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Abstract

Objectives. The role was studied of multiple single nucleotide polymorphisms in tooth agenesis in the Hungarian population
using a complex approach. Methods. Eight SNPs, PAX9 -912 C/T, PAX9 -1031 A/G, MSX1 3755 A/G, FGFRI T/C
rs881301, IRF6 T/C rs764093, AXIN2-8150 A/G, AXIN2-8434 A/G and AXIN2-30224 C/T, were studied in 192 hypodontia
and 17 oligodontia cases and in 260 healthy volunteers. Case-control analysis was performed to test both allelic and genotypic
associations as well as associations at the level of haplotypes. Multivariate exploratory Bayesian network-based multi-level
analysis of relevance (BN-BMILA) as well as logistic regression analysis were performed. Results. Conventional statistics
showed that PAX9 SNP -912 C/T and the MSX1 SNP changed the incidence of hypodontia, although after Bonferroni
correction for multiple hypothesis testing, the effects were only borderline tendencies. Using a statistical analysis better suited
for handling multiple hypotheses, the BN-BMLA, PAX9 SNPs clearly showed a synergistic effect. This was confirmed by other
multivariate analyses and it remained significant after corrections for multiple hypothesis testing (p < 0.0025). The PAX9-
1031-A-PAX9-912-T haplotype was the most relevant combination causing hypodontia. Interaction was weaker between
PAX9 and MSXI, while other SNPs had no joint effect on hypodontia. Conclusion. This complex analysis shows the
important role of PAX9 and MSX1 SNPs and of their interactions in tooth agenesis, while IRF6, FGFR1 and AXIN2 SNPs had
no detectable role in the Hungarian population. These results also reveal that risk factors in hypodontia need to be identified in
various populations, since there is considerable variability among them.
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Introduction [2,3]. The incidence of hypodontia is highly variable.
Excluding cases involving wisdom teeth, 2-54% of

Among congenital dental disorders, hypodontia is people are affected, depending on the population

the most frequent one: ~ 20% of the human popu- studied [4-6].

lation is affected worldwide [1]. The etiology of tooth Congenital lack of six or more teeth, called oligo-

agenesis is not fully understood, but is presumably dontia, is observed in less than 1% of the population

related to both genetic and environmental factors and found to be highly heritable [7-12].
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Gene mutation studies in experimental animals
have revealed the importance of a high number of
genetic factors in tooth development [13]. The exact
weight of the individual components is not known
today, but the complexity of tooth formation is under-
lined by the fact that the differential expression of at
least 300 genes has been identified during the study of
murine tooth development [14]. However, tooth
development in mice is quite different from that
in humans; therefore, extrapolation of animal data
requires great precaution.

In humans several mutations of the transcription
factors PAX9 and MSXI may lead to tooth agenesis.
Mutation in the coding region of PAX9 [13,15-19] or
the deletion of it [18] primarily induce conditions
with missing molars. Similar data are also available for
MSX1 [20,21].

Mutations of fibroblast growth factor receptor
1 (FGFRI) are also associated with tooth agenesis,
as well as with cleft lip and palate [22]. Likewise,
interferon regulatory factor 6 (IRF6) gene deletions
and point mutations also were shown to be risk factors
for cleft lip and palate and to be associated with
premolar agenesis [3,23]. It has recently been sug-
gested that mutations of axis inhibition protein
2 (AXIN2) may also contribute to these complex
anomalies [24,25]. However, nucleotide changes in
the genes PAX9, MSX1, FGFRI, IRF6 and AXIN?2
present not only as relatively rare mutations resulting
in strong phenotypic changes as described above, but
also as single nucleotide polymorphisms which may
represent a low-to-moderate risk for tooth agenesis
[3,26—-29]. Nevertheless, SNP studies on hypodontia
yielded variable results depending on the ethnic
groups investigated [3,5,19,25-27,30,31] and on
environmental factors. Therefore, it is important to
determine which polymorphisms act as actual risk
factors in a given ethnic group such as, in our case,
the Hungarian population.

In spite of the well established multigenic origin of
tooth agenesis and the relatively large number of
putative genes and polymorphisms involved, com-
plex data analysis is missing up to now. For such a
complex approach a Bayesian multivariate explor-
atory data analysis of associations and strong rele-
vance represent a better choice than conventional
pairwise associtation analysis with overstringent
corrections for multiple hypothesis testing, where
factors are treated independently. In a complex
dependency model, approximation for a joint rele-
vance based on independently treated posteriors of
targets will yield inaccurate and overly cautious
results [32-35]. Probabilistic graphical models in
the Bayesian statistical framework can overcome
this problem, especially in the case of complex phe-
notypes. Bayesian networks offer a detailed repre-
sentation of relevance types, dealing with causal,
acausal, and multi-target aspects. Thus, they offer
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a solution for the multiple hypothesis testing prob-
lem [32,36,37].

In the present work we also used complex statistical
analysis, including the Bayesian Network-based Mul-
tilevel Analysis of relevance (BN-BMILA) [34] to gene
polymorphisms formerly identified as associated to
tooth agenesis. Altogether eight polymorphisms of the
PAX9, MSX1, FGFRI1, IRF6 and AXIN?2 genes were
examined in control and tooth agenesis groups and
subjected to both conventional statistics and Bayesian
Multilevel Analysis (BN-BMLA). We expected to
identify multiple SNPs as risk factors in the Hungar-
ian population and also to get an insight into their
hierarchical arrangement.

Materials and methods
Tissue samples

Oral mucosal scrapings were collected from 469
patients at the Departments of Pedodontics and
Orthodontics at Semmelweis University, University
of Pécs and University of Szeged. Samples were frozen
at —20°C until use for DNA extraction. The study was
performed in conformity with the national law (23/
2002 V.9 EiM) on human experimentation and with
the permission of the National Ethical Committee
(#84-258/2008-1018EKU). Before sample collection,
fully informed written consent was received from each
individual participating in the study. A detailed med-
ical and dental examination included general health,
oral hygiene, and family history, and also a panoramic
X-ray examination. The primary criteria for hypodon-
tia (Hyp) were at least one missing adult tooth germ,
lack of craniofacial malformation and of any systemic
disease. Criteria were the same for Oligodontia (Oli),
but at least six missing teeth. The control group (Con)
involved healthy volunteers with regular deciduous
and adult denture without any craniofacial abnor-
malities. There were 260 persons in the control, 192
persons in the hypodontia, and 17 persons in the
oligodontia groups. The clinical and demographic
data of participants are displayed in Table I and
the distribution of missing teeth in the sample
population is presented in Figure 1.

DNA 1isolation

DNA was isolated from oral mucosal scrapings using
the NucleoSpin Tissue kit (Macherey-Nagel, Diiren,
Germany), according to the manufacturer’s instruc-
tions. Extracted DNA was stored at —20°C. Integrity
of the DNA was checked by electrophoresis on 1%
agarose gel and concentrations were measured using
a Qubit fluorometer (Invitrogen-Life Technologies,
Carlsbad, CA).
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Table I. The demographic characteristics of participants.

Family characteristic Hypodontia group (Hyp), 7 (%)

Oligodontia group (Oli), n (%) Control group (Con), 7 (%)

Total number 192

Gender distribution

Male 84 (44%)
Female 108 (56%)
Age (mean + SD) 18.9 + 7.7

17 260

8 (47%) 69 (27%)
9 (53%) 191 (73%)
21+ 6.1 26.2 + 13.4

SNP genoryping

Allelic discrimination assays were performed in
two replicates on a StepOne Real Time PCR using
Tagman SNP Genotyping assays (Applied Biosys-
tems-Life Technologies, Carlsbad, CA). SNP data
are described in Table II. Genotyping reactions were
performed in a final volume of 12.5 ul, with the
reaction containing 3 ng genomic DNA, 6.25 ul 2x
Tagman Universal PCR Master Mix and 0.625 pul
20x Tagman SNDP assay. Results were analyzed using
the StepOne software (Applied Biosystems-Life
Technologies).

Statistical analysis

Genotype distribution and the allelic frequencies
(Con, Hyp and Oli) were calculated. Deviation of
the observed genotypes from the Hardy—Weinberg
equilibrium were tested, while p-values < 0.05 were
accepted as significant. Allelic and genotypic univar-
iate association analyses were performed with the
statistical software package of the Helmholtz Institute
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Figure 1. Distribution of tooth agenesis in upper and lower jaw of
the hypodontic individuals. The most frequently missing teeth were
the upper lateral incisors in the maxilla, followed by the second
premolars in the mandible and the second premolars in the maxilla.

of Human Genetics, Minchen, Germany (http://ihg2.
helmholtz-muenchen.de/cgi-bin/hw/hwal.pl). Pair-
wise linkage disequilibrium and haplotype analysis
were determined using the Haploview software
(http://www.broadinstitute.org/scientific-community/
science/programs/medical-and-population-genetics/
haploview/hap). We applied a Bayesian network-
based Bayesian multilevel analysis of relevance
(BN-BMLA), which enables the analysis of associa-
tions at different abstraction levels: model-based
pairwise relevance (direct association), relevance of
variable sets, and statistical interactions of relevant
variables [34]. Results of the Bayesian multivariate
statistical analysis were also confirmed with logistic
regression modelling performed with SPSS using
the forward variable selection method, and PIN = 0.05
as the probability threshold for variable entry, and
POUT = 0.1 as the threshold of removing a variable
from the model.

Results

In our study the number of missing teeth in the
hypodontia group (192 cases) was 363. There were
73 (38%) persons with one missing tooth, 83 (43%)
with two teeth, 18 (9%) with three, 15 (8%) with four
and three (2%) with five. Of single missing teeth, the
left lower second premolar tooth was the most fre-
quent. Of double missing teeth, missing upper lateral
incisors were the most frequent combination. The
frequencies of missing tooth groups were the follow-
ing, in decreasing order: 105 upper lateral incisors
(28.9%), 101 lower second premolars (27.8%),
55 upper second premolars (15.2%), 30 lower third
molars (8.3%) and 19 lower central incisors (5.2%)
(Figure 1). One hundred and eleven (58%) of the
agenesis cases were asymmetric and 81 (42%) were
symmetric. The prevalence of missing teeth was
higher in the posterior segment (premolars and
molars 224, 62%) than in the anterior segment (inci-
sors and canines 139, 38%), slightly higher on the
right side (189, 52% vs 174, 48% on the left) and
higher in the maxilla (189, 52%) than in the mandible
(174, 48%). However, differences were not significant
by T-test. The prevalence of oligodontia was calcu-
lated to be 8% of the agenesis cases; however, their
number (17) was too low for statistical analysis.
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Table II. Major data about the eight analyzed SNPs.
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Gene dbSNP, Major/minor allele (position) rs number TagMan SNP Assay ID
FGFR1 T/C (26190464) rs 881301 C__8844845_10

IRF6 T/C (1149) rs 764093 C__2500195_10

MSX1 A/G (3755, 8755) rs 12532 C__26933394_10
PAX9 C/T (912, 8221) rs 2073246 C__11921290_10
PAX9 A/G (-1031, 8102) rs 2073244 C__11921292

AXIN2 A/G (-148, 8150) rs 2240308 C__2577354_1_
AXIN2 A/G (-432, 8434) rs 2240307 C__25471570_10
AXIN2 C/T (-2062, 30224) rs 35415678 C__60544507_10

Single nucleotide polymorphisms

Control (Con), hypodontia (Hyp) and oligodontia
(Oli) groups were examined for the following eight
SNPs: PAX9 -912 C/T, PAX9 -1031 A/G, MSXI-
8755 A/G, FGFR1-26190464 T/C, IRF6-1149 T/C,
AXIN2-8150 A/G, AXIN2-8434 A/G and AXINZ2-
30224 C/T by SNP Genotyping analysis. Control
populations were in Hardy Weinberg (HW) equilib-
rium for all studied SNPs. Of the hypodontia cases
PAX9-912, AXIN2-8150 and AXIN2-8434 and of
the oligodontia cases FGFRI, AXIN2-8434 and
AXIN2-30224 were not in HW equilibrium.

Linkage disequilibrium (LLD) analysis showed that
only the PAX9 SNPs were in LD (Figure 2A),
whereas the AXIN2 8150 and 8434 SNPs were not
in LD (Figure 2B). The AXIN2 30224 SNP was not
handled by the database.

Allelic frequencies compared by Chi-square test
were not significantly different between controls
and Hyp or Oli cases for any SNPs. Genotype fre-
quencies of FGFRI1, IRF6 and AXIN2 SNPs did not
differ in the investigated groups. On the other hand,
genotype frequencies were nominally significantly
different (i.e. without Bonferroni correction) under
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ods, to identify interactions among the investigated
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Figure 2. Pairwise linkage disequilibrium (LLD) analysis of PAX9 and AXIN2 SNPs. (A) Pairwise linkage disequilibrium (LD) among PAX9
SNPs (rs2073246 and rs2073244). (B) No pairwise linkage disequilibrium (LD) among AXIN2 SNPs (rs2240308 and rs2240307). The

numbers in the break-even points are the D’ values



220  G. Jobbagy-Ovari et al.

Table III. Genotype distribution and allele frequencies in hypodontia (Hyp) and control (Con) group.

Statistical analysis (Hypodontia)

Control Hypodontia Oligodontia
Polymorphism (n =260) n, % (n=192) n, % n=17)n, % Genotypes Genotypes Alleles
PAX9-912 CIT
C/C 98 (38%) 51 (27%) 7 (41%) C/C vs C/T&T/T  C/C&C/Tvs T/T CvsT
C/T 121 (46%) 111 (58%) 9 (53%) X>=6.19 X>=0.0 X’ =275
T/T 41 (16%) 30 (15%) 1 (6%) p=0.0128* P = 0.9668 p=0.0974
OR = 1.672 OR = 1.011 OR = 1.254
(1.114-2.512) (0.605-1.688) (0.959-1.638)
C 317 (61%) 213 (55%) 23 (68%)
T 203 (39%) 171 (45%) 11 (32%)
PAX9-1031 AIG
A/A 98 (38%) 54 (28%) 7 (41%) A/A vs A/IG&G/G  A/A&AIGvs GIG  Avs G
A/G 121 (46%) 106 (55%) 9 (53%) X’ =453 x*=0.07 X’=25
GIG 41 (16%) 32 (17%) 1 (6%) p = 0.0333* p=0.7977 p=0.1142
OR = 1.546 OR = 0.936 OR = 1.241
(1.034-2.312) (0.565-1.551) (0.949-1.621)
A 317 (61%) 214 (56%) 23 (68%)
G 203 (39%) 170 (44%) 11 (32%)
MSX1 8755 AIG
A/A 120 (46%) 98 (51%) 7 (41%) A/A vs AIGRG/G  A/A&A/G vs GIG A vs G
A/G 111 (43%) 85 (44%) 8 (47%) x> =0.9793 x> = 6.00 x> =3.38
G/IG 29 (11%) 9 (5%) 2 (12%) p=0.3224 p=0.0143* p=0.0658
OR = 1.208 OR = 2.553 OR = 0.761
(0.831-1.755) (1.179-5.528) (0.569-1.018)
A 351 (67%) 281 (73%) 22 (65%)
G 169 (33%) 103 (27%) 12 (35%)
FGFRI1 T/C
T/T 95 (37%) 75 (40%) 7 (44%) C/C vs C/T&T/T  C/C&C/Tvs T/T  CvsT
C/T 117 (45%) 85 (45%) 6 (37%) X°=0.61 X° =0.42 X°=0.77
C/C 47 (18%) 29 (15%) 3 (19%) p=0.4350 p=0.5177 p = 0.3800
OR =1.223 OR = 0.88 OR = 1.129
(0.737-2.029) (0.599-1.295) (0.861-1.482)
T 307 (59%) 235 (62%) 20 (63%)
C 211 (41%) 143 (38%) 12 (37%)
IRF6 1149 T/C
/T 189 (73%) 141 (74%) 14 (82%) T/T vs T/C&C/C  T/T&T/Cvs C/C  Twvs C
T/C 61 (24%) 45 (24%) 3 (18%) x> =0.04 x> =0.27 x> =0.13
C/C 9 (3%) 5 (2%) 0 (0%) p = 0.8404 p = 0.6047 p=0.7223
OR = 0.957 OR = 1.339 OR = 0.935
(0.627-1.462) (0.442-4.062) (0.644-1.357)
T 439 (85%) 327 (86%) 31 (91%)
C 79 (15%) 55 (14%) 3 (9%)
AXIN2-8150 AIG
A/A 65 (25%) 45 (23%) 7 (41%) A/A vs AIGRGIG  A/A&A/G vs GIG A vs G
A/G 142 (55%) 115 (60%) 7 (41%) x>=0.15 x> =1.00 X’ =0.1
GIG 53 (20%) 32 (17%) 3 (18%) p=0.7019 p=03173 p = 0.7483
OR = 1.089 OR = 1.28 OR = 0.958

(0.704-1.684)

(0.788-2.079)

(0.735-1.247)
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Statistical analysis (Hypodontia)

Control Hypodontia Oligodontia
Polymorphism (n = 260) n, % (n=192) n, % n=17)n, % Genotypes Genotypes Alleles
A 272 (52%) 205 (53%) 21 (62%)
G 248 (48%) 179 (47%) 13 (38%)
AXIN2-8434 A/G
A/A 252 (97%) 189 (98.5%) 17 (100%) A/A vs AIG&G/IG  A/A&A/Gvs G/IG  Avs G
A/G 8 (3%) 2 (1%) 0 (0%) x> =1.07 X’ =1.36 x> =0.42
G/G 0 (0%) 1 (0.5%) 0 (0%) p=0.3016 p =0.2440 p»=0.5188
OR =0.500 OR = 0.245 OR =0.674
(0.131-1.91) (0.01-6.048) (0.201-2.254)
A 512 (98.5%) 380 (99%) 34 (100%)
G 8 (1.5%) 4 (1%) 0 (0%)
AXIN2-30224 C/T
Cc/C 239 (92%) 179 (94%) 16 (100%) T/T vs C/T&C/C T/T&C/T vs C/C Tvs C
C/T 20 (7.5%) 12 (6%) 0 (0%) X’ =0.74 x°=0.52 x> =0.72
T/T 1 (0.5%) 0 (0%) 0 (0%) p =0.3908 P =0.4697 P = 0.3960
OR =2.214 OR = 0.763 OR = 1.362
(0.09-54.641) (0.366-1.592) (0.666-2.788)
C 498 (96%) 370 (97%) 32 (100%)
T 22 (4%) 12 3%) 0 (0%)

p-value was calculated by Chi-square test at 95% confidence interval.

OR, Odds Ratio (Confidence Interval).

hypodontia. This probability value (Pr) reflects the
Markov blanket membership probability, which is
a pairwise model-based association measure of a
given variable with respect to the target variable
(i.e. hypodontia in this case) (for theoretical details
see Ungvari et al. [32] and Antal et al. [34]. The
higher this probability value is (i.e. closer to 1) the
more relevant the variable is with respect to the target
variable. Therefore, both of these SNPs are consi-
dered as highly relevant. Similarly to previous stud-
ies, gender seemed to be a relevant factor with
respect to hypodontia, as the corresponding odds
were remarkably different in case of males and
females (1.23 and 0.57, respectively). Consequently,
gender was included as a covariate in all models.
Furthermore, the BN-BMLA analysis also shows
that PAX9 SNPs form a statistical interaction having

Table IV. Logistic regression analysis of merged genotypes.

a joint effect on tooth agenesis. This was validated
with logistic regression. The BN-BMLA analysis
was also performed with merged genotypes (hetero-
zygote + homozygote 1 and heterozygote+homo-
zygote 2). As a result, in addition to PAX9 SNPs,
the MSX1 A/G SNP has also been found to show
association with hypodontia (Pr = 0.815,46).
Figure 3 shows a possible dependency model of
Pax9 and Msx1 SNPs with respect to hypodontia.
The model indicates a stronger connection between
the Pax9 SNPs and hypodontia than between the
Msx1 SNP and hypodontia. The 912 Pax9 SNP
has a direct statistical effect on hypodontia, whereas
the 1031 Pax9 SNP only modifies the effect of
912 Pax9. The Msxl SNP has a separate main
effect, although its association with hypodontia is
weaker.

95% CI for Exp(B)

p-value Exp(B) Lower Upper
PAX9 -912 C/T (dom) 0.01017 15.402 1.914 123.963
PAX09 -1031 A/G (dom) 0.00624 17.390 2.246 134.630
MSX1 A/G (rec) 0.01498 0.354 0.153 0.817
PAX9 -1031 A/G by PAX9 -912 C/T (dom) 0.00002 0.002 0.000 0.034

CI, confidence interval; (rec), recessive model (heterozygote+homozygotel); (dom), a dominant model (heterozygote+homozygote 2).
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Table V. Haploview analysis of PAX9 -912 - PAX9 -1031 and PAX9 -912-MSX]1 haplotypes.

Haplotype associations

Blocks Frequency Case ratio Control ratio b p-value Permutation p-value
PAX9 -1031(A/G) + PAX9 -912(C/T)

AC 0.289 85.7:302.3 176.3:343.7 15.104 0.0001** 0.0045**
AT 0.041 33.3:354.7 3.7:516.3 35.192 2.99E-09** 0.00E+00**
GC 0.033 26.3:361.7 3.7:516.3 25.576 4.25E-07** 0.0001**
GT 0.638 242.7:145.3 336.3:183.7 0.432 0.5112 0.9671
MSX1 8755 (A/G) + PAX9-912(C/T)

AC 0.094 32.3:355.7 53.0:467.0 0.902 0.3423 0.7345

AT 0.231 84.7:303.3 125.0:395.0 0.615 0.4329 0.8315

GC 0.228 79.7:308.3 127.0:393.0 1.913 0.1666 0.4623

GT 0.448 191.3:196.7 215.0:305.0 5.704 0.0169* 0.065

*p < 0.05, **p < 0.01.

Logistic regression analysis (Table IV) confirmed
the strong significance of the interaction of PAX9
-912 C/T and PAX9 -1031 A/G (exp(B) = 0.002,
95% CI = 0.00009-0.034, p-value < 0.00002), and
also the moderate significance of MSXI1 A/G (exp
B) = 0.354, 95% CI = 0.153-0.817, p-value
< 0.014,98).

Haploview analysis also showed interaction
between PAX9 -1031 and PAX9 -912 haplotypes.
The presence of AC, AT, GC haplotypes were sig-
nificantly higher (» < 0.01) in hypodontia than in
controls, the permutation p-value was the highest at
the AT haplotype. MSXI1-PAX9 GT haplotype
frequency was only borderline significant (Table V).

Discussion

The developmental absence of one or more teeth is
not an uncommon phenomenon. However, the prev-
alence of developmental missing teeth in the perma-
nent dentition shows great variations between
populations due to multiple factors, such as genomic
and environmental elements. A recent report con-
cerning the Caucasian population recorded preva-
lence rates of hypodontia between 3—-11% [38]. The
most often missing teeth worldwide are the lower
second premolars followed by the upper second inci-
sors [39—46]. This order is reversed in the Hungarian
population as reported previously [47] and also con-
firmed in the present study: the order of prevalence of
agenesis is upper second incisor > lower second
premolar > upper second premolar > lower third
molar > lower central incisor. All of these data are
in line with the terminal reduction theory [48], which
suggests that the reduction of the distal element of
a tooth group occurs more frequently then that of
a mesially placed teeth. Therefore, the second

premolars, the upper second incisors, and the third
molars are the most often absent [40,47,49]. These
findings are also in accordance with the general rule: if
only one or a few teeth are missing, the missing germ
ordinarily will be the most distal tooth of any given
type [50-52]. From another point of view, the data
correlate with Butler’s field theory which states that
the most mesially situated tooth is the most stable in
each morphological class. In each developmental field
in a tooth group, there is a genetically stable ‘key
tooth’, while, at the end of the field, the teeth show
less stability [53,54]. It is interesting to note that the
Chinese population is an outlier compared to others
with their highest number of missing mandibular
incisors [55].

A number of previous investigations found sym-
metrical hypodontia to be more frequent than asym-
metrical [40,42-44,56]. However, in the Hungarian
population we found an asymmetrical prevalence,
with right maxillary lateral incisor agenesis and
more missing posterior teeth. Furthermore, our
results are in line with most previous findings about
similar frequencies at the right and left sides and in
different genders [5,40-42,44,46,57], but not with
other papers which report significant differences in
this respect [58,59].

The main purpose of our study was to examine in
the Hungarian population the role of single nucleotide
polymorphisms already identified in other popula-
tions as genetic/genomic risk factors in tooth agenesis.
The aim of the complex analysis was to investigate
epistatic effects and interactions between several asso-
ciated SNDPs, since previous studies only analyzed the
contribution of genes to hypodontia separately. In the
context of multigenic diseases like tooth agenesis, it is
reasonable to examine hypothetical network models
of genes allowing the detection of potential interaction
of factors leading to germ loss.
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Figure 3. A potential dependency model in hypodontia. Three
SNPs in two genes were found relevant in connection with hypo-
dontia phenotype. The thickness of the visible arrows demonstrate
the strength of their effect on the development of tooth agenesis.
The two Pax9 SNPs together (the major TT genotype for
Pax9-912 and the major GG genotype for Pax9-1031) have stronger
relevance than e.g. Msx1-8755 or Pax9-912 alone. The Pax9-1031-
SNP has no individual effect, but through the PAX9-912 together
they are intensifying each others influence. At our sample number the
remaining five SNPs were not associated (neither calculating
the conventional, nor the BN-BMILA statistical approaches) to
hypodontia in the Hungarian population.

We investigated eight different potential polymor-
phic positions in the AXIN2, FGFRI1, IRF6, MSX1
and PAX9 genes. This particular panel of genetic
polymorphisms was selected because they had either
been associated previously with hypodontia [3,26] or
these genes have already been shown to code impor-
tant molecules in the process of tooth agenesis
[14,20]. Indeed, in all cases we could demonstrate
the existence of wild type and rare alleles as suggested
before [15,26].

We found that the differences in the genotype
frequencies of PAX9 -912 C/T (rs 2073246) and
-1031 A/G SNPs (rs 2073244) were nominally sig-
nificant individually between controls and agenesis
cases only when compared by traditional statistics
without Bonferroni correction. However, they are
jointly important factors for hypodontia, as indicated
by the BN-BMLA method used for the analysis of
strong relevance. In our population, the major TT
genotype for PAX9-912 and the major GG genotype
for PAX9-1031 increased the incidence of tooth agen-
esis. The effect of the -912 SNP was more direct on
hypodontia while the -1031 SNP acted through the
-012 SNP, while MSX1 seemed to be a weaker
contributor.

The haplotype level analysis performed by Haplo-
view indicated that the two PAX9 SNPs are linked
(Table V) and also provided evidence that PAX9
SNPs haplotypes have a strong effect on hypodontia
prevalence, whereas single SNPs have a limited one.

The performed Bayesian statistical analysis also
showed that the PAX9-912 and -1031 formed a triade
with patients’ state, revealing that Pax9-1031 SNP
had a marked joint effect together with the -912 SNP,
while its individual effect was only weak (Figure 3).
This interaction was confirmed by traditional
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statistics. In addition, the analysis showed that the
MSX1 SNP is similarly strongly relevant with poten-
tial synergistic effect with PAX9 SNPs (Figure 3).
IRF6, FGFRI and AXIN2 SNPs were not associated
to hypodontia, neither alone, nor together with other
SNPs, although the power of the sample size for these
SNPs was relatively low (< 0.2).

The biological basis of the joint effect of -912 and
-1031 Pax9 SNPs is not fully understood. We per-
formed two i silico analyses for DataBase of CpG
islands and Analytical Tool (DBCAT) analysis
(http://dbcat.cgm.ntu.edu.tw [60]) and the cis-Reg-
ulatory Elements in the Mammalian Genome (Cre-
mag) analysis (www.cremag.org, [61],) to examine
putative binding sites for transcription factors and
methylation sites in this region. Although these SNPs
are not found in either the core promoter region or in
CPG islands, they are in a well conserved region of
Pax9 upstream region in primates [62], so they could
participate in the regulation in an as yet not defined
manner. For example, if the SNPs are located in a
promoter attachment site, a two nucleotide change in
the sequence may decrease this attachment. For
Pax9, appropriate gene expression level is necessary
for complete function. Interestingly, Santagati et al.
[62] have found that Pax9 regulatory elements inter-
spersed in a wider genomic interval, even in the
region of neighboring genes. Pax9 is a member of
a synteny group, formed by the Mbip—Nkx2-1—
Nkx2-9—Pax9—SIlc25a21—Mipoll—Foxal genes,
and genomic region around Pax9 maintained the
physical association, possibly reflecting a fixed
multigenic transcriptional domain whose members
cannot be separated without compromising their
normal function [62].

Our Bayesian multivariate analysis of the interac-
tion of Pax9 and Msx1 could be detected in the form
of a joint strong relevance of PAX9 and MSXI1
(Pr = 0.8150). As Figure 3 shows, PAX9 SNPs
were in linkage and they intensified each other’s effect
and the —1031 SNP had an effect through the other
SNP. The two Pax9 SNPs together (the major TT
genotype for Pax9-912 and the major GG genotype
for Pax9-1031) have stronger relevance than, e.g.,
Msx1-8755 or Pax9-912 alone. As it is found in an
unknown but highly conserved regulatory sequence,
probably the 1031 SNP alone causes minor loss of
function, but potentiated with further nucleotide
changes the regulatory site can be even less accessible.

MSX1 and PAX9 proteins are key transcription
factors in the early dental development having a
crucial role in the formation of odontogenic mesen-
chyme [63]. Their molecular interaction is at the level
of the transcription [21,64] described by a number of
studies. Msx1 and Pax9 proteins are key mesenchy-
mal transcription factors which establish cross-talk
between dental tissues in the early phases of odonto-
genesis [14,65—69]. They both play an important role
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in the maintenance of mesenchymal Bmp4 expres-
sion, which ultimately drives dental morphogenesis.
Either Pax9 or Msx1 nullizygosity in mice results in an
arrest of tooth formation at the bud stage [70,71].
Knock out mouse studies also revealed that Msx1 was
reduced in Pax9 null mutants, but Pax9 expression
was not influenced in Msx1 null mice, implying that
Pax9 must be positioned upstream to Msx1 [70,71].
Ogawa et al. [72] confirmed the interaction of
Pax9 and Msx1 first at the protein level, by coimmu-
noprecipitation and GST interaction, actually show-
ing that the protein complex formed by Msxl and
Pax9 inhibits DNA binding by the paired domain of
Pax proteins and the homeodomain of Msx1. Both
i vitro and n vivo they demonstrated that there is a
physical association between the two proteins. In a
subsequent study [21], the interaction of Msx1 and
Pax9 was also revealed in transciptional regulation. It
demonstrated that Pax9 is able to directly regulate
Msx1 expression and interact with Msx1 at the pro-
tein level to enhance its ability to transactivate
Msx1 and Bmp4 expression during tooth develop-
ment. Findings demonstrate the partnership of
Pax9 and Msxl1 in a signaling pathway that involves
Bmp4. Furthermore, the regulation of Bmp4 expres-
sion by the interaction of Pax9 with Msx1 was shown
to be at the level of transcription and through forma-
tion of a protein complex it determines the fate of the
transition from bud to cap stage during tooth devel-
opment [21]. Furthermore, a recent study indicated
that the zinc finger transcription factor Osr2 forms
stable protein complexes with the Msx1 protein and
also interacts weakly with the Pax9 protein providing
another link for the interactions of Msxl and
Pax9 during early tooth development [73].

Our results are in concordance with Peres et al.
[26], who found genotype frequencies of both
PAX9 -912 and -1031 SNPs significantly different
between controls and tooth agenesis patients, but
they did not investigate complex effects. In their
study the -912 SNP variation yielded more signifi-
cant differences than in our case, but their tooth
agenesis group included mostly third molar hypo-
dontia. The third molar hypodontia is thought to be
linked to the 8981 SNP (rs4904210) [74], so the
-912 SNP is probably not a primary causative
factor for third molar agenesis, but it may still
represent a certain level of risk. On the contrary,
an investigation in a Chinese population found no
significant effect of -1031 rs2073244 on tooth agen-
esis, although, when grouped together with three
other PAX9 SNPs (rs 2073245, 2073247, 4904210),
an AGGC haplotype was found to decrease the risk
of tooth agenesis [55]. Studies with other PAX9
SNPs yielded variable results [74—77]. In humans
severe phenotype changes result from the mutation
of the coding region of PAX9 gene [13,15-19] or
from the deletion of PAX9 [18].

Our study shows that in the Hungarian population
the minor GG genotype for MSX1-3755 SNP signif-
icantly increased the incidence of tooth agenesis.
MSX1 is normally expressed in dental mesenchyme,
but it is not present in the dental epithelium during
the development of bud cap and the bell stages of
tooth development [29,78,79]. Most probably, muta-
tions in the coding region of MSXI primarily lead to
missing premolars [20]. The only population level
study in this respect was carried out in Rio de Janeiro,
Brazil. Those data suggest that there is a relationship
between missing teeth and the genes MSXI, PAX9
and TGFA (which is actually regulated by MSX1 and
PAXY9), but further studies are needed to understand
the exact relationship between these factors [20].

We found no significant difference in FGFRI (rs
881301), IRF6 (rs 764093) and AXIN2 SNPs (rs
2240308, rs 2240307, rs 35415678). These SNPs
were all previously found to be associated to tooth
agenesis [3,24]. The IRF6 gene locus appears to
contribute to rare syndromes, non-syndromic oral
clefts, and tooth agenesis, preferentially incisors and
premolars [3,80,81]. The FGFRI signaling pathway
regulates facial development evidenced by its muta-
tion, which causes the autosomal dominant Kallmann
syndrome [22]. IRF6 mutations appear to be associ-
ated with cleft lip and palate and with premolar
agenesis [3]. Vieira et al. [3] found a significant
association between IRF6 (rs17015215, rs7802),
FGFRI (rs881301) gene polymorphisms and tooth
agenesis in an admixed population from Brazil which
is predominantly Caucasian with Portuguese ances-
try. However, they could not replicate these findings
in a population from Ohio, which is also of Caucasian
origin, but predominantly involving descendents of
Northern Europeans [3]. Similar to the Ohio popu-
lation, we did not find a significant association
between IRF6 (rs764093) and FGFRI1 (rs881301)
SNDPs and tooth agenesis in Hungarians, suggesting
genomic heterogenity among different Caucasian
populations. Our FGFR1 rare allele frequency
(38%) was similar to that of the Ohio population
(39%), in which no association with hypodontia
was observed either [3].

AXIN? is a scaffold protein, which phosphorylates
B-catenin, a member of the Wnt pathway of embry-
onic development. First it was found to be associated
with a Finnish oligodontia family [24]. A later finding
suggested that AXIN2 polymorphic variants may be
associated with both hypodontia and oligodontia [24].
Three novel AXIN2 gene variants were identified
(c.956+16A>G, c.1060-17C>T and c.2062C>T).
Individuals carrying the c.956+16G and c.2062T
alleles exhibited an increased risk of tooth agenesis.
The rare allele frequency for AXIN2 30224 C/T (rs
35415678) was much lower in the Hungarian popu-
lation than in the Polish one (3% and 13%, respec-
tively). Due to these small allele frequencies a larger



sample size is required to detect a potential associa-
tion. The frequencies of the other two AXIN2 SNPs
were similar.

In conclusion, among the investigated single nucle-
otide polymorphisms PAX9 and MSX]I but not IRF6,
FGFRI and AXINZ2, SNPs seem to have an important
role in tooth agenesis in the Hungarian population.
Our data also reveal the importance of population
level genomic studies and provide evidence for the
necessity of risk factor evaluation in different popula-
tions. It also confirmed that Bayesian multivariate
analysis provides a normative solution for the correc-
tion of multiple hypothesis testing and Bayesian net-
work based methods, particularly in the Bayesian
statistical framework, allow the analysis of strong
relevance even in the case of multiple target variables
and small sample size.
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