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and rs7701890, recessive model for SNP rs17173197, and 
additive model for SNPs rs2393903 and rs6010620. Three 
significant pair–way interactions were observed, includ-
ing PRKAG2 and FLG SNPs (rs17173197  ×  rs3126085, 
Pcombined  =  1.11E-15), PRKAG2 and TMEM232-
SLC25A46 SNPs (rs17173197  ×  rs7701890, Pcombined  
=  2.22E-15), PRKAG2 and TNFRSF6B-ZGPAT SNPs 
(rs17173197 × rs6010620, Pcombined = 6.66E-16). Besides, 
a three-way significant interaction among PRKAG2, 
TMEM232-SLC25A46 and TNFRSF6B-ZGPAT SNPs (rs
17173197 ×  rs7701890 ×  rs6010620, Pcombined =  5.99E-
15) was observed in this study. These four genetic variant 
interactions confer susceptibility to atopic dermatitis, and 
highlight the genetic variant interactions in the etiology of 
atopic dermatitis in Chinese Han population.

Keywords  Atopic dermatitis · Interactions · Genome-
wide association study · Multifactor dimensionality 
reduction

Abstract  Atopic dermatitis is a chronic inflammatory 
skin disease and is affected by environmental and genetic 
factors. Gene–gene/environment interactions are strongly 
believed to contribute to the genetic risk of common dis-
eases. A number of gene–environment interactions of 
atopic dermatitis were performed. However, there are few 
comprehensive investigations on the gene–gene (or genetic 
variants) interactions for atopic dermatitis. We explored the 
association model of 6 single nucleotide polymorphisms 
(SNPs) which were most significant (P  <  10E-05) in our 
previous genome wide association study (GWAS) for atopic 
dermatitis, and search for the possible genetic variant inter-
actions based on the previous GWAS data using General-
ized Multifactor Dimensionality Reduction and Plink 1.07 
in the combined sample of 4,636 cases and 13,559 controls. 
The most significant associated evidence was observed 
under dominant model for SNPs rs3126085, rs12085366, 
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Introduction

Atopic dermatitis (MIM603165) is a common complex 
skin disease with chronically relapsing skin inflammation, 
which often co-occurs with asthma and allergic rhinitis 
(Willis-Owen et al. 2007). Atopic dermatitis affects 1–20 % 
populations worldwide (DaVeiga 2012). There are substan-
tial evidences suggesting that genetic factors play an impor-
tant role in the development of atopic dermatitis (Brown 
and McLean 2009). Linkage analysis and candidate gene 
studies have identified a number of genes or loci predispos-
ing to atopic dermatitis (Barnes 2010). Recent genome-
wide association studies (GWASs) for atopic dermatitis in 
diverse populations have identified approximately 20 sus-
ceptibility genes or loci, including two susceptibility loci at 
5q22.1 (TMEM232-SLC25A46, rs7701890) and 20q13.33 
(TNFRSF6B-ZGPAT, rs6010620) in Chinese Han popula-
tion (Sun et al. 2011; Tamari and Hirota 2014). However, 
these genetic factors only explain collectively a small frac-
tion of variation of heritability to atopic dermatitis (Elling-
haus et  al. 2013); this phenomenon has been termed as 
“missing heritability” (Manolio et  al. 2009). Therefore, 
additional genetic factors still remain to be discovered. We 
conducted a genetic variant interaction study based on our 
previous GWAS data of atopic dermatitis in Chinese Han 
population (Sun et al. 2011). In this study, we aim to search 
for possible genetic variant interactions which may affect 
the susceptibility to atopic dermatitis and to explain part of 
the pathogenesis for atopic dermatitis.

Materials and methods

Patients and controls

In total, we included 4,636 cases (2,766 men and 1,870 
women, with the mean age of 5.45 years) and 13,559 unre-
lated controls (7,159 men and 6,400 women, with the mean 
age of 28.01 years) in this study (Table 1). All the atopic 
dermatitis cases and healthy controls enrolled in this study 
were recruited from multiple hospitals of China, and the 
patients were diagnosed by at least two experienced der-
matologists. The controls were healthy individuals without 

atopic dermatitis, other atopic diseases, systemic disorders 
or family history of atopic dermatitis (including first-, sec-
ond- and third-degree relatives). All the cases and controls 
were collected using uniform criteria, and their clinical 
information was collected using the structured question-
naire. The written informed consent was obtained from 
each of the participants. This study was approved by the 
Institutional Ethic Committee of each hospital and was 
conducted according to Declaration of Helsinki principles.

Selection of SNPs and genotyping data

In our previous GWAS study for atopic dermatitis, there 
are 19 most promising SNPs that showed supportive asso-
ciation evidence in multiple stages (Sun et  al. 2011). We 
selected 6 most significant SNPs (rs3126085, rs12085366, 
rs7701890, rs17173197, rs2393903, and rs6010620, all 
SNPs with P < 10E−05) from the 19 SNPs to conduct an 
interaction study and search for the possible genetic variant 
interactions for atopic dermatitis. For the SNPs in FLG and 
TMEM232-SLC25A46, all these SNPs in the same LD block 
with r2 > 0.80, we selected the most significant SNPs.

Genotype data of the 6 SNPs in this study were extracted 
from our previous GWAS for atopic dermatitis, including 
1,012 cases and 1,362 controls from Illumina Human610-
Quad BeadChips and 3,624 cases and 12,197 controls from 
Sequenom MASSArray (Sequenom, Inc., San Diego, CA, 
USA) at the State Key Laboratory Incubation of Dermatol-
ogy, Ministry of Science and Technology, Hefei, Anhui, 
China. The concordance between genotypes from both 
platforms was >99 %, suggesting that there is no heteroge-
neity between the two platforms (Sun et al. 2011).

Statistical analyses

The genotype frequencies of 6 SNPs were tested for 
Hardy–Weinberg equilibrium in controls. The associa-
tion P value, odds ratio (OR) and 95 % confidence inter-
vals (95 % CIs) were calculated using PLINK 1.07 (http://
pngu.mgh.harvard.edu.purcell/plink/). Comparisons of 
allele frequencies were performed using the Pearson’s Chi 
square test. Fisher’s exact test was used when the expected 
count was <5.

Table 1   Demographical characteristics of the cases and controls

Stages Initial Replication Combined

Cases Controls Cases Controls Cases Controls

Number 1,012 1,362 3,624 12,197 4,636 13,599

Male/female 588/424 755/607 2,178/1,446 6,404/5,793 2,776/1,870 7,159/6,440

Mean age (SD) 5.01 (7.63) 33.10 (13.60) 5.57 (7.62) 27.53 (12.53) 5.45 (7.62) 28.01 (12.60)

Mean age of onset (SD) 1.37 (4.68) 1.60 (3.76) 1.55 (4.80)

http://pngu.mgh.harvard.edu.purcell/plink/
http://pngu.mgh.harvard.edu.purcell/plink/
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We considered atopic dermatitis as a dependent binary 
variable. It is a non-condition logistic regression model in 
Random Forest in R package (http://www.r-project.org/), 
which was used in the multivariate analyses to adjust for 
potential confounding factors, including age and sex. ORs 
and 95 % CIs were calculated as estimates of the relative 
risk for variables. The statistically significant level is a two-
sided value of 0.05 for all tests.

We applied multifactor dimensionality reduction (MDR) 
algorithm to evaluate genetic variant interactions (Ritchie 
et  al. 2001). Models are evaluated based on the testing 
balanced accuracy (TBA) statistic (Velez et  al. 2007), the 
cross-validation consistency (CVC) (Cherkassky and Ma 
2009) and the statistical significance of the model. The 
TBA measures how often individuals are correctly classi-
fied with respect to their case/control status, and the CVC 
evaluates the consistency with which individuals are classi-
fied. Heuristically, a satisfactory TBA score is above 0.55. 
We explored the association model of 6 SNPs, and assum-
ing an additive, dominant, or recessive model for each 
SNP. The model with strongest association significance 
(determined through comparing the P value) was assigned 
as the best-fit model for that SNP. To avoid the disturbance 
by age and gender, these data were also analyzed using an 
extension of the MDR algorithm (Generalized Multifactor 
Dimensionality Reduction, GMDR, V0.7 software pack-
age) that includes adjustment for covariates (sex and age).

Results

The best‑fit association model for 6 SNPs

We tested the best-fit association models (dominant, reces-
sive, or additive) for the 6 SNPs in the combined sample 
size with 4,636 cases and 13,559 controls controlled for 
the effect of sex and age. Our results shown in Table 2 that 
dominant model was best to describe the association of 3 
SNPs (rs3126085, rs12085366, rs7701890), the most sig-
nificant associated evidence was observed under recessive 
model for SNP rs17173197, and additive model for 2 SNPs 
(rs2393903 and rs6010620).

Genetic variant interactions analysis

We observed three pairwise interactions including 
PRKAG2 and FLG SNPs (rs17173197  ×  rs3126085, 
Pcombined  =  1.11E-15), PRKAG2 and TMEM232-
SLC25A46 SNPs (rs17173197  ×  rs7701890, Pcombined  
=  2.22E-15), PRKAG2 and TNFRSF6B-ZGPAT SNPs 
(rs17173197  ×  rs6010620, Pcombined  =  6.66E-16), and 
a three-way interaction among PRKAG2  ×  TMEM232-
SLC25A46 × TNFRSF6B-ZGPAT SNPs (rs17173197 × rs7

701890 × rs6010620, Pcombined = 5.99E-16). Table 3 shows 
these significant interactions and maintains the consistent 
significant evidence among the initial, replication and com-
bined stages.

Discussion

Gene–gene (or genetic variants) interaction is strongly 
believed to contribute to the genetic risk of common dis-
eases (Cordell 2009). Several genetic variant interactions 
for autoimmune diseases have been reported (Yin et  al. 
2013; Zuo et al. 2014). Environmental factors interact with 
susceptibility genes of atopic dermatitis which were per-
formed in some studies (Li et  al. 2012). There were few 
comprehensive investigations on the genetic variant inter-
actions for atopic dermatitis. We investigated the genetic 
variant interactions among 6 SNPs using MDR/GMDR 
with the genotyping data of 4,636 atopic dermatitis patients 
and 13,559 normal controls. There are four genetic variant 
interactions among 4 SNPs in FLG, TNFRSF6B-ZGPAT, 
PRKAG2, and TMEM232-SLC25A46 that showed signifi-
cant in statistics and confer susceptibility to atopic derma-
titis. These associated genes were identified susceptibility 
to atopic dermatitis at genome-wide level of significance 
(P < 5E-08) in previous GWASs, and with different func-
tions, involved in different pathways, and the genetic vari-
ant interactions affect the development of atopic dermatitis 
(Sun et al. 2011; Hirota et al. 2012; Ellinghaus et al. 2013).

The FLG gene is located in the “epidermal differen-
tiation complex” on chromosome 1q21. FLG (encoding 
filaggrin) has been identified as a major locus causing 
skin barrier deficiency (Palmer et  al. 2006) and with the 
most robust known genetic risk factor for atopic derma-
titis (van den Oord et al. 2009). PRKAG2 encodes AMP-
activated protein kinase (AMPK), an important energy-
sensing enzyme, which monitors cellular energy status 
and functions. Within 20q13.33, TNFRSF6B belongs to 
the tumor necrosis factor receptor superfamily, and plays 
an important role in adaptive immune responses. Research 
has shown that mRNA expression of serum TNFRSF6B 
in individuals with atopic dermatitis increased compared 
with healthy individuals and control subjects with non-
atopic inflammatory disease (Chen et  al. 2004). ZGPAT 
is a transcription repressor and negatively regulates the 
expression of epidermal growth factor receptor (EGFR) 
(Chan et al. 2006). EGFR pathway has a major impact on 
the inflammatory/immune reactions of the skin, enhanc-
ing innate immune defense while opposing over activation 
of keratinocyte pro-inflammatory functions (Pastore et al. 
2008). In addition, EGFR is overexpressed in the lesional 
skin of atopic dermatitis individuals, and the blocking 
EGFR enhances skin inflammation (Mascia et  al. 2003). 

http://www.r-project.org/
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At 5q22.1, several SNPs have been identified to be associ-
ated with atopic dermatitis in various populations. Several 
genes were observed in the association interval (Sun et al. 
2011; Hirota et al. 2012). Of these genes, SLC25A46 is a 
member of the solute carrier 25 (SLC25) family, which 
encodes mitochondrial carrier proteins and functions as 
transporters of a large variety of molecules (Palmieri 
2004). Previous study has shown that SLC25A46 is up-reg-
ulated after IL-2 deprivation in both primary and immor-
talized cells (Chechlinska et al. 2009). TMEM232 encodes 
a transmembrane protein 232, belonging to the functional 
class of tetraspan transmembrane proteins. Notably, TSLP 
primes dendritic cells to promote the Th2 inflammatory 
response, and plays a potentially important role in the 
pathogenesis of inflammatory diseases such as atopic der-
matitis (Fang et al. 2010).

Significant interaction between FLG and PRKAG2 SNPs 
was identified. PRKAG2 as an energy-sensing gene may 
monitor the energy status and functions of filaggrin during 
the process of epidermal differentiation and maintaining 
barrier function. There is a pair–way interaction between 
PRKAG2 and TNFRSF6B-ZGPAT SNPs. We speculate 
that this interaction may prompt the inflammatory progress 
and regulate the innate-adaptive immune response. For the 
interaction between PRKAG2 and SLC25A46-TMEM232, 
PRKAG2 may provide energy for the progress of  protein 
transport and inflammatory response in the development of 
atopic dermatitis. We observed that PRKAG2 interacts with 
TNFRSF6B-ZGPAT and SLC25A46-TMEM232, respec-
tively. Interestingly, we observed that the three SNPs of 
PRKAG2, TNFRSF6B-ZGPAT and TMEM232-SLC25A46 
constitute a three-way interaction. Taken together, our 
study indicates that the interactions among these loci may 
play an important role in the innate-adaptive immune 
response, regulatory T cells, cellular energy, and protein 
transport, to make a systematic effect on the pathogenesis 
of atopic dermatitis.

In this study, we evaluated genetic variant interactions 
using MDR/GMDR, which is genetically model free, non-
parametric and directly applicable to case–control and 
discordant-sib-pair studies. The false-positive results are 
minimized due to multiple testing. However, the results 
of MDR/GMDR are difficult to interpret, and the predic-
tion ability is limited for independent data sets when the 
dimensionality of the best model is relatively high and the 
sample is relatively small (Ritchie et al. 2001). In view of 
these aspects, some other more effective interaction meth-
ods need to be developed.

In conclusion, we provided evidence for interactions in 
the susceptibility of atopic dermatitis. These findings will 
expand our understanding of the contribution of complex 
genetic effects to the pathogenesis of atopic dermatitis, and 
highlight the important role of the epistatic effect in the eti-
ology of atopic dermatitis. Further pathway and functional 
studies of these genetic variant interactions with atopic der-
matitis need to be conducted in more depth and identified 
by other new methods in the future.
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