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ORIGINAL INVESTIGATION

Genome-wide scans reveal variants at EDAR predominantly
affecting hair straightness in Han Chinese and Uyghur

populations
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Abstract Hair straightness/curliness is one of the most
conspicuous features of human variation and is particularly
diverse among populations. A recent genome-wide scan
found common variants in the Trichohyalin (TCHH) gene
that are associated with hair straightness in Europeans, but
different genes might affect this phenotype in other popula-
tions. By sampling 2899 Han Chinese, we performed the
first genome-wide scan of hair straightness in East Asians,
and found EDAR (rs3827760) as the predominant gene
(P =4.67 x 10716), accounting for 3.66 % of the total vari-
ance. The candidate gene approach did not find further sig-
nificant associations, suggesting that hair straightness may
be affected by a large number of genes with subtle effects.
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Notably, genetic variants associated with hair straightness
in Europeans are generally low in frequency in Han Chi-
nese, and vice versa. To evaluate the relative contribution
of these variants, we performed a second genome-wide
scan in 709 samples from the Uyghur, an admixed popula-
tion with both eastern and western Eurasian ancestries. In
Uyghurs, both EDAR (rs3827760: P = 1.92 x 107'2) and
TCHH (rs11803731: P = 1.46 x 107%) are associated with
hair straightness, but EDAR (OR 0.415) has a greater effect
than TCHH (OR 0.575). We found no significant interac-
tion between EDAR and TCHH (P = 0.645), suggesting
that these two genes affect hair straightness through differ-
ent mechanisms. Furthermore, haplotype analysis indicates
that TCHH is not subject to selection. While EDAR is under
strong selection in East Asia, it does not appear to be sub-
ject to selection after the admixture in Uyghurs. These sug-
gest that hair straightness is unlikely a trait under selection.
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Introduction

Hair straightness/curliness is one of the most conspicuous
features of human variation. It is particularly diverse within
populations and between individuals (Loussouarn et al.
2007), and shows high heritability (Medland et al. 2009b).
Recent genome-wide scans in Caucasians found that com-
mon variants in the Trichohyalin (TCHH) gene are asso-
ciated with hair straightness in Europeans (Eriksson et al.
2010; Medland et al. 2009a). Another genome-wide scan
in admixed Latin Americans identified variants in EDAR,
TCHH, GATA3, and PRSS53 associated with hair straight-
ness (Adhikari et al. 2016). TCHH affects hair straightness
in both populations while EDAR, GATA3, and PRSS53 are
specific to Latin Americans. These findings suggest sub-
stantial genetic heterogeneity between diverse populations
and it is possible that hair straightness is affected by differ-
ent mechanisms in other populations, such as Africans and
Asians. Therefore, it is of significant value to explore the
genetics of hair straightness in populations other than Euro-
peans and Latin Americans. Candidate gene approaches
found a variant in the EDAR gene to be associated with
hair straightness in East Asians, but no genome-wide scan
of hair straightness has been performed in East Asians. A
number of interesting questions remain to be answered: Are
the genes found in other populations also associated with
hair straightness in East Asians? Is there any gene specific
to East Asians’ straight hair? What is the relative contribu-
tion of these genes? Do these genes interact with each other
while affecting hair straightness? To answer these ques-
tions, here we performed the first genome-wide scan of hair
straightness in East Asians (Han Chinese).

Since Europeans and Han Chinese may share few or no
genetic variants associated with hair straightness, genome-
wide scans in Han Chinese or Europeans may not have
enough power to evaluate the relative contribution of vari-
ants. We therefore performed a second genome-wide scan
in Uyghurs, an admixed population with both East Asian
and European ancestries. Genetic variants that are nearly
fixed in the ancestral populations could remain at a mod-
erate frequency in the admixed population, giving us an
opportunity to evaluate the relative contribution of these
genes on hair straightness, as well as the interaction
between them.

Materials and methods
Populations and samples
The Han Chinese samples were collected in Taizhou, Jiangsu

Province in 2014, as part of the Taizhou Longitudinal Study
(Wang et al. 2009). In total, 2899 individuals (including
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1038 males and 1861 females, with an age range of 31-87)
were enrolled. We completed the study under the approved
protocols from the Institutional Research Board at Fudan
University. The Uyghur samples were collected at Xinjiang
Medical University in 2013-2014. In total, 709 individuals
(including 276 males and 433 females, with an age range of
17-25) were enrolled. The research was conducted with the
official approval from the Ethics Committee of the Shanghai
Institutes for Biological Sciences, Shanghai, China. All par-
ticipants had provided written consent. In both studies, we
collected blood samples, from which DNA was extracted.

Phenotype measures

We rated hair straightness by eye on a three-point scale
(straight, wavy, and curly), following the established stand-
ard (Medland et al. 2009a; Tan et al. 2013). In each case,
we confirmed that the volunteers had never had their hair
treated. Two investigators independently rated the hair
straightness for each case. If the rating was inconsistent,
a third investigator would re-evaluate the phenotyping and
make the final decision. Since the frequency of curly hair
was very low in our samples (11 cases in total from the 2
populations), we merged wavy and curly hair into one cat-
egory ‘“‘non-straight” in further analyses (Table S1).

Genotype quality control and imputation

All samples were genotyped using the Illumina HumanOm-
niZhongHua-8 chips, which interrogates 894,517 SNPs.
We excluded individuals with more than 5 % missing data,
related individuals, and the ones that failed the X-chro-
mosome sex concordance check or had ethnic informa-
tion incompatible with their genetic information. We also
excluded SNPs with more than 2 % missing data, with a
minor allele frequency smaller than 1 %, and the ones that
failed the Hardy—Weinberg deviation test (P < 1x107°).
After applying these filters, we obtained a dataset of 2899
samples with 776,213 SNPs for the Han Chinese, and 709
samples with 810,648 SNPs for the Uyghurs.

The chip genotype data were firstly phased using SHA-
PEIT (O’Connell et al. 2014). IMPUTE2 (Howie et al.
2009) was then used to impute genotypes at ungenotyped
SNPs using the 1000 Genomes Phase 3 data as reference,
which included haplotype information for 2504 individu-
als across the world for 81,706,044 variant positions. SNPs
with an impute info score (imputation certainty) of <80 %,
MAF <1 % or a missing rate of >2 % of genotypes were
eliminated from further analyses. Finally, for the Uyghur
sample, a total of 6,414,304 imputed SNPs passed quality
control and were combined with 810,648 genotyped SNPs
for further analyses. For the Han Chinese sample, a total of
6,343,243 imputed SNPs passed quality control and were
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combined with 776,213 genotyped SNPs for association
analysis.

Statistical analysis
Population stratification analysis

We used the EIGENSTRAT utility from the EIGENSOFT
package (Price et al. 2006) to correct for possible popula-
tion stratification. First, we combined our data sets with
1000 Genomes Phase 3 and chose 102,284 SNPs in low-
linkage equilibrium (P < 0.2). Principal component (PC)
analysis did not find outliers in Han Chinese and Uyghur
(Fig. Sla). The top 4 PCs were later used in the regres-
sion model in association analysis. The number of PCs to
include was based on the proportion of variance explained
and the degree of genomic inflation (lambda).

Association test

We used PLINK 1.7 (Purcell et al. 2007) to perform the
primary genome-wide association tests using multiple lin-
ear regression with an additive genetic model incorporat-
ing gender, batch effect, and four genetic PCs as covari-
ates. The quantile—quantile plots and the degree of genomic
inflation (lambda) were used for all association tests to test
for signs of inflation. To validate the PLINK results, asso-
ciation analyses were also performed on the imputed data-
set using the IMPUTE2 genotype probabilities in SNPT-
EST v2.5.2 (Marchini and Howie 2010) and results from
both methods were consistent. The P values were adjusted
by applying a Bonferroni correction (genome-wide sig-
nificant threshold: P = 6.02 x 107%). An Epistasis test
was also performed using PLINK 1.7 (Purcell et al. 2007).
Quantile—quantile and Manhattan plots were created in R.
Regional association and linkage disequilibrium plots were
generated using LocusZoom (Pruim et al. 2010).

To evaluate the relative effects of TCHH and EDAR vari-
ants on hair straightness, we applied a logistic regression
model:

log = Bo + Bicov + BoTCHH + B3EDAR

-7
in which, the top four principle components, gender, and
batch effects are included as covariates.

To identify whether there was any interaction between
TCHH and EDAR variants, we introduced the interaction
effect of these two genes into our logistic regression model:

log

] T~ Bo + Bicov + BoTCHH + B3EDAR + Bjinteraction
-7

in which, the top four principle components, gender, and
batch effects are included as covariates.

The proportion of variance in hair straightness explained
by the associated genetic variants was estimated using
GCTA (Yang et al. 2010, 2011), assuming a prevalence of
0.1 in Han Chinese and 0.5 in Uyghurs samples with age
and gender as covariates.

We firstly used METAL (Willer et al. 2010) to perform
meta-analysis of Han Chinese, Uyghur and Latin American
data sets by the inverse-weighted variance method. Hetero-
geneity of associated SNP across studies was tested via the
Cochran’s Q statistic (Pereira et al. 2010) and its magnitude
expressed by I> (Higgins and Thompson 2002). For SNPs
with significant heterogeneity, a random effects model was
used for meta-analysis by METASOFT (Han and Eskin
2011).

Inference of local ancestral proportion

We used HAPMIX (Pritchard et al. 2009) to perform local
ancestry inference, which was defined as the estimated
number of European ancestral genes for each locus in each
sample. We first chose 792,884 SNPs which were well
aligned with the 1000 Genomes Project. We used CHB
(97) and CEU (85) as input reference populations. Then
we selected an LD-pruned (r* < 0.2) set of 102,284 auto-
somal SNPs to estimate European ancestral proportions in
Uyghurs using STRUCTURE (Hubisz et al. 2009) (Fig.
S1b). The estimated European ancestral proportion and 30
generations since admixture for Uyghur were used as prior
hypotheses when we ran HAPMIX to infer local ancestry
proportion. HAPMIX provided local ancestral proportion
estimates as the expected probability of zero, one or two
copies of European ancestral proportion at each SNP. We
then used MIXSCORE (Pasaniuc et al. 2011) to combine
both SNP information and local ancestry estimates to per-
form association tests.

Haplotype analysis and tests of natural selection

We used the R package rehh (Gautier and Vitalis 2012)
to perform positive selection analysis (Sabeti et al. 2002).
Firstly, we calculated extended haplotype homozygosity
(EHH) for all SNPs until EHH <0.05 in CEU, CHB, and our
Uyghur samples. Next, the integrated haplotype score (iHS)
was calculated on all SNPs, with an allele frequency bin of
0.05 to standardize iHS scores against other SNPs of its fre-
quency class within the region. Finally, we calculated P val-
ues assuming a Gaussian distribution of iHS scores under
the neutral model, which was checked by plotting the values
against a Gaussian distribution (Voight et al. 2006). We also
performed genome-wide CMS analysis in African (YRI),
European (CEU), and East Asian (JPT + CHB) populations
from the 1000 Genomes Project (Grossman et al. 2010)
to verify the result. We used HaploPS (Liu et al. 2013) to
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detect the founder haplotype of EDAR and TCHH in differ-
ent populations using our data and other populations from
the 1000 Genomes data, and to identify the common set of
SNPs that are present in all haplotypes. We then calculated
the proportion of loci carrying the same alleles as the simi-
larity S = 1 — d /L, where d represents the number of sites
(out of L) carrying different alleles on two haplotypes.

For admixed populations, genomic regions showing
excessive or reduced ancestry proportions are likely to be
signatures of natural selection (Bhatia et al. 2014). In this
study, we chose those loci showing strong deviation from
genome average (three SDs above or below the genome-
wide average) as candidates for natural selection.

Results
Genome-wide scan of hair straightness in Han Chinese

A genome-wide scan found EDAR as the predominant
gene associated with hair straightness in Han Chinese
(rs3827760: P = 4.67 x 107'%; Fig. 1; see also Fig. S2 for
a regional zoom-in plot). Rs3827760 SNP accounted for
3.36 % of the total variance. An additional analysis per-
formed using the same methodology and conditioning on
rs3827760 resulted in substantial attenuation of statistical
significance for the other significant SNPs (Fig. S3a), sug-
gesting that the vast majority of the signal associated with
EDAR at this locus can be attributed to rs3827760. No fur-
ther significant SNPs were found after imputation (Fig.
S3b). We also found no evidence for epistasis between the
EDAR SNPs and any other SNP across the genome.
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We performed stratification analysis on gender because it
had a significant effect on hair straightness (P = 4.13 x 107).
We found that rs3827760 still bore the most significant
signal in females (P = 8.71 x 107'%), while no genome-
wide significant signals were found in males (rs3827760:
P = 460 x 1075 (Fig. S3c,d). The previously reported
TCHH SNP (rs11803731) associated with hair straightness
in European populations was nearly fixed in our Han Chi-
nese samples (MAF 0.0008), so we were not able to evaluate
its effect on hair straightness in East Asians. The other two
SNPs rs17143387 and rs11150606, which showed significant
association in Latin Americans (rs17143387: P = 4x107%;
1511150606: P = 7x10~") were not replicated in Han Chinese
(rs17143387: P = 0.735; rs11150606: P = 0.618).

Genome-wide scan of hair straightness in Uyghurs

A genome-wide scan in Uyghurs also found EDAR as
the predominant gene associated with hair straightness
(rs3827760: P = 1.75 x 107'% Fig. 2; see also Fig. S4 for
a regional zoom-in). From the quantile—quantile plot and
the degree of genomic inflation, lambda (A = 1.014), we
found that the test correctly controlled for population strati-
fication and there was no sign of inflation (Fig. 2). No fur-
ther significant signals were found, after controlling the top
SNP rs3827760 (Fig. S5a) and after imputation (Fig. S5b),
suggesting that the vast majority of the signals associated
with EDAR at this locus can be attributed to rs3827760. No
evidence for epistasis between rs3827760 and other SNPs
across the genome was found.

We also performed genome-wide scans in females and
males separately and still found the SNP rs3827760 hit the
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Fig.1 Manhattan plot and quantile-quantile plot showing a genome-
wide scan of hair straightness in Han Chinese. Manhattan (main
panel) and quantile—quantile (QQ) (embedded) plots illustrating
the results of the genome-wide scan in 2899 Han Chinese samples
adjusted for top four PCs, gender, and age. The red line indicates the
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threshold for genome-wide statistical significance (P < 6.02 x 107%).
Red dots represent SNPs that are close (<5 kb) to the genome-wide
significant signals. The quantile-quantile plot illustrates the devia-
tion of association test statistics (black dots) from the distribution
expected under the null hypothesis (red line) (color figure online)
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Fig. 2 Manhattan plot and quantile—quantile plot showing a genome-
wide scan of hair straightness in Uyghurs. Manhattan (main panel)
and quantile—quantile (QQ) (embedded) plots illustrating the results
of the genome-wide scan in 709 Uyghur samples adjusted for top
four PCs, gender and age. The red line indicates the threshold for

most significant signal (female: P = 1.16 x 107'; male:
P =139 x 107% Fig. S5c¢,d). No significant heterogeneity
was found when we compared the effect of EDARV370A
between Han Chinese and Uyghurs for males and females
(Fig. S6).

To increase the power of the genome-wide scan in the
admixed population, we estimated the local ancestry pro-
portion at each SNP, and further controlled local ancestry
proportion in the association analysis. The results neverthe-
less remained largely unchanged (Fig. S7).

The previously reported TCHH variant (rs11803731)
was associated with hair straightness in our Uyghur sam-
ples (P = 1.46 x 10~3) while the other SNPs found in Lat-
ins Americans were not replicated in Uyghurs (rs17143387
(GATA3): P = 0.087; rs11150606 (PRSS53): P = 0.227).
We found that rs3827760 (EDAR) had a greater effect on
hair straightness than rs11803731 (TCHH) in Uyghur
(rs3827760: OR 0.415, 95 % CI 0.327-0.532; rs11803731:
OR 0.575, 95 % CI 0.409-0.808), and explained more vari-
ation (rs3827760: 5.51 %; rs11803731: 1.08 %). Logistic
regression analysis showed no significant interaction effect
between 1s3827760 (EDAR) and rs11803731 (TCHH)
(P = 0.363). A Breslow—Day test confirmed that the inter-
action effect is not significant (P = 0.645). The ratios of
straight vs non-straight hair are shown in Table S2 (Fig.
S8). Finally, we performed meta-analysis for Han Chinese
and Uyghurs. Again, we found only the predominant EDAR
gene to show a highly significant signal in the genome-
wide scan (rs3827760: P = 1.75 x 10739 rs11803731:
P = 1.49 x 107%; Fig. S9).

genome-wide statistical significance (P < 6.02 x 107%). Red dots rep-
resent SNPs that are close (<5 kb) to the genome-wide significant sig-
nals. The quantile—quantile plot illustrates the deviation of association
test statistics (black dots) from the distribution expected under the
null hypothesis (red line) (color figure online)

From the genome-wide scans, the SNP rs3827760 in
EDAR gene accounts for 3.66 and 5.51 % of the total vari-
ance of hair straightness in Han Chinese and Uyghurs,
respectively. This is only a small fraction of the heritability
of hair straightness, estimated as 64.15 and 79.72 % in Han
Chinese and Uyghurs, respectively. To explore the remain-
ing heritability, we selected 23 genes previously shown
to contribute to hair formation as suggestive functional
candidate genes (Table S3). We chose 692 SNPs located
within 20 kb of these candidate genes and performed an
association study of these SNPs with hair straightness. The
association P values for these 692 SNPs in 23 genes are sum-
marized in Table S3. After multiple-test correction (thresh-
old: P <723 x 10_5), we found no significant association
signals in Uyghur and Han Chinese.

Signatures of natural selection on TCHH and EDAR

We found that TCHH is not subject to selection in CHB,
UYG, and CEU populations (most SNPs in TCHH region
[iHSI <2), while EDAR is under strong positive selection in
CHB but not in CEU and UYG (there is an apparent enrich-
ment for high [iHSI values >3.56 (top 0.1 %) in CHB but
none for CEU and UYG) (Fig. 3). We also obtained similar
results from CMS scores (Fig. S10).

Haplotype analysis showed that the haplotype of
EDAR370A in Uyghur is very similar to the haplotype
of EDAR370A in East Asian and American populations
(Fig. S11a), while the TCHH haplotype is similar to the
haplotype of the European population (Fig. S11b). These
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findings indicate that the causal variants in EDAR and
TCHH arose as a single mutation event in the parental
populations, respectively, and were subsequently passed to
the Uyghurs through population admixture. Local ancestry
inference analysis showed that the locus-specific European
ancestral proportion across the genome of Uyghurs was
estimated to be 51.08 £ 2.67 % (mean & SD).We found
that the European proportion of rs11803731 is 51.14 %
and rs3827760 is 57.21 % (Fig. S12). The result showed
that rs11803731 is not subject to selection after admixture
in Uyghur populations while the ancestral EDAR370 V
allele is over-represented (2.30 SD away from the genome
average).

Discussion

EDAR as the only predominant gene affecting hair
straightness in East Asians

Previous large-scale association studies of hair straightness
have focused on European and Latin American popula-
tions. No genome-wide scan of hair straightness had been
performed in East Asians prior to the study reported here,
which included 2899 Han Chinese and 709 Uyghurs. We
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consistently found that EDARV370A (rs3827760) plays a
predominant role in hair straightness. Since EDARV370A
only explains a small fraction of the heritability of hair
straightness, we used a candidate gene approach to explore
the remaining heritability but found no further significant
associations, suggesting that the hair straightness phe-
notype may be affected by a large number of genes with
subtle effects. Future studies with larger sample sizes
may uncover such variants with minor effects on hair
straightness.

The impact of EDAR and TCHH on hair straightness
in Uyghurs

The associated FEDAR (rs3827760) and TCHH
(rs11803731) variants are almost fixed in East Asian and
European populations, respectively (Fig. S13). They are at
moderate frequencies in the admixed Uyghur population,
so we can evaluate the relative effect on hair straightness of
EDAR and TCHH. Our results clearly show that EDAR has
a greater effect and explains more variation than TCHH in
the Uyghurs. We also found no interaction between these
two genes in their effect on hair straightness. Given that
Trichohyalin confers mechanical strength to the hair folli-
cle inner root sheath (Medland et al. 2009a; Thibaut et al.
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2007) while the Ectodysplasin A receptor gene EDAR, is
part of an important pathway affecting the development
of ectodermal derivatives (Fujimoto et al. 2008; Kam-
berov et al. 2013; Mou et al. 2008), it is probable that
EDAR and TCHH affect hair straightness through different
mechanisms.

Hair straightness may not be subject to natural
selection

Hair color is reportedly subject to sexual selection, and it
has been suggested that the shape of hair may be subject
to sexual selection (Frost 2006). If that were the case, both
TCHH and EDAR should show signatures of natural selec-
tion in European and East Asian populations, respectively.
In our study, we found no signature of natural selection
for TCHH in Europeans. Although we found that EDAR
is under strong selection in East Asians, it has not been
subject to selection after the admixture in Uyghurs. These
findings do not support hair straightness to be a trait under
selection. Since EDARV370A affects a range of ectodermal
derived phenotypes, hair straightness might be a byproduct
of strong selection on EDAR in East Asians for other traits.
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