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A Genome-Wide Association Study of Basal
Transepidermal Water Loss Finds that
Variants at 9q34.3 Are Associated with
Skin Barrier Function
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TO THE EDITOR
Epidermal homeostasis and barrier
permeability are very important proper-
ties of human skin. Transepidermal wa-
ter loss (TEWL), the passive diffusion of
water from the hydrated layers of the
dermis and epidermis toward those
layers with a lower water content
(Nilsson, 1977), has beenwidely used to
determine epidermal permeability bar-
rier status (Fluhr et al., 2006). For
example, TEWLmeasurement helped to
establish that skin barrier function is
compromised in skin diseases such as
atopic dermatitis (AD) (Elias, 2008).
Likewise, it has successfully been used
to monitor the effects of different treat-
ments on skin barrier function recovery
(Sextius et al., 2010). Although TEWL
has been reported to be affected by
environmental factors such as tempera-
ture, seasonal variation, sun exposure,
and smoking (Li et al., 2014; Liu et al.,
2010; Xin et al., 2016), the presence of
significant ethnic differences in stratum
corneum permeability suggests that ge-
netics also plays a role in epidermal
barrier function (Kompaore and Tsuruta,
1993). However, to our knowledge, no
genomic study has been conducted to
explore the genetics of barrier function
of healthy human skin. To address this,
we performed a genome-wide associa-
tion study (GWAS) of basal TEWL as a
measure of the skin barrier function,
with the aim of detecting the potential
genetic variants associated with this
important skin trait.

We collected 611 samples from
healthy Han Chinese in Taizhou,
Jiangsu Province, aged between 31 and
87 years. This research was conducted
with official approval from the ethics
committee of Fudan University,
Shanghai, China. All participants pro-
vided written informed consent. TEWL
measurement was carried out with
a DermaMeter Professional 100
(VASEMA GmbH, Vienna, Austria) on
the right cheek (see Supplementary
Materials and Supplementary Table S1
online for details). Because the
obtained TEWL values did not follow
the normal distribution (Shapiro-Wilk
test, P < 2.2 � 10e16), a logarithmic
transformation was performed (see
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Figure 1. Genome-wide scans of TEWL found significant association with chromosome band 9q34.3. (a) Manhattan plot and quantile-quantile plot showing

the results of a meta-analysis of TEWL GWASs. The meta-analysis was performed in 977 Han Chinese samples (611 from Taizhou, and 366 from Taixing),

adjusted for sex, age, temperature, and skincare habits. The quantile-quantile plot shows a degree of genomic inflation (l ¼ 0.995), showing no evidence of

confounding effects by population stratification or inflation. The red line indicates the threshold for genome-wide statistical significance (P < 5 � 10e8). Red

dots represent SNPs that are close (<5 kilobase pairs) to signals of genome-wide significance. Variants on chromosome band 9q34.3 are significantly associated

with TEWL, the top signal being at rs11103631. (b) Regional association plot for 9q34.3 with SNPs showing significant association with TEWL. The top-signal

SNP rs11103631 is shown in purple, and the color of the remaining markers reflects LD (r2) with the top SNP (increasing red hue associated with increasing LD).

The blue spikes show the estimated recombination rate (right-hand y-axis). The data are based on the ASN population from the 1000 Genomes Project (1000

Genomes Project Consortium et al., 2012) . Exons for each gene are represented by vertical bars, based on all isoforms available from the hg19 assembly in the

UCSC Genome Browser (Kent et al., 2002). (c) Mean value of TEWL as a function of the rs11103631 genotype in Han Chinese. With genotype AA, the mean

value of TEWL is 9.681 � 0.407 g/m2/h; with GA and GG, the mean value is 8.570 � 0.397 g/m2/h and 6.220 � 0.456 g/m2/h, respectively. Vertical bars

correspond to the standard error of the mean. (d) Geographical distribution of the allele frequencies at rs11103631. Allele frequency data from 53 world-wide

populations are taken from the Human Genome Diversity Project (Pickrell et al., 2009). Ancestral alleles are represented in red, derived alleles in blue.

cM, centiMorgan; LD, linkage disequilibrium; Mb, mega base pairs; SNP, single-nucleotide polymorphism; TEWL, transepidermal water loss.
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Supplementary Figure S1 online). Prin-
cipal component analysis found no
significant population stratification in
our sample (see Supplementary
Figure S2 online). Mostly consistent
with previous reports, we found TEWL
to be significantly correlated with tem-
perature (r ¼ 0.284, P ¼ 9.54 � 10e13),
sex (two-tailed Student t test, P ¼
6.06 � 10e3), and skincare habits (P ¼
4.74 � 10e3). It was not correlated with
humidity of the environment (P ¼
Journal of Investigative Dermatology (2017), Volum
0.967), sun exposure (P ¼ 0.247), and
smoking (P ¼ 0.089) (see
Supplementary Materials). We then
performed a GWAS, adjusting for age,
sex, temperature, and skincare habits.
Individuals were genotyped on an Illu-
mina (San Diego, CA) Human Omni
Zhonghua 8V1.1 chip, and imputation
was performed using 1000 Genomes
Project data (phase 3) (1000 Genomes
Project Consortium et al., 2012;
Pickrell et al., 2009; Kent et al., 2002).
e 137
After quality-control filters, the GWAS
was carried out on 795,279 geno-
typed single-nucleotide polymorphisms
(SNPs) and 7,203,134 imputed SNPs
(see Supplementary Materials for the
details). We found a variant on chro-
mosome band 9q34.3 to be significantly
associated with TEWL (rs10858314, b¼
e0.211 � 0.038, P ¼ 3.11 � 10e8;
see Supplementary Figure S3 online).
To validate our finding, we performed
a second GWAS using the same
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phenotyping protocol on a replication
set including 366 healthy Han
Chinese samples from Taixing, Jiangsu
Province. There was no genome-wide
significant signals in this second
GWAS, but the SNP (rs10858314)
was replicated with nominal signifi-
cance (b¼e0.167� 0.065, P¼ 9.96�
10e3; see Supplementary Table S2
online).

In a meta-analysis combining the
results of the two GWASs, nine SNPs on
chromosome band 9q34.3 reached the
genome-wide significance level of P <
5 � 10e8 (see Supplementary Table S2),
the top signal being at rs11103631 (b ¼
e0.201 � 0.033, P ¼ 8.16 � 10e10;
Figure 1a). All nine SNPs are located
within the same 3.34-kilobase-pair
block of strong linkage disequilibrium
(LD) (Figure 1b). We found that subjects
with the ancestral allele (G) at
rs11103631 have a lower TEWL, with a
decrease per copy of approximately
19.5%, suggesting reduced skin barrier
permeability compared with carriers of
the derived (A) allele (Figure 1c). The
frequency of the G allele is higher in
Africans than in other populations
(Figure 1d). This finding is consistent
with a report of a reduced epidermal
permeability and more dense stratum
corneum in Africans compared with
Asians and whites (Kompaore and
Tsuruta, 1993). We also performed a
scan for signals of natural selection on
the 9q34.3 region, but we did not find
evidence for natural selection in East
Asians, Europeans, or Africans (see
Supplementary Figure S4 online).

In our samples, 152 individuals
reported a personal history for eczema/
dermatitis, 22 for AD in childhood, and
86 for asthma/hay fever. In a GWAS
controlling for these disease histories,
the results remained largely the same
(see Supplementary Figure S5 online),
suggesting that our findings were not
affected by a history of skin disease.

The top signal rs11103631, located
in an intergenic region between the
FCN1 and OLFM1 genes, has been re-
ported to be an expression quantitative
trait locus affecting both FCN1 (P ¼
4.1 � 10e5) and OLFM1 (P ¼ 2.6 �
10e17) expression (cis-expression
quantitative trait locus tested in non-
transformed peripheral blood samples)
(Westra et al., 2013). The LD block
containing the signal exhibits distinct
signatures of active enhancers defined
by epigenetic marks such as H3K4me1
histone modifications in primary mela-
nocytes and keratinocytes (see
Supplementary Figure S6 online). This
is in line with a potential regulatory role
of this region for FCN1 and/or OLFM1
expression. FCN1 is expressed in basal
keratinocytes, and its product has been
postulated to function as a plasma
protein with elastin-binding activity.
Expression of FCN1 was recently found
to be modulated during barrier recov-
ery in aged populations (Sextius et al.,
2015), suggesting that FCN1 activity
may affect TEWL.

Genes such as FLG have been reported
to cause abnormalities of stratum cor-
neumstructure in skindiseases suchasAD
(Palmer et al., 2006). We therefore inves-
tigated the association between TEWL
and 266 SNPs in 21 candidate genes
related to skin barrier function (see
SupplementaryTableS3online), aswell as
97 SNPs with known associations with
AD, psoriasis, and keloid (see
Supplementary Table S4 online). After
multiple test correction, none of the SNPs
showed significant associationwithTEWL
(see a typical nonsignificant plot in the
region of FLG in Supplementary Figure S7
online). These results are not entirely sur-
prising. First, most of the included candi-
date genes have a pathological
significance, but our GWAS focuses on a
nonpathological normal skin trait. The
underlying genes could be different. Sec-
ond, most of the relevant studies were
based on white population samples,
whereas our study is based on Chinese
populations. Indifferentethnicgroups, the
same trait canwell be affected by different
genes. Lastly, the sample size of this study
is relatively small for aGWAS. Shownbya
power calculation, our study of approxi-
mately 1,000 samples does not have
enough power (>80%) to detect SNPs
with an effect size of lower than 2.25% of
the variance (see Supplementary
Materials for details). Future studies with
an increased sample size may provide a
more complete picture of the genes un-
derlying TEWL.

In summary, our study identified vari-
ants on chromosome band 9q34.3 that
showed significant association with
TEWL, a parameter reflecting epidermal
barrier function. Further work is required
toassess the functional relevanceof these
variants at a mechanistic level.
CONFLICT OF INTEREST
The authors state no conflict of interest.

ACKNOWLEDGMENTS
This work was supported by the National
Natural Science Foundation of China (NSFC)
(grant numbers 31322030 and 91331108 to
SW, 30890034 and 31271338 to LJ, 31671297
and 31222030 to HL), the National Basic
Research Program (2015FY111700 to LJ),
Ministry of Education (311016 to LJ, 113022A
to HL), National Thousand Young Talents
Award to SW, Shanghai Shuguang Project
(14SG05) to HL, Max Planck-CAS Paul
Gerson Unna Independent Research Group
Leadership Award to SW, 111 Project
(B13016) of Fudan University to JK, open
projects from the State Key Laboratory of
Genetic Engineering, Fudan University to SW,
and the CAS Key Lab of Computational Biology
to JT. We thank Barbara Kremeyer for comments
on the manuscript.

Manfei Zhang1,2,6, Bingjie Li2,3,6,
Sijie Wu2,3, Jingze Tan1, Yajun Yang1,4,
Alessandra Marini5,
Andrea Vierkötter5, Juan Zhang1,4,
Hui Li1, Tamara Schikowski5,
Li Jin1,2,4, Jean Krutmann5 and
Sijia Wang1,2,*

1State Key Laboratory of Genetic Engineering
and Ministry of Education Key Laboratory of
Contemporary Anthropology, Collaborative
Innovation Center for Genetics and
Development, School of Life Sciences, Fudan
University, Shanghai 200438, China; 2Chinese
Academy of Sciences Key Laboratory of
Computational Biology, CAS-MPG Partner
Institute for Computational Biology, Shanghai
Institutes for Biological Sciences, Chinese
Academy of Sciences, Shanghai 200031,
China; 3University of Chinese Academy of
Sciences, Beijing 100049, China; 4Fudan-
Taizhou Institute of Health Sciences, 1
Yaocheng Road, Taizhou, Jiangsu 225300,
China; and 5IUF-Leibniz Research Institute for
Environmental Medicine, Duesseldorf,
Germany
6These authors contributed equally to this work
*Corresponding author e-mail: wangsijia@
picb.ac.cn
REFERENCES

1000 Genomes Project Consortium, Abecasis GR,
Auton A, Brooks LD, DePristo MA, Durbin RM,
et al. An integrated map of genetic variation
from 1,092 human genomes. Nature 2012;491:
56e65.

Elias PM. Skin barrier function. Curr Allergy
Asthma Rep 2008;8:299e305.

Fluhr JW, Feingold KR, Elias PM. Transepidermal
water loss reflects permeability barrier status:
validation in human and rodent in vivo and
ex vivomodels. ExpDermatol 2006;15:483e92.

Kent WJ, Sugnet CW, Furey TS, Roskin KM,
Pringle TH, Zahler AM, et al. The human
www.jidonline.org 981

mailto:wangsijia@picb.ac.cn
mailto:wangsijia@picb.ac.cn
http://refhub.elsevier.com/S0022-202X(16)32790-7/sref12
http://refhub.elsevier.com/S0022-202X(16)32790-7/sref12
http://refhub.elsevier.com/S0022-202X(16)32790-7/sref12
http://refhub.elsevier.com/S0022-202X(16)32790-7/sref12
http://refhub.elsevier.com/S0022-202X(16)32790-7/sref12
http://refhub.elsevier.com/S0022-202X(16)32790-7/sref12
http://refhub.elsevier.com/S0022-202X(16)32790-7/sref1
http://refhub.elsevier.com/S0022-202X(16)32790-7/sref1
http://refhub.elsevier.com/S0022-202X(16)32790-7/sref1
http://refhub.elsevier.com/S0022-202X(16)32790-7/sref2
http://refhub.elsevier.com/S0022-202X(16)32790-7/sref2
http://refhub.elsevier.com/S0022-202X(16)32790-7/sref2
http://refhub.elsevier.com/S0022-202X(16)32790-7/sref2
http://refhub.elsevier.com/S0022-202X(16)32790-7/sref2
http://refhub.elsevier.com/S0022-202X(16)32790-7/sref14
http://refhub.elsevier.com/S0022-202X(16)32790-7/sref14
http://www.jidonline.org
http://dx.doi.org/10.1016/j.jid.2016.11.030
http://www.jidonline.org


This work is licensed under
a Creative Commons Attri-

bution-NonCommercial-NoDeriva-
tives 4.0 International License. To view
a copy of this license, visit http://
creativecommons.org/licenses/by-nc-
nd/4.0/

JM Richmond et al.
CXCR3 Depleting Antibodies for Vitiligo

982
genome browser at UCSC. Genome Res
2002;12:996e1006.

Kompaore F, Tsuruta H. In-vivo differences be-
tween Asian, Black and White in the stratum-
corneum barrier function. Int Arch Occup En-
viron Health 1993;65(1 Suppl.):S223e5.

Li X, Galzote C, Yan XY, Li L, Wang X. Charac-
terization of Chinese body skin through in vivo
instrument assessments, visual evaluations, and
questionnaire: influences of body area, inter-
generation, season, sex, and skin care habits.
Skin Res Technol 2014;20:14e22.

Liu Z, Fluhr JW, Song SP, Sun Z, Wang H, Shi YJ,
et al. Sun-induced changes in stratum corneum
function are gender and dose dependent in a
Chinese population. Skin Pharmacol Physiol
2010;23:313e9.

Nilsson GE. Measurement of water exchange
through skin. Med Biol Eng Comput 1977;15:
209e18.
Abbreviations: Ab, antibody; PMEL, premelanosome

Accepted manuscript published online 23 January 20
2017

ª 2016 The Authors. Published by Elsevier, Inc. on b

Journal of Investigative Dermatology (2017), Volum
Palmer CNA, Irvine AD, Terron-Kwiatkowski A,
Zhao YW, Liao HH, Lee SP, et al. Common loss-
of-function variants of the epidermal barrier
protein filaggrin are a major predisposing
factor for atopic dermatitis. Nat Genet 2006;38:
441e6.

Pickrell JK, Coop G, Novembre J, Kudaravalli S,
Li JZ, Absher D, et al. Signals of recent positive
selection in a worldwide sample of human
populations. Genome Res 2009;19:826e37.

Sextius P, Marionnet C, Bon FX, de La
Chapelle AL, Tacheau C, Lahfa M, et al. Large
scale study of epidermal recovery after stratum
corneum removal: dynamics of genomic
response. Exp Dermatol 2010;19:259e68.

Sextius P,MarionnetC,TacheauC,BonFX,BastienP,
Mauviel A, et al. Analysis of gene expression
dynamics revealed delayed and abnormal epi-
dermal repair process in aged compared to young
skin. Arch Dermatol Res 2015;307:351e64.
protein; WT, wild type

17; corrected proof published online 24 February

ehalf of the Society for Investigative Dermatology.

e 137
Westra HJ, Peters MJ, Esko T, Yaghootkar H,
Schurmann C, Kettunen J, et al. Systematic
identification of trans eQTLs as putative drivers
of known disease associations. Nat Genet
2013;45:1238e43.

Xin S, Ye L, Man G, Lv C, Elias PM, Man MQ.
Heavy cigarette smokers in a Chinese popula-
tion display a compromised permeability bar-
rier. Biomed Res Int 2016:9704598.
CXCR3 Depleting Antibodies Prevent and
Reverse Vitiligo in Mice

Journal of Investigative Dermatology (2017) 137, 782e985; doi:10.1016/j.jid.2016.10.048
TO THE EDITOR
Vitiligo is a disfiguring skin disease in
which melanocytes with intrinsic ab-
normalities are targeted and destroyed
by autoreactive CD8þ T cells in the
epidermis, resulting in patchy depig-
mentation (Palermo et al., 2001; van
den Boorn et al., 2009, and reviewed
in Richmond et al., 2013). Although it
is one of the most common autoim-
mune diseases, affecting 1% of the
population worldwide, there are no
Food and Drug Administration-
approved treatments. Previous work
from our lab has shown that CD8þ
T-cell recruitment to the skin in a
mouse model of vitiligo is dependent
on IFNg (Harris et al., 2012) and the
downstream CXCR3 chemokine system
(Rashighi et al., 2014). We also
demonstrated enrichment of CXCR3 on
antigen-specific T cells in the blood of
patients with vitiligo compared with
healthy controls, and we and others
have shown the presence of CXCR3þ
cells in skin biopsies from patients with
vitiligo (Bertolotti et al., 2014; Rashighi
et al., 2014; Wang et al., 2016).
Therefore, we sought to determine if
targeting CXCR3 could serve as a new
treatment for vitiligo.

We tested different strategies of tar-
geting CXCR3, including blocking and
depleting antibodies (Abs), in our
mouse model of vitiligo. All mice used
for vitiligo studies were on a C57BL/6J
background and maintained in
pathogen-free facilities at University of
Maryland Medical System, and pro-
cedures were approved by the Univer-
sity of Maryland Medical System
Institutional Animal Care and Use
Committee and in accordance with the
National Institutes of Health Guide for
the Care and Use of Laboratory Animals
(see Supplementary Materials and
Methods online for detailed proced-
ures). We first examined whether our
candidate molecules could prevent
disease in mice by treating animals
three times weekly with 100 mg Ab i.p.
from weeks 2 to 7 after disease induc-
tion. This time period is significant
because it occurs after clearance of the
virus used to induce disease, but before
the onset of autoimmunity. We
compared isotype control Ab with a
commercially available hamster CXCR3
Ab (depleting; see Supplementary
Figure S1 online), a wild-type (WT)
mouse CXCR3 Ab (superior depleting),
and a mutated mouse CXCR3 Ab called
deltaAB (neutralizing) (Figure 1a). Bia-
core binding data revealed that all Abs
had a similar affinity for CXCR3
(Supplementary Figure S2 online). We
found that mouse depleting Ab per-
formed the best in preventing clinical
disease (Figure 1b). This observation is
consistent with data indicating that the
WT mouse CXCR3 Ab has better
depleting activity than the hamster
CXCR3 Ab (Supplementary Figure S1
and data not shown).

We analyzed our premelanosome
protein-specific CD8þ T-cell (called
PMEL; Overwijk et al., 2003) numbers
in treated mouse tissues (see
Supplementary Figure S3 online for
gating strategy). All Abs tested in viti-
ligo prevention in mice resulted in
fewer PMELs in the skin (Figure 1c).
However, despite its ability to reduce
PMEL number in the skin, neutralizing
Ab was less effective than depleting
Abs, possibly due to the fact that a low
threshold number of PMELs is sufficient
for full clinical disease. We observed a
similar result in CXCL9-deficient mice
(Rashighi et al., 2014). PMEL numbers
were not significantly affected in lymph
nodes, whereas treatment with the
hamster or WT mouse Ab resulted in
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