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Abstract

We present association results from a large genome-wide association study of tooth agenesis (TA) as well as selective TA, including
1,944 subjects with congenitally missing teeth, excluding third molars, and 338,554 controls, all of European ancestry. We also tested
the association of previously identified risk variants, for timing of tooth eruption and orofacial clefts, with TA. We report associations
between TA and 9 novel risk variants. Five of these variants associate with selective TA, including a variant conferring risk of orofacial
clefts. These results contribute to a deeper understanding of the genetic architecture of tooth development and disease. The few
variants previously associated with TA were uncovered through candidate gene studies guided by mouse knockouts. Knowing the
etiology and clinical features of TA is important for planning oral rehabilitation that often involves an interdisciplinary approach.
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Introduction

Tooth agenesis (TA) is a developmental anomaly defined as the
absence of >1 permanent teeth. Based on severity, TA is classi-
fied as hypodontia and oligodontia—that is, missing <5 and >6
teeth, respectively (Polder et al. 2004). The prevalence of TA,
excluding the third molars (wisdom teeth), is reported to range
between 3% and 10% (Magnusson 1977; Johannsdottir et al.
1997; Polder et al. 2004) and is considerably lower for primary
teeth (Magnusson 1984). Agenesis of permanent teeth has a
slightly higher prevalence in women than men (Magnisson
1977; Magnusson 1979). The worldwide prevalence of agene-
sis of the third molars is 23% (Carter and Worthington 2015).
The most commonly congenitally missing permanent teeth,
after the third molars, are the mandibular second premolars,
followed by the maxillary lateral incisors and maxillary second
premolars (Magnusson 1977; Polder et al. 2004).

There are several syndromes accompanied by increased preva-
lence of dental anomalies. These include orofacial clefts (OFCs;
Howe et al. 2015) and ectodermal dysplasia (Adaimy et al. 2007).
Hence, genes involved in odontogenesis may play a role in other
developmental processes. Individuals with OFC have an espe-
cially high risk of TA in the maxillary cleft region (Rullo et al.
2015). The risk for TA outside the cleft area is also higher for those
with OFC than for population controls (Howe et al. 2015).

The investigation of the genetic regulation of tooth develop-
ment with mouse models has identified more than a hundred
genes involved in odontogenesis. These studies showed that 4
conserved pathways are of major importance during odontogene-
sis: bone morphogenetic proteins, fibroblast growth factors, sonic
hedgehog, and wingless-related pathways (Lan et al. 2014).
Analyses of humans, as guided by the animal models, have
yielded a small number of mutations associated with TA, mainly
with oligodontia (Lan et al. 2014). These include variants disrupt-
ing WNT10A, where variants have been associated with hypodon-
tia and oligodontia (Adaimy et al. 2007), and in other genes in the
WNT pathway, such as LRP6 (Ockeloen et al. 2016).

A well-powered genome-wide association study (GWAS)
for TA has not been reported. It is notable that a relatively small
GWAS for agenesis of the third molars (Haga et al. 2013)
failed to show association at a genome-wide significant level.
However, GWAS:s for the dental traits of sequence and timing
of eruption of permanent (Geller et al. 2011) and primary
(Pillas et al. 2010; Fatemifar et al. 2013) teeth identified sev-
eral risk loci.

Here we describe a GWAS for TA, excluding third molars.
We found 9 novel TA-associated variants, including 5 variants
associated with agenesis of specific teeth. One variant also
associates with OFC.

Subjects and Methods
Study Populations

Icelandic Discovery Sample. The measures of missing teeth
used in this study were subjects with TA (rn = 1,944) missing

up to 5 teeth, defined as hypodontia (n = 1,755), and subjects
missing 26 teeth, defined as oligodontia (n = 189). In this
study, we did not have information regarding the third molars
(the wisdom teeth); thus, TA was defined as missing >1 teeth,
excluding the third molars. In total, 338,554 subjects were
included as controls.

The TA cases included were identified in an epidemiologic
study by Magntsson (1977; n = 85), at 2 orthodontic clinics in
Iceland (n = 158 and n = 110), and from the Icelandic Health
Insurance registry (n = 1,591). The Icelandic Health Insurance
registry comprises all individuals who have, over the last 20 y,
received a refund for dental service necessitated by agenesis of
teeth. Since this refund is categorically related to TA, the sam-
ple represents all forms of hypodontia occurring in the popula-
tion, missing only a few individuals neglecting or not needing
dental treatment. All cases were diagnosed with TA via
radiography.

The Icelandic study was approved by the Data Protection
Authority and the National Bioethics Committee. Participants
giving samples also gave written informed consent.

Follow-up Samples. The follow-up samples are described in the
Appendix Subjects and Methods.

Genotyping, Imputation, and Association Testing
in the Icelandic Sample

We carried out chip typing of 151,677 Icelanders using Il1lumina
arrays from the HumanHap and Omni series as described pre-
viously (Gudbjartsson et al. 2015). The chip-typed individuals
were long range phased (Kong et al. 2008), and variants from
whole-genome sequencing of Icelanders (n = 15,220) were
imputed into the chip-typed individuals as well as 282,894
close relatives (Gudbjartsson et al. 2015).

Association testing was carried out through logistic
regression with 1) the TA phenotype as the response and 2)
the genotype counts and a set of nuisance variables as predic-
tors (i.e., sex, county of birth, current age or age at death
[first- and second-order terms included], blood sample avail-
ability, and an indicator of the overlap of the lifetime of the
individual with the time span of phenotype collection;
Steinthorsdottir et al. 2014). The intercept from LD score
regression (Bulik-Sullivan et al. 2015) was used to estimate
correction factors for inflation of test statistics due to related-
ness and population stratification. The estimated correction
factors were 1.14 for TA, 1.14 for agenesis of maxillary lat-
eral incisors, 1.07 for agenesis of maxillary second premo-
lars, and 1.10 for mandibular second premolars. Information
about the functional impact of classes of variants was used
for a class-specific Bonferroni procedure used for the thresh-
old for genome-wide significance as described in detail in the
study by Sveinbjornsson et al. (2016). Combination of results
from the follow-up samples, as well as joint analysis of the
discovery and follow-up samples, was carried out with
METAL software (Willer et al. 2010).
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Variants Known to Confer Risk of
TA-Related Phenotypes Tested in
the Icelandic Sample

In total, 40 known OFC variants and 17
variants associated with primary and
permanent tooth eruption were tested in
our TA sample, as described in the
Appendix Subjects and Methods.

Gene Set Enrichment Analysis

We performed gene set enrichment anal-
ysis for the 11 TA-associated markers
using the GO database through INRICH,
as described in the Appendix Subjects
and Methods.

Icelandic Discovery Sample
Tooth Agenesis (n=1,944)

Subgroups
Mandibular Second Premolars (n=1,196)
Maxillary Lateral Incisors (n=600)
Maxillary Second Premolars (n=600)

v

v

TA GWAS in the
Icelandic sample
(including subgroups)

Testing known risk variants for TA-related

phenotypes in the Icelandic TA sample:

40 risk variants for Orofacial clefts (OFC)

» 17 risk variants for timing and sequence of
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Follow-up samples
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Our TA sample consists of an Icelandic

11 variants associate with TA phenotypes
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Tooth Agenesis
ples from Denmark, the Netherlands, * novel risk variants
: rs4498834-C
Poﬁugal, .and the Umtefi States, as 135822372-T
described in the study design flowchart s2034604-T
in Figure 1. First, we conducted a GWAS EDAR (p.Argd20Trp)

follow-up samples)

« known risk variants
rs121908120-A
rs121908119-A

(too rare to be tested in
follow-up samples)

for TA as well as for selective TA of the
most frequently absent teeth, excluding
third molars (Fig. 2), in the Icelandic
sample (Fig. 3 and Appendix Figs.

1-11). Second, we tested previously
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Premolars Incisors Premolars
* novel risk variant « novel risk variants « novel risk variant
rs917412-T rs35956082-A rs758468472-G

(too rare to be tested in
follow-up samples)

rs55846652-T
rs5829552-TA

reported risk variants for TA-related
phenotypes in the Icelandic sample
(Appendix Tables 1 and 2). Finally, vari-
ants significantly associated with TA or selective TA (11 from
the GWASs and 1 from the testing of risk variants for TA-related
phenotypes) were included in joint analyses with data from the
follow-up samples (Table 1). Following the joint analysis, 11
of the 12 variants taken forward were significantly associated
with TA, of which 9 have not previously been associated with
TA. Five of the 9 variants associate with agenesis of specific
teeth, including 1 variant also conferring risk of the TA-related
phenotype OFC.

The 2 previously reported TA risk variants are rs121908120-
A (p.Phe228Ile) and rs121908119-A (p.Cys107Ter) in
WNTI10A (Table 1). These variants confer high risk of TA and
are independent signals in our sample (P, =7.8x 10" and

adjusted
P giusted = 2:4 % 10 for rs121908119 and rJ51219()8 120, respec-
tively, in the Icelandic sample). We found that the rs121908120-
A association has a recessive component (the multiplicative
model is rejected in favor of the full model, P = 5.2 x 10°¢;
Appendix Table 3) with estimated odds ratios (ORs) of 3.0 for
AT heterozygotes and 51.3 for AA homozygotes.

Of the 9 previously unreported associations with TA, 5 are
located within or close to genes implicated in odontogenesis
and/or affecting other ectodermal structures. One is a rare mis-
sense variant in EDAR (chr2:108896996-A, p.Arg420Trp) that

Figure 1. Study design flowchart. GWAS, genome-wide association study; TA, tooth agenesis.

confers a high risk of TA (Table 1). This variant is not found in
gnomAD (Lek et al. 2016), is probably specific to the Icelandic
population, and was not tested for association in the follow-up
samples. The second variant, rs35822372-T, is a common vari-
ant located 9.3 kb downstream of FOX73 and confers modest
risk of TA (Table 1). The third variant, rs55846652-T, is on
chromosome X downstream of £DA and associates with agen-
esis of maxillary lateral incisors (Table 1). The ORs for
rs55846652-T did not differ significantly between men and
women in the Icelandic sample (OR,,., = 2.04, 95% CI =
1.62 t0 2.56, P=9.1 x 10"% OR,,, = 1.66, 95% CI = 1.18 to
2.34, P =10.0033). The fourth, rs917412-T, is located upstream
of LEFI and associates with agenesis of mandibular second
premolars, and the fifth, rs35956082-A, is in the third intron of
FOXPI and associates with agenesis of the maxillary lateral
incisors (Table 1).

The other novel TA risk variants map to novel TA risk
genes. The first, rs4498834-C is 3.8 kb downstream of ASCLS5
and in the first intron of CACNA 1S and confers modest risk of
TA (Table 1). The second, rs2034604-T, is located in the
second intron of ARHGAPI15 and confers modest risk of TA
(Table 1). The third, rs758468472-T, is a rare splice region
variant of the first intron of NOLII and associates with
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Figure 2. The Icelandic tooth agenesis sample. (a) The number of
absent teeth at the specific dental positions, excluding the third molars,
in an Icelandic sample of 1,944 subjects in which 5,423 teeth were
missing. In total, 1,196 subjects were missing 1,987 mandibular second
premolars; 600 subjects, 1,034 maxillary second premolars; and 600
subjects, 998 maxillary lateral incisors. (b) lllustration of the teeth in
the mandible and the maxilla, as well as the cleft lip region. The 3 most
commonly missing teeth analyzed in the 3 genome-wide association
studies of selective tooth agenesis are indicated as red (maxillary lateral
incisors), blue (maxillary second premolars), and green (mandibular
second premolars).

agenesis of maxillary second premolars (Table 1). Like the
EDAR p.Argd20Trp variant, the rs758468472-T has not been
reported in gnomAD (Lek et al. 2016), is likely specific to the
Icelandic population, and was therefore not tested in follow-up
samples. Finally, in our test of 40 known variants conferring
risk of the TA-related phenotype OFC, rs5829552-TA associ-
ates with agenesis of the maxillary lateral incisors (Table 2,
Appendix Table 1). This variant is located 3.8 kb upstream of
FAMA494.

We also tested variants associating with the sequence and
timing of tooth eruption (Pillas et al. 2010; Geller et al. 2011;
Fatemifar et al. 2013), including primary and permanent teeth,
for association in the Icelandic sample (Fig. 1). Two variants
associate with TA in our sample (Appendix Table 2) after
Bonferroni correction for multiple testing (P, eqholg = 0-00074).
The first variant, rs2281845-T, previously associated with
fewer permanent teeth erupted between age 6 and 14 y (Geller
etal. 2011), is in linkage disequilibrium (LD) with the ASCL5/
CACNAIS 1s4498834-C that associates with TA in our study
(** = 0.90). The second variant, rs11796357-A at EDA, previ-
ously associated with slower primary tooth eruption and fewer
primary teeth erupted (Pillas et al. 2010; Fatemifar et al. 2013),
is in LD with rs55846652-T, which associates with agenesis of
maxillary lateral incisors in our study (+* = 0.77; Appendix
Table 2).

One variant located close to ZFHX4 on 8q21.13 (rs371555610,
1s529942527-delCTT) was associated with TA in the Icelandic
sample (Table 1) but did not survive the threshold for genome-
wide significance in the combined analysis including all sam-
ples (P = 1.1 x 10”) and was not regarded as a significantly
TA-associated variant.

We tested if the risk variants for TA associate with gene
expression (Genotype- Tissue Expression [GTEX] project, V6p;

GTEx Consortium 2015). The rs4498834-C associates with
lower expression of ASCL5 in several tissues, with the stron-
gest association seen in thyroid tissue (f =—0.87, P=3.5 x 107)
and is in strong LD with the strongest GTEx expression signal
for ASCL5, rs7516023 (+* = 0.87). The rs4498834-C allele is
also associated with expression of the neighboring genes
TMEM?9 and IFGNI (P = 1.7 x 10° and 1.4 x 10 respec-
tively) but is not in high LD with the strongest expression sig-
nals for either gene (+* = 0.07 and 0.002 with rs1010502 and
rs831745, respectively) and does not associate with the expres-
sion of CACNA1S. We did not find significant gene expression
associations for the other variants.

Gene set enrichment analysis of the TA loci revealed asso-
ciation with odontogenesis of dentine-containing tooth
(GO:0042475, P = 1.0 x 107), trachea gland development
(GO:0061153, P = 1.0 x 107), positive regulation of gene
expression (GO:0010628, P =2.0 x 10”), salivary gland cavi-
tation (GO:0060662, P = 2.0 x 107), odontogenesis
(GO:0042476, P = 3.0 x 107), and positive regulation of
NF-kB import into nucleus (GO:0042346, P = 4.0 x 1075,
Appendix Table 4).

Discussion

Here we present a GWAS for TA and agenesis of the 3 most
commonly congenitally missing teeth, apart from the third
molars. The TA variants previously reported are rare and con-
fer a high risk of oligodontia (Lan et al. 2014). Our sample
consists largely of hypodontia cases (90.3%), and we find asso-
ciation with common and rare sequence variants. Of the 9
novel risk variants, 4 associate with TA, and 5 associate with
selective TA, including 1 OFC variant. Consistent with previ-
ous reports (Polder et al. 2004), the most commonly missing
teeth in our data are the mandibular second premolars, fol-
lowed by the maxillary second premolars and maxillary lateral
incisors (Fig. 2).

Of the 9 novel TA variants identified in our study, 5 are
located in or close to genes previously implicated in odonto-
genesis and/or affect other ectodermal structures. These genes
are WNT pathway genes EDA, EDAR, FOXI3, FOXPI, and
LEF1. We also find an association with 2 known TA variants in
WNTI10A4, including a missense variant (rs121908120-A,
p.Phe228lle) and a nonsense mutation (rs121908119-A,
p-Cys107Ter; Adaimy et al. 2007). Mutations in WNT10A were
first associated with odonto-onycho-dermal dysplasia (MIM
257980; Adaimy et al. 2007). Gene set enrichment analysis of
the associated TA genes revealed, not unexpectedly, associa-
tion with odontogenesis. In addition, we identified enriched
gene sets related to abnormal skin pigmentation and defects in
the salivary gland that have been reported for ectodermal dys-
plasia. The enrichment of the NF-kB signaling genes is impor-
tant for ectodermal development, including that of teeth.

Although the variants close to £DA (rs55846652-T) and its
receptor EDAR (p.Arg420Trp) are novel, these genes have been
associated with TA (Arte et al. 2013) and primary tooth develop-
ment (Pillas et al. 2010; Fatemifar et al. 2013). Analysis of a previ-
ously reported missense variant in EDAR (p.Arg420GIn) showed
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that the reported mutation affects activa-
tion of the NF-kB signaling pathway
involved in ectodermal differentiation
(Kumar et al. 2001). How the missense
mutation in EDAR (p.Arg420Trp) asso-
ciated with TA in this study confers risk
is not known, although it does affect the
same amino acid and therefore may
affect activation of the NF-kB signaling
pathway. The EDA locus is known to
associate with primary tooth eruption i
(Pillas et al. 2010; Fatemifar et al. 2013), 0
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The “Tabby” mouse model of EDA
includes symptoms of ectodermal dys-
plasia, including TA or abnormal teeth
(Srivastava et al. 1997). FOXI3, of which
EDA is an upstream regulator, is
expressed in dental tissues during devel-
opment in animal models (Jussila et al.
2014). A variant in FOXI3 associates
with canine ectodermal dysplasia, which
includes abnormally shaped or absent
teeth from dogs (Drogemiiller et al.
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germs of middle cap stage as compared
with lip tissue (Huang et al. 2014).
Functional analyses also showed that
FOXPI is involved in the regulation of
the WNT signaling pathway (Walker et
al. 2015). LEF1, associated with agene-
sis of mandibular second premolars,
was reported to have important func-
tions during odontogenesis. Tooth
development arrests at the bud stage in
Lefl homozygous mouse mutants in
which anomalies in other ectodermal
structures are also present (Van Genderen
et al. 1994). LEF1 forms transcriptional units with CTNNBI1
in the Wnt signaling pathway (Lan et al. 2014).

Of the 9 novel TA risk variants, 4 are located in or close to
the genes ASCL5/CACNAIS, ARHGAPI15, NOLII, and
FAM494, which have not been implicated in TA. These genes
do not appear to be in previously described gene networks. The
function of ASCLS is not fully understood; however, ASCLS is
a part of the achaete-scute complex-like family, which may be
important in tumorigenesis (Wang et al. 2017). For the other
gene in this region, CACNAIS, the Cacnals"™“P° mouse
model often includes secondary cleft palate as well as micro-
gnathia (Chaudhari 1992). The ASCL5/CACNAILS locus has
been associated with timing of eruption of the primary denti-
tion (Geller et al. 2011). Gene expression data support ASCLS5,
while some literature supports CACNA S as the TA gene in this
region. ARHGAPI15 is involved in several signaling mecha-
nisms as a Rac-specific GTPase-activating protein (Radu et al.

within DHSs.

Figure 3. Manhattan plots for tooth agenesis (TA). (a) Genome-wide association study (GWAS)
for TA in the Icelandic discovery sample. (b) GWAS for selective TA in the Icelandic discovery
sample. The new signals (FOXP/ and EDA) from the GWAS of maxillary lateral incisors are
indicated in red. (c) The new signal (LEF/) from the GWAS of the mandibular second premolars
is indicated in green. (d) The new signal (NOL/ [) from the GWAS of maxillary second premolars
is indicated in blue. Py oo = 2.30 X 107 for other variants within DNase | hypersensitivity sites
(DHSs). Genome-wide significance thresholds after correction for multiple testing are based

on type of variant as described in the study by Sveinbjornsson et al. (2016) per the following
thresholds: Py, eqhoig = 2.60 X 107 for high-impact variants (stop-gain and stop-loss, frameshift indel,
donor and acceptor splice-site, and initiator codon variants), Py, o = 5-10 X 10 for moderate-
impact variants (missense, in-frame indel, and splice-region variants), Py, csnoiq = 4.60 % 107 for
low-impact variants (synonymous, 3’ and 5" UTR, and upstream and downstream variants), Py eshold
=2.30 x 107 for other variants within DHSs, and Py o = 7.90 X 107" for other variants not

2013). A known TA gene, PITX2 affects the Rac-specific
GTPase signaling pathway (Wei and Adelstein 2002), suggest-
ing a related function for ARHGAP15. Nolll is required for
craniofacial development in vertebrates (Griffin et al. 2015);
however, it has not been associated with TA. Nol11 is of impor-
tance in ribosome biogenesis, a process that is disrupted in, for
example, Treacher-Collins syndrome (MIM 154500), charac-
terized by orofacial dysmorphies, often including OFC.

The FAM49A locus confers risk of OFC (Leslie et al. 2016;
Yu et al. 2017) and agenesis of maxillary lateral incisors in our
sample. The function of FAM494 is not well described; how-
ever, a recent study showed expression of Fam49a during
mouse development in the palatal mesenchymal cells and epi-
thelium cells (Yu et al. 2017). High prevalence of various den-
tal anomalies in children with OFC has been reported (Howe
et al. 2015). The maxillary lateral incisors are more commonly
missing from subjects with OFC than from controls (Howe
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Table I. Sequence Variants Conferring Risk of Tooth Agenesis.

Icelandic Discovery Sample

Combined Follow-up Samples® Combined Samples

Phenotype/Marker ~Gene Region EA/OA  EAF,%  OR (95% Cl) P Value® OR (95% Cl) P Value OR (95% Cl) P Value®

Tooth agenesis n = 1,944 n =301

rs4498834 ASCL5/CACNAIS ~ CIT 430 141 (129t0 1.54) 29x 10" 137 (l.14t0 1.65) 0.0016 1.40 (1.29to 1.52) 1.8x 107¢

rs35822372 FOXI3 TIC 210 146 (1.32t0 1.62) 34x 10" 134(1.10to 1.65) 0.0046 1.44 (1.31 to 1.57) 58 x 107"°

chr2:108,896,996° EDAR AIG 0.02 237 (8.16t0688) 59x 107 — —  237(8.16t0688) 59x 107

rs2034604° ARHGAPI 5 T/IC 527 141 (129t 1.54) 2.1 x 107" 1.18(0.98to 1.41) 0.010  1.36 (1.26 to 1.47) 83 x 107'®

rs121908120° WNT/0A AT 260 3.42(285t04.10) 6.1 x 10* 225(1.39t03.65) 0.0040 3.25 (2.74to 3.85) 1.7 x 107

rs121908119°° WNTI0A AIC 0.14 556 (3.00t0 103) 49 x 10°® — —  556(3.00to 10.3) 4.9 x 10®

rs371555610°% ZFHX4 delCTT/ 857 1.6l (140t0 1.86) 4.4x 10" 098(0.73t0 1.32) 1.00 147 (125t 1.61)  ns
CTT

Mandibular second premolars n=1,196 n =148

rs917412 LEFI T/IC 920 171 (145t0202) 2.5x 10" 123 (08710 1.72) 024 1.60 (1.38 to 1.86) 5.6 x 107"°

Maxillary second premolars n = 600 —

rs758468472° NoLI | GIT 0.04 27.4(847t0887) 33x10® — —  274(847t0887) 33x10®

Maxillary lateral inciso rs n = 600 n=134

rs35956082° FOXPI AIG 748 208 (1.68t02.57) I1.Ix 10" 142(094t02.15 0.097 1.92(1.59t02.32) 1.0x 10"

rs55846652 EDA T/C 672 192(1.58t0234) 67 x 10" 157 (1.10t0223) 0.013  1.83(1.54t02.17) 48x 107"

EA, effect allele for which OR is shown; EAF, effect allele frequency (%); n, number of TA cases; ns, not significant; OA, other allele; OR, odds ratio

(allelic); TA, tooth agenesis.

*The follow-up samples included subjects from four locations as described in Figure |. Since only direction of effect could be tested in the U.S. sample,
we present ORs in the combined analysis not including the U.S. sample and P values from analysis with only direction of effect for all samples combined.
®Genome-wide significance after correction for multiple testing is based on type of variant as described in the study by Sveinbjornsson et al. (2016) per
the following thresholds: Py, e = 2.60 x 107 for high-impact variants (stop-gain and stop-loss, frameshift indel, donor and acceptor splice-site, and
initiator codon variants), Py eshoq = 5.10 108 for moderate-impact variants (missense, in-frame indel, and splice region variants), Py, cshoiq = 4.60 X 10°
for low-impact variants (synonymous, 3’ and 5’ UTR, and upstream and downstream variants), Py, eshold = 2.30 x 107 for other variants within DNase |
hypersensitivity sites, and Py, cgnoiq = 7.90 x 10"'° for other variants not within DNase | hypersensitivity sites.

“Variant was too rare to be tested in follow-up samples.

“To test if there were multiple independent signals within each locus, we conducted association analysis of all variants in each region 500 kb
surrounding each signal peak, conditioned on the effect of the top single-nucleotide polymorphism. Two second signals were identified: rs354700 in
2q22.2 ARHGAPI 5 (allele frequency [G] = 34.0, OR = 1.24, P = 7.1 x 107) and rs9825432 in 3p|3 FOXP! region (allele frequency [G] = 66.0, OR =
1.49, P =75 x 107).

“Known TA sequence variant.

A different variant was tested in follow-up samples. Variant rs17348154-C (minor allele frequency = 14.0) in linkage disequilibrium with
rs371555610,rs529942527 (r* = 0.87) was included in the follow-up samples. The 2 rs numbers (rs371555610, rs529942527) represent | variant; thus,
only | Pvalue and | OR are presented. Variant rs2520378-T in linkage disequilibrium with rs55846652 (r* = 0.69), was included from the follow-up
sample from Portugal (Alves-Ferreira et al. 2014).

8The following rs name is reported for this variant: rs371555610 and rs529942517.

Table 2. Association between a Known Orofacial Cleft Locus and Agenesis of the Maxillary Lateral Incisors.

Marker®: Locus/Gene Region Position (hg38) EA/OA EAF, % OR (95% Cl) P Value®
rs5829552° 2p24.2 FAM49A
Icelandic discovery sample (n = 600) 16,545,695 TAT 22.5 1.55 (1.30 to 1.85) 1.4 % 10°
Combined follow-up samples (n = 134)° 1.13 (0.83 to 1.55) 0.44
All samples combined 1.44 (1.23 to 1.68) 49 % 10°

95% Cl, 95% confidence interval; EA, effect allele for which OR is shown; EAF, effect allele frequency; n, number of TA cases; OA, other allele; OR,
odds ratio (allelic); TA, tooth agenesis.

*In total, 40 orofacial cleft variants were tested in our TA data (see Appendix Table | for results of all tested variants).

®Significant association after correction for multiple testing based on Py, e = 0.00031 (correcting for 40 variants and 4 phenotypes).

“The following rs names are reported for this variant: rs5829552, rs397784935, and rs869032736. The variant rs7552-G (r* = 0.97 with rs5829552-TA)
was tested in the replication samples.

“The follow-up samples for agenesis of maxillary lateral incisors included the Dutch sample and the Portuguese sample.

et al. 2015; Rullo et al. 2015). A few TA variants (e.g., MSXT)
also confer risk of oral clefts (Van Den Boogaard et al. 2000),
the formation of which occurs in parallel with that of tooth
buds (Hovorakova et al. 2006). These TA genes are expressed
at the same time in tissue at neighboring anatomic positions
(Hovorakova et al. 2006). Hence, it may not be surprising that

dental anomalies, including TA, within and outside the cleft
area have been reported to be more frequent in persons with
nonsyndromic OFC (Howe et al. 2015; Rullo et al. 2015).
Many genes that affect tooth development have been found
through gene expression and functional studies in mice. However,
only a few genes have been associated with TA in humans (Lan
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et al. 2014). Homozygous carriers of high-impact TA mutations
are at high risk of syndromes, such as odonto-onycho-dermal dys-
plasia (Adaimy et al. 2007).

Here we report findings from the first GWAS for TA uncover-
ing 9 novel TA-associated variants—common variants conferring
low risk and rare variants conferring modest to high risk. Of the 9
novel variants, 5 are implicated in known TA gene networks,
while the remaining 4 provide new information on the genetic
background for TA in humans. The reported TA genes affect sev-
eral stages of odontogenesis, including the emergence of the den-
tal placode as well as the bud, cap, and bell stages and the timing
of eruption (Lan et al. 2014). Of the novel TA variants, 1 is a
known OFC variant conferring risk of agenesis of the maxillary
lateral incisors located in the cleft. This result adds support to the
growing evidence for an overlapping genetic etiology of TA and
OFC. Some of the variants conferring high risk of TA also associ-
ate with development of other associated anomalies (Adaimy
etal. 2007; Howe et al. 2015). Thus, novel variants conferring risk
of TA can uncover associations with other phenotypes and help in
defining new syndromes. Oral rehabilitation of patients with TA
may require a multidisciplinary approach. Better understanding of
the etiology and clinical features of TA is important for planning
and treatment.
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