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Abstract

Several confirmed genetic susceptibility loci involved in the interferon signaling and Th17/B cell response for SLE in Chinese
Han populations have been described. Available data also indicate that sex-specific genetic differences contribute to SLE
susceptibility. The aim of this study was to test for gene–gene/gene-sex epistasis (interactions) in these known lupus
susceptibility loci. Six single-nucleotide polymorphisms (SNPs) in MiR146a, IRF5, IKZF1, ETS1 and IL21 were genotyped by
Sequenom MassArray system. A total of 1,825 subjects (858 SLE patients and 967 controls) were included in the final
analysis. Epistasis was tested by additive model, multiplicative model and multifactor dimensionality reduction (MDR)
method. Additive interaction analysis revealed interactions between IRF5 and IKZF1 (OR 2.26, 95% CI 1.48–3.44
[P = 1.216104]). A similar tendency was also observed between IL21 and ETS1 by parametric methods. In addition, multiple
high dimensional gene-gene or gene-sex interactions (three-and four-way) were identified by MDR analysis. Our study
identified novel gene–gene/gene-sex interactions in lupus. Furthermore, these findings highlight sex, interferon pathway,
and Th17/B cells as important contributors to the pathogenesis of SLE.
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Introduction

Systemic lupus erythematosus (SLE) is a prototypic, systemic,

autoimmune disease, characterized by a diverse array of autoan-

tibody production, complement activation and immune-complex

deposition, which causes tissue and organ damage. The aetiology

of SLE is incompletely understood, but genetic factors play an

important role in the susceptibility to the disease.

Recent candidate gene and genome-wide association studies

(GWAS) led to the discovery and validation of multiple

susceptibility loci for SLE. The loci previously confirmed for

SLE in Chinese include genes involved in the interferon signaling

(eg. IRF5, IRF7, Mir146a, IKZF1) and Th17/B cell regulation (eg.

ETS1) [1–3]. The reported effect of IL21 on B-cell differentiation

into plasma cells and its effect on Th17-cell responses make IL21

an attractive candidate gene for SLE [4]. Previous studies

established and confirmed the genetic association between IL21

and lupus in European descent [4–5]. In a recent case-control

study (605 patients, 666 controls), Ding et al showed that

polymorphisms of IL21 gene have a marginal association with

SLE susceptibility in the Chinese populations [6]. Most above

pathway genes are known to play a key role in the pathogenesis of

the disease. Since the heritability of SLE cannot be completely

explained by the susceptibility loci already discovered. Herein, we

sought to examine gene–gene interactions (epistasis) in some of the

previously established susceptibility loci for SLE in Chinese

populations.

Current data also indicate that sex-specific genetic differences

contribute to SLE susceptibility. For example, the frequency of the

risk alleles in the HLA, IRF5 and osteopontin (SPP1) locus was

significantly higher in men than in women with SLE [7,8].

Interestingly, polymorphism in the KIAA1542 locus was shown to

be associated with lupus in women but not in men [7]. Therefore,

we also investigated gene–sex interactions in above genes.

Results

Replication of Genetic Association with SLE in Chinese
After the quality control measures were applied, a total of 1,825

subjects (858 SLE patients and 967 controls) were included in the

analysis. Table S1 shows demographic characteristics for study

participants. The result of allelic association for single SNP is

showed in Table 1. All SNPs in controls were under the Hardy-

Weinberg equilibrium (HWE) (Table 1). In current study, 3 genes

(ETS1, IKZF1 and IRF5) previously reported in GWAS of Chinese

Han populations were replicated. The SNP rs907715 in IL21

showed association (P = 0.01) with SLE in Chinese. Association

analysis using the genotype data (adjust for sex and age) generated
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a more significant result (P = 0.004). In the current study, the

power to detect a 1.3-fold increased risk, assuming an alpha value

of 0.05, was 0.997 for rs907715. However, significant association

with SLE was not observed in the selected SNP for MiR146a.

Additive Gene-gene Interactions Analysis by Direct
Counting and Chi-square Test using a 262 Factorial
Design
Because the numbers for some genotypes were small, and in

most cases dominant models showed the better fit for association,

we considered the dominant model in a further interaction analysis

stage. In the current study, differences in risk genotype counts

between patients and controls were high, which was particularly

significant when risk genotypes were combined (Table S2). A

significant additive interaction was observed between IRF5

GA+AA and IKZF1 GT+TT (OR 2.26, 95% CI 1.48–3.44

[P= 1.216104]); the risk genotype combination contributed the

most to the overall interaction, with the remaining combinations

within being nonsignificant. The attributable proportion due to

interaction (AP) was 0.41, and the relative excess risk due to

interaction (RERI) was 0.93. A similar tendency was also observed

between IL21 rs907715 AG+GG and IRF5 GA+AA (OR 2.03,

95% CI 1.49–2.78 [8.136106] AP 0.14, RERI 0.29); IL21

rs907715 AG+GG and ETS1 GA+AA (OR 1.79, 95% CI 1.22–

2.63 [P= 2.586103] AP 0.34, RERI 0.60); IKZF1 GT+TT and

ETS1 GA+AA (OR 2.10, 95% CI 1.23–3.57 [P= 5.256103] AP

0.29, RERI 0.61).

Multiplicative Interaction Effect Analysis by Logistic
Regression
We tested whether the log likelihood of the logistic model was

significantly improved by adding an additional pairwise in-

teraction term for the combined 2 SNPs. The result of genetic

interactions for pairwise SNP is showed in Table 2. A marginal

effect of gene-gene interaction was detected between ETS1 and

IL21 rs2221903 in codominant model (b=0.26, P= 0.02).

Dominant model also showed a consistent tendency toward

a gene–gene interaction between ETS1 and IL21 rs907715

(b=0.58, P= 0.03). We have not observed any genetic interactions

for other SNP combinations by the codominant, dominant and

recessive models (P.0.05).

The result of pairwise gene-sex epistasis by logistic regression

models is showed in Table S3. A marginal effect was detected

between sex and IL21 rs907715 in dominant model (b=0.70,

P = 0.03). We have not observed any multiplicative interactions for

other gene-sex combinations by the codominant, dominant and

recessive models (P.0.05). In order to corroborate the gene-sex

interaction, we then compared risk allele frequencies between men

and women with SLE (mean age was 35.75 years for male patients

and 35.84 for female). There were no significant deviations in

male-female frequencies (Table S4).

Gene-gene and Gene-sex Interaction by MDR
Next, we used MDR analysis to identify potential high

dimensional gene-gene interactions. The two- to four-way gene-

gene interaction models are listed in Table 3. The SNP in the

ETS1 gene had the highest testing-balanced accuracy among the 6

SNPs. The model of IL21 rs907715and ETS1 showed the highest

testing-balanced accuracy in two-way level (Figure S1a). The

pairwise interaction was then validated based on 1000 permuta-

tions (p,0.03). A three-way interaction found between IL21

rs907715, IKZF1 and ETS1 showed the highest testing-balanced

accuracy and cross validation consistency in original data. Since

our dataset is unbalanced, with 858 cases and 967 controls. An

over- and under-sampling approach was applied to evaluate the

high dimensional interaction. Based on the highest testing-

balanced accuracy and cross validation consistency, a four-locus

model (IL21 rs907715, IRF5, IKZF1, ETS1) was chosen as the final

model (Table S5).

Table 1. Genotype characteristics of each single nucleotide polymorphism.

Gene SNP Function Allelea Case (MAF) Control (MAF) OR (95% CI) P-value HWEb

IL21 rs907715 Intron A/G 0.420 0.463 0.84 (0.74–0.96) 0.01 0.37

IL21 rs2221903 Intron G/A 0.115 0.098 1.19 (0.96–1.47) 0.11 0.18

IRF5 rs4728142 Flanking 5’ UTR A/G 0.164 0.119 1.45 (1.20–1.75) 9.7961025 0.92

IKZF1 rs4917014 Flanking 5’ UTR G/T 0.267 0.331 0.74 (0.64–0.85) 2.5661025 0.39

ETS1 rs6590330 Flanking 3’ UTR A/G 0.407 0.345 1.30 (1.14–1.49) 1.1561024 0.26

MiR146a rs57095329 Promoter G/A 0.214 0.200 1.09 (0.93–1.28) 0.29 0.62

MAF, minor allele frequency; 95% CI, 95% confidence intervals; HWE, Hardy-Weinberg Equilibrium.
anor allele/major allele;
bP-value for HWE.
doi:10.1371/journal.pone.0051090.t001

Table 2. Interaction analysis of gene-gene involved in
systemic lupus erythematosus, by logistic regression*.

Gene
IL21
(rs907715)

IL21
(rs2221903) IRF5 IKZF1 ETS1

IL21
(rs907715)

IL21
(rs2221903)

0.84/0.24

IRF5 0.62/0.73 0.49/0.74

IKZF1 0.27/0.09 0.09/0.72 0.34/0.38

ETS1 0.25/0.03 0.02/0.17 0.49/0.83 0.92/0.50

Mir146a 0.45/0.37 0.51/0.65 0.86/0.72 0.37/0.27 0.15/0.30

*The data are presented as P values (codominant/dominant) for departure from
a multiplicative interaction model, obtained by log-likelihood ratio tests
between the models, with and without an interaction term. An interaction term
was considered significant if P,0.05. The regression models were adjusted for
the potential confounders, including age and sex.
doi:10.1371/journal.pone.0051090.t002

Gene-Gene and Gene-Sex Epistasis in Lupus
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Regarding high dimensional gene-sex interaction, a three-way

interaction found between IRF5, ETS1 and sex showed the highest

testing-balanced accuracy and cross validation consistency in

original data (Table 4, also see Figure S1b). The finding was

further validated by over- and under-sampling approach (Table

S6). In order to elucidate potential three-way gene-sex interactions

in SLE, the top five three-way interaction models were listed

(Table S7). The rank was determined by the training-balanced

accuracy of MDR.

Discussion

Polymorphisms in IRF5, IKZF1 and ETS1 genes have been

identified by recent GWAS in Chinese Han populations [1]. A

functional variant (rs57095329) in MiR146a promoter also was

found in 7,182 Asians by candidate gene approach [3]. The lupus-

susceptibility gene IL21 rs907715, identified in European descent

[4–5], was replicated in current study. All these finding highlight

that interferon signaling and Th17/B cell responses play an

important role in the pathogenesis of SLE. Since previous studies

have shown that polymorphisms in IFN pathway genes were

especially associated with male SLE [7–10]. We then compared

risk allele frequencies between men and women with SLE. The

results showed that there was no significant difference in the

patient group between men and women. It is noteworthy that the

frequency of risk allele in the IRF5 locus was significantly higher in

men than in women with SLE in European descent [7]. In

contrast, our data have not found a sex-specific genetic effect in

IRF5 rs4728142 (OR male-female = 1.06, P= 0.80), which pre-

viously were shown to be most significantly associated with SLE in

Chinese [1].

It is well know that the best methodology for detecting

interaction remains controversial. Combining several analytical

methods may be optimal for detecting epistasis [11,12]. To test for

gene–gene/sex interactions, we performed a 2-step analysis using

a parametric approach, followed by a nonparametric analysis.

Since available data indicate that gene-gene interactions may

occur between different pathophysiological pathways [12,13], we

examined gene-gene interactions for each SNP pair of the 5 genes.

The data showed that there were multiple tendencies toward

interactions in above genes.

Ikaros family zinc finger 1, encoded by IKZF1, is lymphoid-

restricted zinc finger transcription factors. Recently data has

suggested that IKZF1 has an important role in the induction of

Type I interferon [14]. In current study, we showed evidence for

gene–gene interaction between the 2 independent lupus-associated

SNPs within the IRF5 and IKZF1 (AP= 0.41, RERI= 0.93). This

interaction emphasizes the role of the interferon pathway in the

pathogenesis of lupus. Moreover, Fang et al recently identified the

IRF-5-Ikaros axis as a critical modulator of the B-cell immuno-

globulin (Ig) G2a/c class switching. They reported that IRF5 can

control expression of IKZF1. Mechanism analysis further showed

that IRF8 activates the IKZF1 promoter, and IRF-5 inhibits the

transcriptional activity of IRF-8 [15].

The gene-gene interaction between the IL21 and ETS1 was

identified in both additive and multiplicative model. This finding is

very interesting, because it highlights a critical role for Th17 and B

cells in lupus. IL21 play an essential role for the promotion of B-

cell and Th17 activation and differentiation [4]. Available data has

shown that patients with SLE have increased plasma IL21 levels

and proportion of IL21+ T-cells [16,17]. In contrast, ETS1 is

a negative regulator for both pathogenic B cell and Th17 cell

responses [18]. ETS1 is critical in maintaining B cell identity and

its deficiency can drive terminal differentiation of B cells into Ig-

secreting plasma cells [19,20]. Furthermore, ETS1-deficient Th

cells differentiated more efficiently to Th17 cells than wild-type

cells [21]. It is of note that the marginal effect (multiplicative

interaction between IL21 and ETS1) needs further replication on

independent cohorts of SLE patients in order to be confident in

the robustness of the results.

Except for the above interactions (IRF5 and IKZF1, IL21 and

ETS1), we also identified additive interaction tendency between

IL21 rs907715 and IRF5; IKZF1 and ETS1. Intriguingly, each of

the four loci (IL21, IRF5, IKZF1 and ETS1) can be mapped into B

cell signaling pathways [4,14,15,18–20]. In addition, previous

study reported that ETS1 levels can strongly affect MiR146a

promoter activity in vitro. The authors also observed additive

effects of the risk alleles of MiR146a rs57095329 and ETS1

rs1128334 [3]. Therefore, we further investigated whether there is

Table 3. Summary of MDR gene-gene interaction results.

Model Training Bal. Acc. (%) Testing Bal. Acc. (%) Cross-validation Consistency

ETS1 55.07 54.24 9/10

IL21(rs907715), ETS1 56.47 53.69 7/10

IL21(rs907715), IKZF1,ETS1 58.43 55.84 9/10

IL21(rs907715), IRF5, IKZF1,ETS1 60.19 55.72 9/10

doi:10.1371/journal.pone.0051090.t003

Table 4. Summary of MDR gene-sex interaction results.

Model Training Bal. Acc. (%) Testing Bal. Acc. (%) Cross-validation Consistency

Sex 60.54 60.54 10/10

Sex, IKZF1 61.25 58.32 5/10

Sex,IRF5, ETS1 62.62 61.89 9/10

Sex, IKZF1, ETS1, IL21(rs907715) 63.51 59.07 5/10

doi:10.1371/journal.pone.0051090.t004

Gene-Gene and Gene-Sex Epistasis in Lupus
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an interaction between the risk variants of the two genes,

rs6590330 in ETS1 and rs57095329 in MiR146a. No significant

epistatic effect was detected between the two variants in any

additive and multiplicative models.

To strengthen the reliability of the interactions observed in

current study, we conducted functional analysis by method of

bioinformatics. We assessed relational biological network (pathway

analysis, see Figure S2) constructed using Pathway Studio Explore

Affymetrix Edition Version 1.1. However, the protein-protein

interact and transcription factors targets prediction analysis did

not find any directly associations (data not shown). For further

explain for biological significance of interactions, we provided

information of location for these SNPs (Table 1). Moreover, we

also searched expression quantitative trait locus (eQTL) in-

formation from public database. The date showed that

rs4728142 is an eQTL for IRF5 in Asians (CHB, Han Chinese

in Beijing/JPT, Japanese in Tokyo). In addition, the genotype of

rs57095329 is directly related to expression of MiR146a expression

[3]. However, the eQTL information of SNPs in IL21, ETS1 and

IKZF1 is not available from public database. It is noteworthy that

rs1128334 (located at the 39-UTR region of ETS1) have an effect

on the expression level of ETS1. Intriguingly, the SNP have high

linkage disequilibrium (LD) with ETS1 rs6590330 (r2 = 0.97) [22].

Nevertheless, further studies are required to comprehensively

explore whether these SNPs is functional.

For two-way gene-sex interaction, we only detected a significant

epistatic effect between sex and IL21 rs907715 by logistic

regression. However, we did not observe deviations in male-

female frequencies that could corroborate their gene-sex interac-

tions. An interaction between sex and IRF5 locus, which was

previously identified in patients with SLE of European descent [4],

was not replicated in current study. It is of note that several

limitations should be considered when interpreting the results of

gene-sex interactions: First of all, the sample size of male patients

with SLE is relatively small and is therefore of limited power,

which may weaken the conclusion of this study. Secondly, it is

unclear whether male SLE has the same disease severity or clinical

features as female SLE. This question may be important because

a more severe phenotype in lupus patients is often associated with

higher total genetic risk [7].

MDR is a model-free method that can identify high dimensional

gene-gene or gene-environment interactions [23,24]. We applied

the non-parametrical approach and found many three-and four-

way gene-gene and gene-sex epistasis on SLE. These findings may

account for some of the ‘‘missing heritability’’ in GWAS or

candidate gene–based case–control studies for complex diseases.

Furthermore, the data emphasize sex-specific genetic effects

contribute to SLE susceptibility. It should be noted that the end

goal of the MDR analysis is hypothesis generation. Therefore, the

approach may be preferred to reduce the risk of false negatives

[25].The nonparametric analysis of this study reflects a joint effect

consisting of the main genetic effect and the interaction effect.

In current study, we observed that the combined effect of 2 risk

factors would differ from the sum of the effects of the individual

factors. Moreover, we provided possible evidence that in patients

with lupus, the presence of one risk allele can influence the

presence or absence of other risk alleles, across different loci

(marginal association for multiplicative interaction). In addition,

gender may also have an important influence for genetic risk of

SLE. Taken together, our study identified novel gene–gene/gene-

sex epistatic effect in lupus. Furthermore, these findings highlight

sex, the interferon pathway, and Th17/B cells as important

contributors to the pathogenesis of SLE.

Materials and Methods

Ethics Statement
The study was approved by the medical ethics committee of

Anhui Medical University and complied with the principles

outlined in the Helsinki Declaration. All participants gave written

informed consent.

Patients and Controls
Patients with SLE were recruited from the First Affiliated

Hospital of Anhui Medical University and Anhui Provincial

Hospital. The diagnosis of SLE was based on the presence of the

combination of at least four criteria of 1997 American College of

Rheumatology (ACR) revised criteria for the classification of SLE

[26,27]. The healthy control subjects were matched to the patients

geographically and ethnically.

SNPs Selection and Genotyping
SNP rs4728142 for IRF5, rs4917014 for IKZF1 and rs6590330

for ETS1, which previously were shown to be most significantly

associated with SLE in GWAS of Chinese Han populations [1],

were selected for current case–control study. A novel Asian gene

variant (rs57095329) in the promoter region of MiR146a was also

selected [3]. Since previous study showed that polymorphisms of

IL21 gene have a marginal association with SLE susceptibility in

the Chinese populations, we selected SNPs rs907715 and

rs2221903 for IL-21 genotyping [6]. IRF7 rs1131665 is also a risk

factor for the development of SLE in multiple populations

including Chinese. However, the SNP was excluded in view of

low allele frequency (MAF,5%) [2]. A total of 6 SNPs were

included for further analysis (Table 1).

The genotyping was conducted using the Sequenom Massarray

system (Sequenom, Inc., San Diego, CA, USA) according to the

manufacturer’s instructions to determine the genotypes. Only

those individuals with 100% genotype success for all markers were

included for final analysis.

Statistical Analysis
The genotype frequencies of the SNPs were tested for Hardy-

Weinberg equilibrium in control subjects. Disease associations

were analyzed by chi-square tests or by logistic regression analysis.

Statistical power was estimated using Power and Sample Size

Estimation Software (http://biostat.mc.vanderbilt.edu/wiki/

To test for additive gene-gene interactions, direct counting and

chi-square tests were performed using a 262 factorial design to

calculate the AP and RERI. Fisher’s exact test was used when

necessary. If there is no biologic interaction, RERI and AP are

equal to 0 [11].

The multiplicative interactions of two-way gene-gene and gene-

sex were estimated using multiple logistic regression models. For

each individual, key variables were defined as a binary variable

indicating case–control status, with SNP variables ranging from

0 to 2 indicating the number of risk alleles in an individual subject

(Codominant model). Additionally, dominant and recessive models

for gene were also tested [28]. For each SNP pair, a logistic

regression model was built to predict case–control status (de-

pendent variable) based on the indicator variables (sex and age)

and the 2 SNP variables (independent variable), for a total of 4

variables and an intercept [11]. For two-way gene-sex interaction

analysis, age was used as indicator variable. We tested whether the

log likelihood of the model was significantly improved by adding

an additional pairwise interaction term [11]. SPSS11.0 software

Gene-Gene and Gene-Sex Epistasis in Lupus
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was applied for the logistic regression analysis. Two-tailed P values

less than 0.05 were considered significant.

Multifactor dimensionality reduction software (MDR; http://

sourceforge.net/projects/mdr/) is a model-free and non-parame-

trical approach method [23]. Since previous studies have shown

MDR to be a useful method for identifying high dimensional gene-

gene or gene-environment interactions [24]. We then applied

MDR analysis to detect three-and four-way gene-gene/sex

epistasis on SLE. For those interaction models that showed higher

testing-balanced accuracy, we further used permutation tests to

validate the MDR interaction results [25]. Since our dataset is

unbalanced, with 858 cases and 967 controls. An over- and under-

sampling approach was applied to evaluate non-parametrical

interaction effect [25]. A brief description of the MDR approach

and of the meaning of its output has been shown in others papers

[13,23,25].

Supporting Information

Figure S1 The optimal models as determined by MDR for IL21

rs907715 and ETS1 (a), Sex/IRF5/ETS1 (b). (For SNP: 0= no risk

alleles, 1 = 1 risk allele, 2 = 2 risk alleles; For Sex: 1 =male,

2 = female). The numbers within each small square represent

number of cases (left) and controls (right). For each square, dark-

shading indicates high risk of disease, whereas light shading

represents low risk of disease.

(DOC)

Figure S2 Relational gene network constructed using Pathway

Studio Explore Affymetrix Edition Version 1.1 (a); Pathway Studio

Explore Affymetrix Edition Version 1.1 was used to find linkages

between 4 genes and diseases/cell biological processes (b).

(DOC)

Table S1 Characteristics of the patients and healthy controls

studied.

(DOC)

Table S2 Additive interaction analysis of genes involved in SLE

in genotype combinations by chi-square test using 262 factorial

design.

(DOC)

Table S3 Interaction analysis of gene-sex involved in systemic

lupus erythematosus, by logistic regression.

(DOC)

Table S4 Sex–gene disparities between men and women with

systemic lupus erythematosus.

(DOC)

Table S5 Analysis of over- and under-sample data for gene-gene

interaction.

(DOC)

Table S6 Analysis of over- and under-sampled data for gene-sex

interaction.

(DOC)

Table S7 Three-way gene-sex interactions of MDR analysis.

(DOC)

Acknowledgments

We wish to thank Xiang-Pei Li, Jin-Hui Tao (Anhui Provincial Hospital)

and Jian-Hua Xu (the First Affiliated Hospital of Anhui Medical

University) for assistance in sample preparation and data collection.

Author Contributions

Conceived and designed the experiments: RXL WW. Performed the

experiments: RXL WW HC MZ CCF. Analyzed the data: RXL WW.

Contributed reagents/materials/analysis tools: RXL WW HC MZ CCF

YZ XKY MY YZ BZL XSW RL GMC HC. Wrote the paper: RXL.

Critical revising of manuscript: DQY HFP WW HC.

References

1. Han JW, Zheng HF, Cui Y, Sun LD, Ye DQ, et al. (2009) Genome-wide

association study in a Chinese Han population identifies nine new susceptibility

loci for systemic lupus erythematosus. Nat Genet 41: 1234–1237.

2. Fu Q, Zhao J, Qian X, Wong JL, Kaufman KM, et al. (2011) Association of

a functional IRF7 variant with systemic lupus erythematosus. Arthritis Rheum

63: 749–754.

3. Luo X, Yang W, Ye DQ, Cui H, Zhang Y, et al. (2011) A functional variant in

microRNA-146a promoter modulates its expression and confers disease risk for

systemic lupus erythematosus. PLoS Genet 7: e1002128.

4. Sawalha AH, Kaufman KM, Kelly JA, Adler AJ, Aberle T, et al. (2008) Genetic

association of interleukin-21 polymorphisms with systemic lupus erythematosus.

Ann Rheum Dis 67: 458–461.

5. Hughes T, Kim-Howard X, Kelly JA, Kaufman KM, Langefeld CD, et al.

(2011) Fine-mapping and transethnic genotyping establish IL2/IL21 genetic

association with lupus and localize this genetic effect to IL21. Arthritis Rheum

63: 1689–1697.

6. Ding L, Wang S, Chen GM, Leng RX, Pan HF, et al. (2012) A Single

Nucleotide Polymorphism of IL-21 Gene is associated with systemic lupus

erythematosus in a Chinese population. Inflammation Doi: 10.1007/s10753-

012-9497-7.

7. Hughes T, Adler A, Merrill JT, Kelly JA, Kaufman KM, et al. (2012) Analysis of

autosomal genes reveals gene-sex interactions and higher total genetic risk in

men with systemic lupus erythematosus. Ann Rheum Dis 71: 694–699.

8. Han S, Guthridge JM, Harley IT, Sestak AL, Kim-Howard X, et al. (2008)

Osteopontin and systemic lupus erythematosus association: a probable gene-

gender interaction. PLoS One 3: e0001757.

9. Shen N, Fu Q, Deng Y, Qian X, Zhao J, et al. (2010) Sex-specific association of

X-linked Toll-like receptor 7 (TLR7) with male systemic lupus erythematosus.

Proc Natl Acad Sci U S A 107: 15838–15843.

10. Kariuki SN, Crow MK, Niewold TB (2008) The PTPN22 C1858T poly-

morphism is associated with skewing of cytokine profiles toward high interferon-

alpha activity and low tumor necrosis factor alpha levels in patients with lupus.

Arthritis Rheum 58: 2818–2823.

11. Zhou XJ, Lu XL, Nath SK, Lv JC, Zhu SN, et al. (2012) Gene-gene interaction

of BLK, TNFSF4, TRAF1, TNFAIP3, and REL in systemic lupus erythema-

tosus. Arthritis Rheum 64: 222–231.

12. Hughes T, Adler A, Kelly JA, Kaufman KM, Williams AH, et al. (2012)

Evidence for gene-gene epistatic interactions among susceptibility loci for

systemic lupus erythematosus. Arthritis Rheum 64: 485–492.

13. Su MW, Tung KY, Liang PH, Tsai CH, Kuo NW, et al. (2012) Gene-gene and

gene-environmental interactions of childhood asthma: a multifactor dimension

reduction approach. PLoS One 7: e30694.

14. Hu SJ, Wen LL, Hu X, Yin XY, Cui Y, et al. (2012) IKZF1: a critical role in the

pathogenesis of systemic lupus erythematosus? Mod Rheumatol Doi: 10.1007/

s10165-012-0706-x.

15. Fang CM, Roy S, Nielsen E, Paul M, Maul R, et al. (2012) Unique contribution

of IRF-5-Ikaros axis to the B-cell IgG2a response. Genes Immun 13: 421–430.

16. Dolff S, Abdulahad WH, Westra J, Doornbos-van der Meer B, Limburg PC, et

al. (2011) Increase in IL-21 producing T-cells in patients with systemic lupus

erythematosus. Arthritis Res Ther 13: R157.

17. Ettinger R, Kuchen S, Lipsky PE (2008) Interleukin 21 as a target of intervention

in autoimmune disease. Ann Rheum Dis 67 Suppl 3: iii83–6.

18. Leng RX, Pan HF, Chen GM, Feng CC, Fan YG, et al. (2011) The dual nature

of Ets-1: focus to the pathogenesis of systemic lupus erythematosus. Autoimmun

Rev 10: 439–443.

19. Eyquem S, Chemin K, Fasseu M, Chopin M, Sigaux F, et al. (2004) The

development of early and mature B cells is impaired in mice deficient for the Ets-

1 transcription factor. Eur J Immunol 34: 3187–3196.

20. Wang D, John SA, Clements JL, Percy DH, Barton KP, et al. (2005) Ets-1

deficiency leads to altered B cell differentiation, hyperresponsiveness to TLR9

and autoimmune disease. Int Immunol 17: 1179–1191.

21. Moisan J, Grenningloh R, Bettelli E, Oukka M, Ho IC (2007) Ets-1 is a negative

regulator of Th17 differentiation. J Exp Med 204: 2825–2835.

22. Yang W, Shen N, Ye DQ, Liu Q, Zhang Y, et al. (2010) Genome-wide

association study in Asian populations identifies variants in ETS1 and WDFY4

associated with systemic lupus erythematosus. PLoS Genet 6: e1000841.

Gene-Gene and Gene-Sex Epistasis in Lupus

PLOS ONE | www.plosone.org 5 December 2012 | Volume 7 | Issue 12 | e51090



23. Hahn LW, Ritchie MD, Moore JH (2003) Multifactor dimensionality reduction

software for detecting gene-gene and gene-environment interactions. Bioinfor-
matics 19: 376–382.

24. Ritchie MD, Hahn LW, Moore JH (2003) Power of multifactor dimensionality

reduction for detecting gene-gene interactions in the presence of genotyping
error, missing data, phenocopy, and genetic heterogeneity. Genet Epidemiol 24:

150–157.
25. Motsinger AA, Ritchie MD (2006) Multifactor dimensionality reduction: an

analysis strategy for modelling and detecting gene-gene interactions in human

genetics and pharmacogenomics studies. Hum Genomics 2: 318–328.

26. Tan EM, Cohen AS, Fries JF, Masi AT, McShane DJ, et al. (1982) The 1982

revised criteria for the classification of systemic lupus erythematosus. Arthritis
Rheum 25: 1271–1277.

27. Hochberg MC (1997) Updating the American College of Rheumatology revised

criteria for the classification of systemic lupus erythematosus. Arthritis Rheum
40: 1725.

28. Kawasaki A, Ito S, Furukawa H, Hayashi T, Goto D, et al. (2010) Association of
TNFAIP3 interacting protein 1, TNIP1 with systemic lupus erythematosus in

a Japanese population: a case-control association study. Arthritis Res Ther 12:

R174.

Gene-Gene and Gene-Sex Epistasis in Lupus

PLOS ONE | www.plosone.org 6 December 2012 | Volume 7 | Issue 12 | e51090


