems, USA). The PCR conditions
were as follows: activation/denaturation at 95 °C for 2 min;
40 cycles at 95 °C for 15 s and 62 °C (for exon 2) or 63 °C
(for exon 3) for 15 s; and 72 °C for 15 s. Primer sequences
are given in Table 1. Amplicons were purified by Exol-
FastAP (Fermentas, USA), incubated at 37 °C for 15 min
and subsequently at 85 °C for 15 min for enzyme deactiva-
tion. Sequencing was performed using BigDye® Termina-
tor v.3.1 (Life Technologies, USA). Sequencing reactions/

products were purified using EDTA/ethanol precipitation,
resuspended in 10 pl of Hi-Di formamide (Life Technolo-
gies, USA) and finally sequenced on the automated ABI
3130 Genetic Analyzer. Sequences were edited and com-
pared with reference sequence (accession NG_012179.1)
of the WNT10A gene from the GenBank Database (NCBI).

Results

Family histories provided by the probands and available
members of their families focused on tooth agenesis and can-
cer (Fig. 1). Initial (NGS) screening of their DNA samples
singled out WNT10A as the gene with the greatest variability
in both phenotypes (as indicated by the family histories)
and variants causing an amino acid change. Furthermore,
the NGS screen pointed to exons 2 and 3 as the locus of
potential variants of interest, prompting additional, more
focused, analyses (capillary sequencing; Tablel). In addition
to previously known variants, we found a new missense vari-
ant ¢.748G > A in exon 3, causing Gly250Arg amino acid
change (Fig. 2). Based on the above data, we created seven
family pedigrees, as displayed in Fig. 1 A—G. We should add
that the NGS screen failed to reveal any new variants of rel-
evance for the present study in PAX9, MSX1, AXIN2, EDA or
EDAR genes; note that, for clarity, ectodermal dysplasia and
other hereditary syndromes often associated with WNT10A
variants are omitted in Fig. 1.

The phenotypic description of studied families
Family A

The female proband (Z410) has hypodontia of lower central
incisors and several extracted teeth. Her mother (Z410B)
has fully developed dentition. Her stepbrother and aunt have
tooth agenesis which was reported only by family records.
The proband is a carrier of heterozygous variant ¢.208C>T
causing p.Arg70Trp.

Table 1 Primer sequences for
PCR and DNA sequencing

Exon PCR amplification

Sequencing reaction

of the selected exons of the Forward primer

Reverse primer

WNT10A gene

2 5’-ACCCCATATGTCTGCAGGTC-3’

3 5’-CCCTCCAGAGTCCATGTGTT-3’

5’-GCTTGA
GGCAGT
GGGTTA
GA-3’

5’-GGTAGG
CCCTAG
GCAAAG
AG-3’

5’-ACCCCATATGTCTGCAGGTC-3’

5’-CCCTCCAGAGTCCATGTGTT-3’
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Fig. 1 The pedigrees of families

suffering from various type of
tooth agenesis. A—G. Family
pedigrees of probands carry-
ing WNT10A variants. Family
members indicated with a code
were available for phenotyping
and DNA sequencing. Other
phenotypes are available by
family history only
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Family B

The male proband (Z450) has hypodontia of five perma-
nent teeth, including lower central incisors, upper right lat-
eral incisor and upper canines. Neither the mother (Z450B)
nor the brother (Z450D) suffer from tooth agenesis. The
deceased father had a complete dentition (information
about third molars is not available). Grandfather from the
father's side had liver cancer. The p.Phe228Ile amino acid
change was identified in all three family members.
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Family C

The female proband (Z451) has hypodontia of upper second
molars and lower right second molar. Her mother (Z451B)
is missing only second right upper incisor while neither
her father (Z451C) nor her brother (Z451D) have hypodon-
tia. Grandmother from the father's side had breast cancer.
DNA sequencing uncovered compound heterozygous vari-
ants ¢.649G > A and c.682 T > A resulting in p.Asp217Asn
and p.Phe228lle in both siblings. Their mother and father
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Fig.2 Chromatograms obtained A
from capillary sequencing of
¢.748 G> A variant in exon 3
of WNTI0A. In samples 2623
(A) and Z623B (B) is shown

a newly found heterozygous
¢.748 G > A variant marked as
R mixed base (G/A). The chro-
matogram of sample Z623C (C)
reflects the reference variant G

CAACCGAGTTRGGAGGCAGGT

c.748G>A

B
CAACCGAGTTRGGAGGCAGGT

c.748G>A

CAACCGAGTTGGGAGGCAGGT

are carriers of heterozygous variants ¢.649G > A and
c.682 T> A, respectively.

Family D

The female proband (Z605) has 8 teeth missing: upper left
lateral incisor, upper canines, upper second premolars, lower
central incisors and lower left second premolar. No other
family members have tooth agenesis. Grandfather from
the mother's side had liver cancer and grandmother from
the father's side had breast cancer. A heterozygous variant
c.682 T> A (p.Phe228Ile) was found in the proband, her
mother (Z605B) and one brother. No other variants were
found in the selected exons.

Family E

The male proband (Z620) has oligodontia, missing 7 teeth:
upper right lateral incisor, all upper premolars and lower
second premolars. No other family members had missing
teeth. This case, as well as that of the previous family D,
can be classified as sporadic form of oligodontia. The same
p.Phe228Ile change was found in the proband and his father
(2620C).

€.748G

Family F

The male proband (Z623) suffers from severe oligodon-
tia, missing 15 teeth: upper lateral incisors, upper right
canine, upper premolars, lower incisors and canines and
lower second premolars. Mother's sister had leukemia. The
proband carries a compound heterozygous ¢.682 T > A and
newly found c.748G > A variant resulting in p.Phe228Ile
and p.Gly250Arg amino acid changes. Both originate
from his parents—the mother (p.Gly250Arg), the father
(p-Phe228lle). The A allele of the novel variant ¢.748G > A
was detected using NGS with average depth of coverage 47
for Z623. The position was read 54 times, 23 times (43%) for
G allele and 31 times (57%) for A allele. GGG coding triplet
is changed to AGG leading to arginine instead of glycine.

Family G

The male proband (Z624) has severe oligodontia, missing
13 teeth: upper left canine and second premolar, upper sec-
ond molars, all lower incisors and left canine, lower sec-
ond premolars and second molars. His aunt (Z458) lacks
lower second molars. A compound heterozygous variant
¢.321C > A together with ¢.337C > T variant ([p.Cys107%],
[p.-Argl13Cys]) was identified in the proband. The stop
codon variant was inherited from the mother (Z624B), who
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Table 2 The summary of oligodontias (missing teeth) in families A-G

Right Left
M P I 1 C P M

1D Upper 18 17 16 15 14 12 11 21 22 23 24 25 26 27 28 Total

Lower 48 47 46 45 44 42 41 31 32 33 34 35 36 37 38
Family A
7410 X,ps X,ps X 2(2)
% k

Z410B X 0(0)
X

Family B

7450 * *,ps * 50
* 3 k %

Z450B * o(l)

Z450D 0(0)

Family C

7451 * * ps * * 3
k k %k

ZA51B * 1(1)

Z451C * * 0(@3)
k

ZA51D 0(1)
k

Family D

7605 * * * * * * 8 (12)
* 3k k * *

7605B 0(0)

7605C 0(0)

Z605D 0(0)

Z605E 0(0)

Z605F 0(0)

7605G 0(0)

Z605H 0(0)

Family E

7620 * * * * * 7()

* *

7620B ? 1?

7620C 0(0)

Family F
ES * * 3k * & * £ *

7623B * * 04
* *

7623C 0(0)

Family G

7624 * * * * * * 13 (17)
* * & & * * & * * & *

7624B * * 04)
£ *k

7624C 0(0)

7624D X X 1(1)
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Table 2 (continued)

Right Left

M P C I I C P M

* *
Z7624E 0@
Z624F * * 0(4)
7458 * * 2(6)

* *

* *

Asterisks indicate missing teeth; question marks indicate presumably missing teeth and crosses indicate extracted teeth. In some probands, peg-
shaped (ps) lateral incisors were noticed as an accompanying micro sign of dental agenesis patterns. The column shows the sum of missing
teeth; numbers of missing teeth plus third molars are given in parentheses (I, incisors; C, canines; P, premolars; M, molars)

inherited it from her mother (Z624E). p.Argl 13Cys was
inherited from the father (2624C). The proband’s aunt is
also a carrier of p.Cys107* (Table 2).

Discussion

The main subject of the present study was the mode of inher-
itance of selected gene variants in seven families who have
members with oligodontia. Comparison of family histories
and genetic (DNA) analyses revealed six known variants
and one newly identified WNT10A variant, all causing amino
acid substitutions, as associated with apparently inherited
moderate to severe forms of oligodontia. These substitutions
are, respectively, p.Arg70Trp, p.Cys107Ter, p.Argl13Clys,
p-Asp217Asn, p.Phe228Ile and (for the newly discovered
one) p.Gly250Arg. Only heterozygous and compound het-
erozygous variants have been identified in the study. Despite
PAX9 and MSXI being among the most studied genes in
tooth agenesis (in addition to AXIN2, EDA and EDAR), we
have not been able to find any relevant variants of these
genes in the seven families. On the face of it, this may
sound surprising but, perhaps, it is not: WNT10A carries
more variants associated with defective dentition than all
the five genes mentioned above (see Supporting Information,
Table S1) [15, 38, 39].

The most intriguing feature of our findings is the rela-
tionship between genotype and phenotype. Although some
family members carry the same WNT10A variants, the phe-
notypes differ. This is the case in families B, D and E, where
probands carry the same c.682 T > A (p.Phe228lle) variant
but are missing a variable number (5-8) of teeth. This cor-
responds with the mean of 7 from a Swedish study [42]. In
contrast, members of their families developed a full den-
tition (Table 3). The mother (Family E, Z620B) does not
carry any variants in the studied gene but may be missing
upper left second premolar. The presence of p.Phe228Ile
carries the risk of oligodontia but the precise magnitude of

the risk remains to be determined. In one study, Mostowska
et al. reported a ninefold increase [39] and an even higher
risk (30-fold) was subsequently reported by the same group
[16]. This is the most prevalent variant [42] and p.Phe2281le
is a frequent amino acid substitution associated with either
autosomal dominant or autosomal recessive form of isolated
hypodontia. This variant is present both in people with tooth
agenesis and in the general population of European origin
[24, 30, 36, 38], but is absent in the Chinese population
[41]. In controls, the allele frequency has been reported up
to 2.3% [30, 38, 39]. It has been suggested that heterozygous
c.682 T > A (p.Phe228lle) variant might provide “some kind
of survival advantage” which could, however, depend on the
ethnicity of the populations under study [25].

The most severe phenotype belongs to the male proband
(2623) of family F with 15 missing teeth (third molars
excluded). He is the only family member suffering from
severe oligodontia. According to family records, a female
cousin of his mother appears to have had oligodontia, but it
is not known how many teeth he had missing. This proband
carries a heterozygous c.682 T > A (p.Phe228Ile) variant
together with the novel heterozygous c.748G > A variant
causing p.Gly250Arg substitution, changing hydrophobic
glycine to hydrophilic arginine. Previous in silico analysis
indicated that the substitution would be damaging [56]; the
variant rs200387103 (c.748G > C) has been assigned at the
same position in WNT10A resulting in a similar amino acid
exchange. In our case, the ¢.748G > A variant was inherited
from the mother who had no tooth agenesis. As far as we
are aware, this variant has not been associated with tooth
agenesis. It is located near c.682 T > A (p.Phe228lle).

The male proband (Z624) from family G has a similarly
high number of missing teeth (13). In his case, compound
heterozygous (p.Cys107%) and ¢.337C>T (p.Argl13Cys)
are present (see also [39] for a very similar observation).
His aunt (Z458) is heterozygous for the nonsense variant,
with only the lower second molars being absent. The variant
¢.321C> A (p.Cys107%*) has a shorter protein missing a large
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Table 3 The identified WNT10A genotypes of studied families

Sample Nucleic acid change Amino acid change
Family A
7410  [c.208C>T]J; [=] [p.Arg70Trp]; [=]
ZA10B [=]; [=] (=] [=]
Family B
7450  [c.682 T>Al; [=] [p.Phe228lle]; [=]
7ZAS50B [c.682 T>Al; [=] [p.Phe228lle]; [=]
7ZA50D [c.682 T>Al; [=] [p.Phe228lle]; [=]
Family C
ZA51  [c.649G>Al; [p.Asp217Asn];
[c.682T>A] [p.Phe228lle]
ZA51B [c.649G > A]; [=] [p-Asp217Asn]; [=]
ZA51C [c.682T>Al; [=] [p.Phe228lle]; [=]
ZAS1D [c.649G> Al [p.-Asp217Asn];
[c.682T>A] [p.Phe228lle]
Family D
7605 [c.682T>A]; [=] [p.Phe228lle]; [=]
Z605B [c.682T>A]; [=] [p.Phe228lle]; [=]
Z605C [=];[=] [=];[=]
Z605D [=]; [=] [=];[=]
Z605E [c.682 T>A]; [=] [p.Phe228lle]; [=]
Z605F [=];[=] [=];[=]
7605G [=];[=] [=];[=]
Z60sH [=];[=] [=];[=]
Family E
7620 [c.682T>A]; [=] [p.Phe228lle]; [=]
Z620B [=];[=] [=];[=]
7620C [c.682T>A]; [=] [p.Phe228lle]; [=]
Family F
7623  [c.682 T>A]; [p.Phe228lle];
[c.748G > A] [p.Gly250Arg]
7623B [c.748G> A]; [=] [p.Gly250Arg]; [=]
7623C [c.682T>Al; [=] p-Phe228lle; [ =]
Family G
7624  [c.321C>Al; [c.337C>T] [p.Cys107*]; [p.Argl13Cys]
7624B [c.321C>Al; [=] [p.Cys107*]; [=]
7624C [c.337C>T]; [=] [p-Argl13Cys]; [=]
7624D [c.321C>Al; [=] [p.Cys107*]; [=]
Z624E [c.321C>Al; [=] [p.Cys107*]; [=]
Z624F [=];[=] [=];[=]
7458  [c.321C>Al; [=] [p.Cys107*]; [=]

[=], Sequences fully identical with the reference sequences (acces-
sions NG_012179.1 and NP_079492.2) from the GenBank Database

(NCBI)

part of the WNT domain. Homozygotes for this variant had
very severe oligodontia, missing nearly all permanent teeth.
Together with p.Phe228]Ile, this variant should be considered
as common in European populations [41]. Arg113 is a highly
conserved amino acid and a change to cysteine is predicted
to be potentially damaging [39, 57].
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The variant p.Arg70Trp was detected in only one proband
(Z410) in a heterozygous state. It has previously been shown
to be associated with a particularly severe phenotype, pos-
sibly because of a damaging effect on protein structure [57].

Heterozygous p.Asp217Asn was detected in several mem-
bers of family C, the female proband (Z451) being affected
the most with 3 missing teeth. She is also heterozygous for
p-Phe228lle together with her brother (Z451D) who inter-
estingly is not missing teeth (except for the lower right
third molar). The inheritance of alleles from parents fol-
lows the same pattern as described by Kantaputra and Sri-
pathomsawat [58]. The second aim of the present study has
been to look for indications that oligodontia may carry an
increased risk of cancer [45]. Of particular relevance here
is an earlier suggestion that WNTI0A plays a role in tumori-
genesis by stimulating extracellular matrix (ECM) through
mechanisms driven by WNT signaling [59, 60]. Together
with AXIN2 it encodes components of the canonical Wnt
pathway [27]. Polymorphism of AXIN2 gene has recently
been linked to cancer, particularly that of bowel (colorec-
tal), liver, prostate, ovarian or lung [61]. Studying such cor-
relations could lead to novel ways in predicting the risk of
serious malignancies, based on both genetics and specific
cell-biological mechanisms.

In the present study, family members (grandparents and
an aunt) of several probands were reported as diagnosed
with cancer. In Fig. 1B, proband’s Z450 paternal grandfather
had liver cancer. However, Z450 inherited his WNT10A vari-
ant (heterozygous p.Phe228lle) from his mother. Thus, the
case does not imply any association between p.Phe2281le
and hepatic cancer. As Z450 had none of the other vari-
ants of WNT10A under study, no case for an association of
WNT10A gene-linked oligodontia with cancer could be made
in his family. In Fig. 1C, paternal grandmother of Z451 had
breast cancer (Z451B). Z451 could, however, have inherited
p.Phe228]le from either of her parents (Z451B and Z451C).
Because this substitution occurs often in patients with tooth
agenesis but also in controls, it is unlikely that it plays an
important role in this case. The same is probably true in
the case of the liver cancer in the maternal grandfather of
7605 (Fig. 1D) and the breast cancer in her paternal grand-
mother. No variant was found in the father (Z605C), so there
is no connection to the breast cancer of his mother (pater-
nal grandmother of Z605). In Fig. 1F, sister of the mother
of proband Z623 had leukemia. The mother is a carrier of
p-Gly250Arg. As there are, to the best of our knowledge, no
publications on p.Gly250Arg in WNT10A (the present study
is the first to identify it as having significance in a human
condition), the putative association with leukemia would
seem to be, at best, speculative.

Looking at the sex influenced expression of heterozygotes,
the results suggest an even distribution. Although Bohring
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et al. proposed a slightly higher incidence in males [30], other
studies did not find any distribution pattern [38, 40].

Heterozygosity is responsible for less severe cases of
dental agenesis with incomplete penetrance [25, 38, 62].
According to Arzoo et al. [42], bi-allelic WNT10A variants
were associated with absence of upper and lower molars as
well as lower central incisors. In the present study, we were
able to observe similar missing teeth also in the heterozy-
gous state. Probands with bi-allelic variants in WNT10A had
a mean number of 14.4 missing teeth [42]. Recorded missing
teeth (third molars, premolars, lateral incisors, lower central
incisors) correspond to those in other publications [25, 41,
42]. All our probands and family members with WNT10A
variants had intact maxillary central incisors, suggesting that
these teeth follow a developmental program independent
from WNT10A, as shown in mice [63]. Bi-allelic variants
are reported to have a significant influence on the number of
missing teeth because of their quantitative effect.

To elucidate the peculiar genotype—phenotype interac-
tions of WNT10A variants, we need to figure out the pro-
tein’s structure and its interactions. No crystal structure of
the human WNT10A protein is currently available [18].
Arte et al. [55] suggested that all missense variants affect
the N-terminal domain, which consists of an alpha-heli-
cal bundle. Their proposal is based upon alignment with
WNTS, whose three-dimensional structure and interac-
tions with the Frizzled receptors were uncovered by X-ray
crystallography [64]. There is still uncertainty about the
structure, particularly the number of a-helices. He et al.
suggested 10 a-helices and 7 p-strands [62], while Nawaz
et al. predicted 11 a-helices and 7 p-strands [65]. WNT
proteins have a high number of disulfide bonds; therefore,
protein conformation may be important for the correct
interaction with their receptors [18]. Variants in exons 2
and 3 are responsible for severe oligodontia affecting a
highly conserved region and structural elements of the
protein [66].

Conclusions

We followed the inheritance of WNT0A variants in seven
families of European ethnicity (Czech Republic). The
actual inheritance of the alleles appears simple enough,
yet their phenotypic expression remains unclear. All iden-
tified variants are heterozygous, with some family mem-
bers carrying compound heterozygous variants. The most
abundant variant is p.Phe228Ile. In one of the families,
we discovered a genetic variant (causing p.Gly250Arg)
never previously associated with any pathology. Together
with the p.Phe228Ile variant, it caused a severe oligo-
dontia (19 missing teeth, third molars included). All the
sequenced nucleic acid substitutions in the present study

code for evolutionarily highly conserved amino acid posi-
tions. Differences in phenotypic expression, especially in
the heterozygous subjects, suggest possible involvement
of additional genetic and/or environmental factors capable
of perturbing the highly organized development of human
dentition and resulting in tooth agenesis. The main strength
of the study is the inclusion of almost complete sets of liv-
ing first degree relatives and the use of whole gene analysis
by NGS. Possible weakness is a rather small number of
patients, but this is, in part, compensated by a very detailed
genotyping of WNTI0A.
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