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A Common Variation in EDAR Is a Genetic
Determinant of Shovel-Shaped Incisors

Ryosuke Kimura,1,2,* Tetsutaro Yamaguchi,3 Mayako Takeda,4 Osamu Kondo,4 Takashi Toma,5

Kuniaki Haneji,6 Tsunehiko Hanihara,7 Hirotaka Matsukusa,8 Shoji Kawamura,8 Koutaro Maki,3

Motoki Osawa,2 Hajime Ishida,6 and Hiroki Oota8

Shovel shape of upper incisors is a common characteristic in Asian and Native American populations but is rare or absent in African and

European populations. Like other common dental traits, genetic polymorphisms involved in the tooth shoveling have not yet been

clarified. In ectodysplasin A receptor (EDAR), where dysfunctional mutations cause hypohidrotic ectodermal dysplasia, there is a nonsy-

nonymous-derived variant, 1540C (rs3827760), that has a geographic distribution similar to that of the tooth shoveling. This allele

has been recently reported to be associated with Asian-specific hair thickness. We aimed to clarify whether EDAR 1540C is also associated

with dental morphology. For this purpose, we measured crown diameters and tooth-shoveling grades and analyzed the correlations

between the dental traits and EDAR genotypes in two Japanese populations, inhabitants around Tokyo and in Sakishima Islands. The

number of EDAR 1540C alleles in an individual was strongly correlated with the tooth-shoveling grade (p ¼ 7.7 3 10�10). The effect

of the allele was additive and explained 18.9% of the total variance in the shoveling grade, which corresponds to about one-fourth

of the heritability of the trait reported previously. For data reduction of individual-level metric data, we applied a principal-component

analysis, which yielded PC1-4, corresponding to four patterns of tooth size; this result implies that multiple factors are involved in dental

morphology. The 1540C allele also significantly affected PC1 (p ¼ 4.9 3 10�3), which denotes overall tooth size, and PC2 (p ¼ 2.6 3

10�3), which denotes the ratio of mesiodistal diameter to buccolingual diameter.
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Teeth display variations among individuals in the size and

the shape of cusps, ridges, grooves, and roots. In addition,

certain dental characteristics are predominant in certain

populations.1,2 In Asian and Asia-derived populations,

dental variations have often been described as ‘‘Sino-

donty’’ and ‘‘Sundadonty.’’ Sinodonty, common among

East Asian and Native American populations, is a combina-

tion of dental characteristics that relatively often include

upper first and second incisors (UI1 and UI2) that are

shovel-shaped and not aligned with the other teeth,

upper first premolars (UP1) with one root, and lower

first molars (LM1) with three roots.3 In particular, the

prevalence of tooth shoveling shows marked regional

differences, which is frequent in Asia, with a south-to-

north increasing cline, but rare or absent in Africa and

Europe.4,5 Tooth shoveling has thus received much

attention from anthropologists as an indicator of relation-

ships among populations. The well-known contrast

between ancient and modern Asians is that remains of

the Jomon people, who were the indigenous Japanese

12,000–2,000 years ago, have a smaller tooth size and

a lower tooth-shoveling grade than modern Japanese.1,6–8

In addition, the continuity of shovel-shaped incisors

between Homo erectus and modern humans in East Asia

was a rationale for the multiregional evolution theory of

modern humans,9,10 although this theory is not generally

supported at present.
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Characteristics of dental morphology are thought to be

determined predominantly by genetic factors.5 However,

genetic polymorphisms associated with common dental

traits have not yet been elucidated. For tooth shoveling,

high concordance between monozygotic twins has been

observed.11,12 On the basis of intrafamilial correlations,

three different studies have reported that the heritability

of tooth shoveling was around 0.75 in Asian and Native

American groups.5,11,13

The recent availability of large-scale data on human

genome diversity has enabled us to screen genes highly

differentiated between populations; these make reasonable

candidate genes for population-specific phenotypes. One

nonsynonymous-derived variant predominant in East

Asian populations but absent in populations of African

and European origins is present on rs3827760, a single-

nucleotide polymorphism (SNP) in the ectodysplasin A

receptor gene (EDAR [MIM 604095]), which is also called

EDAR T1540C according to nucleotides or V370A accord-

ing to amino acids.14–16 In humans, dysfunctional muta-

tions in EDAR as well as the ectodysplasin A gene (EDA

[MIM 300451]) are known to be responsible for hypohi-

drotic ectodermal dysplasia [MIM 129490, 224900, and

305100], a genetic disorder causing abnormal morphogen-

esis of teeth, hair, and sweat glands.17 Mouse and fish

studies have also indicated that the Eda-Edar pathway

regulates the development of organs, especially those
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Figure 1. Evaluation of the Dental
Morphology
(A) Plaster casts of upper and lower teeth.
The following abbreviations are used: U,
upper; L, lower; I, incisor; C, canine; P,
premolar; and M, molar.
(B–D) Variation in shoveling, which refers
to the development of marginal ridges on
the lingual surfaces of UI1. (B) shows grade
1, (C) shows grade 3, and (D) shows grade 5.
(E–G) Variation in double shoveling, which
refers to the development of marginal
ridges on the labial surfaces of UI1 (E)
grade 1, (F) grade 3, and (G) grade 5. Arrows
indicate pronounced mesial marginal
ridges.
of ectodermal origin such as hair, glands, nails, teeth, and

scales.18–24 Therefore, EDAR T1540C can be considered

a strong candidate for determining differences between

human populations in visible traits of ectodermal

appendices, and it has recently been reported that the

EDAR 1540C allele is associated with Asian-specific hair

thickness.25,26

The aim of this study is to clarify whether the nonsynon-

ymous polymorphism in EDAR is also associated with

human dental morphology. For this purpose, plaster casts

of permanent dentition (Figure 1A) were obtained from

102 individuals at Showa University Dental Hospital,

Tokyo, and from 100 individuals in Sakishima Islands

(Miyako and Ishigaki), the southernmost Ryukyu Islands

(Figure 2).27,28 The Sakishima subjects were selected as

individuals who had no ancestor derived from other

regions for at least three generations. We also collected

a blood, buccal mucosa, or saliva specimen from each indi-

vidual to prepare a DNA sample. DNA was extracted via

standard methods. All the subjects gave informed consent

to participate in the study. This study was conducted under

the approval of ethical committees in Showa University,

University of the Ryukyus, Tokai University, and the

University of Tokyo.

Buccolingual and mesiodistal crown diameters of all the

teeth except the third molars (M3) were measured with

a sliding caliper. Shoveling of UI1 was graded on a scale

of 0 to 7, according to the Arizona State University dental

anthropology system (Figures 1B–1D).29 In addition,

double shoveling, which refers to the development of

mesial and distal marginal ridges on the labial surfaces of

UI1, was graded on a scale of 0–6 (Figures 1E–1G). Measure-

ments by multiple observers indicated an acceptably small

observer error. The double-shoveling grade in females was

significantly greater than that in males, and the same

tendency was observed with the shoveling grade (Table

S1, available online). Neither shoveling nor double-shov-

eling grades differed significantly between the Tokyo and

Sakishima samples. Metric measurements showed sexual

dimorphism, most markedly in the canines. A significant

regional difference was observed for some teeth, especially

in females, perhaps because of the larger sample size for
The Amer
females than for males. Interestingly, the Sakishima

females exhibited a larger mesiodistal diameter of canines

than did the Tokyo females.

To reduce the metric data to a small number of dimen-

sions, we applied a principal-component analysis (PCA)

with the data for 751 Japanese individuals (375 males and

376 females) from Honshu, Okinawa, and the Sakihima

Islands.27,28,30 The procedure is as follows: the metric dental

data, from which missing values were removed, were stan-

dardized for each sex. Then, merging the standardized

data of both sexes, we created a correlation-coefficient

matrix. PCA was performed with the matrix, and the eigen-

value and eigenvectors in each PC were obtained. Finally,

we calculated PC scores for the 202 individuals with the

DNA sample, where missing values were considered as

0 (i.e., the average after the standardization of data). The

eigenvalue of the first PC (PC1) was 12.86, which occupied

45.9% (Table S2). From PC1 to PC4, the eigenvalue was

larger than 1. This indicates that the first four PCs effectively

represent the metric data. Figure 3 shows the eigenvectors

in the PCs, demonstrating what each PC axis denotes:

PC1, the overall tooth size; PC2, buccolingual versus mesio-

distal diameter balance; PC3, anterior versus posterior size

Figure 2. Locations and Allele Frequencies
Pie charts indicate the allele frequencies for EDAR 1540T (white)
and 1540C (black).
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Figure 3. Eigenvectors in Principal Components
The following abbreviations are used: U, upper; L, lower; I, incisor; C, canine; P, premolar; M, molar; BL, buccolingual diameter; and MD,
mesiodistal diameter.
balance; and PC4, molar versus premolar size balance.

In a comparison between PC scores for the Tokyo and

Sakishima samples, we found that the Sakishima females

had a higher PC1 score than the Tokyo females (Table S3).

The shoveling and double-shoveling grades were strongly

correlated (Table 1). The shoveling grade was strongly corre-

lated not only with mesiodistal diameter of UI1 but also

with PC1 and PC2. The double-shoveling grade was highly

associated with PC3.

Genotyping for the EDAR T1540C polymorphism

(rs3827760) was performed with the polymerase chain reac-

tion (PCR)-direct sequencing method.26 In this sequencing,

we also genotyped a neighboring synonymous polymor-

phism in the EDAR coding region, C1487T (rs12623957).

The frequencies of the EDAR 1540C allele were 0.755 and
530 The American Journal of Human Genetics 85, 528–535, Octobe
0.715 in the Tokyo and Sakishima samples, respectively

(Table S4), which were not significantly different. The

genotype for EDAR T1540C was strongly associated with

tooth shoveling (Figure 4): Spearman’s rho between the

number of 1540C copies and the shoveling grade was 0.37

(p ¼ 1.2 3 10�4) in the Tokyo samples, 0.46 (p ¼ 2.1 3

10�6) in the Sakishima samples, and 0.42 (p ¼ 7.7 3 10�10)

overall (Table 1). The correlation coefficients (R) showed

similar values. The averages of shoveling grade were 1.93

for TT, 2.52 for CT, and3.26 for CC genotype, which suggests

the additive effect of the 1540C allele. A regression analysis

indicated that a 1540C allele increases 0.7 in the score of

shoveling grade (Table 2). The coefficient of determination

was 0.189, which means that 18.9% of the variance

was explainable by the EDAR variants. The neighboring
Table 1. Spearman’s Rank Correlation Coefficients

SH DSH UI1MD PC1 PC2 PC3 PC4 C1487T T1540C

SH 0.40 0.36 0.28 �0.30 0.15 �0.01 0.36 0.42

DSH 9.0E-09 0.19 0.18 �0.09 0.26 0.09 0.34 0.39

UI1MD 1.9E-07 7.4E-03 0.60 �0.40 0.31 0.09 0.17 0.20

PC1 6.0E-05 1.3E-02 1.1E-20 �0.03 �0.06 �0.09 0.15 0.20

PC2 2.3E-05 1.8E-01 7.2E-09 6.6E-01 �0.01 �0.03 �0.21 �0.21

PC3 3.9E-02 1.6E-04 7.3E-06 3.9E-01 8.5E-01 0.08 0.05 0.07

PC4 9.4E-01 1.9E-01 1.9E-01 2.1E-01 6.2E-01 2.7E-01 0.13 0.14

EDAR C1487T 1.8E-07 7.4E-07 1.7E-02 3.0E-02 3.2E-03 4.7E-01 6.5E-02 0.85

EDAR T1540C 7.7E-10 1.2E-08 5.4E-03 4.9E-03 2.6E-03 3.2E-01 4.6E-02 1.0E-57

Spearman’s Rho values are shown in the upper-right portion of the matrix, and p values are in the lower-left. The following abbreviations are used: SH, shoveling
grade; DSH, double-shoveling grade; UI1, upper first incisor; and MD, mesiodistal diameter. p values less than 0.01 are shown in bold.
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synonymousSNP, C1487T, was less correlated with the shov-

eling in the combined samples (rho¼ 0.36, p¼ 1.8 3 10�7).

The EDAR T1540C genotype was also correlated with the

double-shoveling grade (rho¼ 0.39, p¼ 1.2 3 10�8), mesio-

distal diameter of U1(rho¼0.20, p¼5.4 3 10�3), PC1 (rho¼
0.20, p¼ 4.9 3 10�3), and PC2 (rho¼�0.21, p¼ 2.6 3 10�3)

(Table 1 and Figure 5). Multiple-regression analyses consid-

ering the effects of sex and region as explanatory variables

confirmed the significant association of EDAR T1540C

with dental morphology (Table 2).

Figure 4. Distribution of Shoveling and Double-Shoveling
Grades in Each Genotype
The white bar indicates TT, the gray bar indicates CT, and the black
bar indicates CC.
The Amer
A recent study of genome diversity has suggested that

Japanese people fall into two main genetic clusters, named

‘‘Hondo’’ (denoting the main islands including Honshu,

Hokkaido, Kyushu, and Shikoku) and ‘‘Ryukyu’’ (which

includes the Sakishima Islands), and the allele frequencies

for EDAR T1540C differ greatly between the clusters.31 To

evaluate the effect of population stratification, we geno-

typed five other SNPs (rs555766, rs10495392, rs17075469,

rs17265387, and rs2071652) that have shown the highest

differentiation between the two clusters31 by using Taqman

assays. Unlike EDAR T1540C, some of these SNPs showed

significantly different frequencies between our sample

sets from Tokyo and the Sakishima Islands (Table S4). As

for the association between the SNPs on the various chro-

mosomal regions, a marginally significant correlation (p <

0.05) was observed only between EDAR T1540C and

rs17265387 (R ¼ 0.143); these SNPs are on chromosome 2

but span more than 90 Mb distance. However, no SNP was

significantly associated with dental morphology except

for EDAR T1540C, which indicates that population stratifi-

cation, if any, had little effect on our association study using

the Japanese populations.

The present study shows that shoveling and double-

shoveling grades are positively correlated with the

mesiodistal diameter of UI1. These correlations are also

supported by dental characters of Homo erectus and Nean-

derthals, which have wide, shovel-shaped incisors.9,32

These observations might suggest that overgrowth of

upper incisors is involved in the shovel shape. However,

in contrast to the fact that males generally have larger

tooth size than females, we observed that the double-shov-

eling grade in females is significantly greater than that in

males, and the shoveling grade shows the same tendency.

This sexual difference is consistent with some previous

studies.33,34 Although the reason for this is unclear, it

could be related to the mechanisms of morphogenesis;

genes on sex chromosomes, the levels of sex hormones,
Table 2. Multiple-Regression Analyses for Dental Morphology

Partial Regression Coefficient p Value

Sexa Region EDAR T1540C Constant Sexa Region EDAR T1540C R2

SHb - - 0.702 3.251 - - 1.5E-10 0.189

SH 0.191 �0.058 0.677 3.139 1.8E-01 6.6E-01 8.8E-10 0.199

DSH 0.415 0.190 0.626 1.719 1.2E-02 2.2E-01 6.5E-07 0.161

UI1MD �0.199 0.152 0.203 8.749 9.3E-03 3.3E-02 4.3E-04 0.110

PC1 - 0.970 1.085 0.102 - 3.8E-02 4.1E-03 0.057

PC2 - �0.052 �0.530 �0.255 - 8.1E-01 1.8E-03 0.048

PC3 - 0.017 0.148 0.025 - 9.3E-01 3.1E-01 0.005

PC4 - 0.094 0.195 �0.047 - 5.2E-01 9.9E-02 0.015

The following abbreviations are used: SH, shoveling grade; DSH, double-shoveling grade; UI1, upper first incisor; MD, mesiodistal diameter; and R2, coefficient of
determination. p values less than 0.01 are shown in bold.
a Sex was not included in the regression analyses for PCs because PCA was performed after standardization in each sex.
b Only EDAR T1540C was used as explanatory variable.
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the time and duration of development, and/or the capacity

of the maxillary dental arch might partly participate in the

formation of tooth shoveling. Further studies should be

undertaken to investigate this point. In the comparison

between the regions, we found that the Sakishima females

have a larger tooth size than the Tokyo females. The

regional difference was particularly strong in the mesiodis-

tal diameter of canines, which generally display a marked

sexual dimorphism as shown in the present and previous

studies.35 These results imply that dental morphology in

Sakishima females might be slightly virilized.

As a result of data reduction with PCA, we found that

individual variations can be efficiently summarized by

four PCs. PC1 represents the overall tooth size, occupying

almost half of the proportion of variance in the PCA

(45.9%). More intriguing is the occurrence of the axes for

the balances of buccolingual versus mesiodistal diameters

(PC2), anterior versus posterior sizes (PC3), and molar

versus premolar sizes (PC4), which might imply the pres-

ence of developmental machineries involved in these

axes. These results are concordant with those of Harris

and Bailit, in which 2,650 individuals from the Solomon

Islands were studied.36 Therefore, we suggest that these

components, which possibly reflect biologically meaning-

ful entities, are robust and generalize to human popula-

tions worldwide.

This study clearly demonstrated that, for the Asian-

specific EDAR 1540C allele, the number of copies is

strongly correlated with the tooth-shoveling grade (rho ¼
0.42, p ¼ 7.7 3 10�10). The EDAR 1540C variant explains

18.9% of the total variance in the shoveling grade, which

Figure 5. EDAR T1540C Genotypes and
Principal Components
The box plots depict minimum, lower quartile
(Q1), median (Q2), upper quartile (Q3),
maximum, and, if any, outliers for each geno-
type.

corresponds to about one-fourth of

the heritability (approximately 0.75)

reported previously.5,11,13 Although a

neighboring synonymous SNP, C1487T,

is also significantly associated with the

tooth-shoveling grade, the smaller corre-

lation coefficient (rho ¼ 0.36, p ¼ 1.8 3

10�7) suggests that the apparent associa-

tion is due to the linkage disequilibrium

with the causative variant. The signifi-

cant associations of EDAR T1540C with

PC1 and PC2, as well as with the size

of UI1, indicate that the SNP affects

the overall tooth size and the ratio of

mesiodistal diameter to buccolingual

diameter. Previous studies have investi-

gated the frequency of EDAR 1540C in

global populations, which implies its

correlation with the prevalence of the tooth shoveling.15

It is inferred from these observations that this nonsynony-

mous SNP in EDAR explains not only variation among

individuals but also differences among populations in

tooth shoveling. The distribution of Sinodonty can be

partly attributed to the distribution of the EDAR 1540C

allele.

A genome-wide study of 140,387 SNPs demonstrated

that 7,003 Japanese individuals could be clearly divided

into ‘‘Hondo’’ and ‘‘Ryukyu’’ clusters without prior infor-

mation about which population they belong to, and the

same study pointed out that the frequency of EDAR

1540C is relatively differentiated between the two clusters

(Hondo: 0.778; Ryukyu: 0.602).31 Therefore, like tooth

shoveling, EDAR T1540C can actually be used as an infor-

mative ethnic marker not only within Asia but also within

Japan. In this study, the frequency of 1540C in the Sakish-

ima Islands (0.715), which are located within the Ryukyu

Islands, is intermediate between those in the Hondo and

the Ryukyu clusters and showed no significant difference

from that in the Tokyo samples (0.755), which is consis-

tent with the lack of difference in tooth-shoveling grade

between the two sample sets. However, an analysis of

short-tandem-repeat polymorphisms on autosomes has

indicated that the Sakishima Islanders genetically form

the Ryukyu group together with the Okinawa Islanders.37

This is an example showing that a single locus, even if it

is an informative ethnic marker, provides only limited

information. Local genetic drift can yield variable allele

frequencies between local populations within Ryukyu

Islands. In contrast, the ensemble of dozens of informative
532 The American Journal of Human Genetics 85, 528–535, October 9, 2009



markers can discriminate Ryukyu populations from Hondo

populations, and, furthermore, the ensemble of thousands

of markers can discriminate the Ryukyu individuals from

Hondo individuals.

In previous studies, EDAR T1540C has been shown to be

associated with hair thickness in Asian populations.25,26

Although it is generally known that both the thick

hair and shovel-shaped incisors are phenotypes specific

to Asian populations with a south-to-north increasing

cline,4 it has never been reported that the two traits are

correlated at the individual level. Our study does not

directly demonstrate a correlation between the two traits

but indicates it through finding their common genetic

factor. Recent studies based on evolutionary genetics

have supported the idea that the increase of the EDAR

1540C frequency in Asian populations is due to positive

selection rather than genetic drift.14,15,26,38 Because the

1540C variant is absent in the European and African

populations, it is thought that the variant occurred

in an ancestral Asian population after the divergence

from ancestral European populations and increased by

positive selection on the variant itself rather than by

hitchhiking on another neighboring locus under selec-

tion. However, there are enigmatic questions still remain-

ing: what is the true selective pressure? What is the true

subject of positive selection? The larger tooth size and

the shovel shape of incisors result in greater structural

strength, which might have been adaptive in a certain

culture in which people use their teeth as tools. Alterna-

tively, positive selection might have acted on hair struc-

ture, and tooth shoveling might be a by-product. Poten-

tially, because the EDA-EDAR pathway affects several

organs of ectodermal origin, other unexamined traits,

such as in sweat and mammary glands,22 could be the

true subject of selection.

The EDAR V370A polymorphic residue is located within

the EDAR death domain, which is a potential region of

interaction with other proteins, such as EDAR-associated

death domain (EDARADD [MIM 606603]).15 In addition,

the death domain has been suggested to affect EDAR’s

signaling activity. However, results of previous reporter-

gene assays are controversial; Fujimoto et al.26 observed

that 370A reduced EDAR signal output, whereas more

recent studies yielded the opposite result;39,40 the authors

of these more recent publications argue that Fujimoto

et al. might have observed reduced EDAR signal because

their assay conditions (a high dose of plasmid DNA and a

long [48 hr] posttransfection incubation period) might

have lead to cell death. Indeed, it has been reported that

transgenic mice with elevated Eda or Edar activity have a

thicker hair than wild-type mice, thus mimicking the

East Asian hair phenotype.22,40 As for dental morphology,

the overexpression of Edar results in molars with extra

cusps and supernumerary teeth,20 and the overexpression

of Eda results in molars of abnormal shape and incisors

lacking enamel formation;22 these phenotypes do not

mimic the shovel-shaped incisors observed in humans.
The Amer
Because animal models do not always replicate human

phenotypes, there might be difficulty in clarifying the

mechanisms for how the EDAR polymorphism is involved

in the formation of shovel-shaped incisors.

We revealed a genetic determinant of tooth shoveling,

which has received great attention from dental anthropol-

ogists. However, because the EDAR polymorphism alone

cannot explain the heritability of tooth shoveling sug-

gested in previous studies, we still need to seek other

genetic factors. In general, many dental traits still need

to be examined to identify the associated genes, for

example, Carabelli’s tubercle, the numbers of cusps and

roots, and the patterns of tooth size shown in the PCA.

Further studies using powerful DNA technology will

provide knowledge on the associations between genotypes

and phenotypes in dental traits, which contribute to the

basic biological and medical sciences.

Supplemental Data

Supplemental Data include five tables and can be found with this

article online at http://www.cell.com/AJHG.
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