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ABSTRACT
Objectives Genetic interaction has been considered
as a hallmark of the genetic architecture of systemic
lupus erythematosus (SLE). Based on two
independent genome-wide association studies (GWAS)
on Chinese populations, we performed a genome-wide
search for genetic interactions contributing to SLE
susceptibility.
Methods The study involved a total of 1 659 cases
and 3 398 controls in the discovery stage and 2 612
cases and 3 441 controls in three cohorts for replication.
Logistic regression and multifactor dimensionality
reduction were used to search for genetic interaction.
Results Interaction of CD80 (rs2222631) and
ALOX5AP (rs12876893) was found to be signiﬁcantly
associated with SLE (OR_int=1.16, P_int_all=7.7E-04 at
false discovery rate<0.05). Single nuclear polymorphism
rs2222631 was found associated with SLE with
genome-wide signiﬁcance (P_all=4.5E-08, OR=0.86)
and is independent of rs6804441 in CD80, whose
association was reported previously. Signiﬁcant
correlation was observed between expression of these
two genes in healthy controls and SLE cases, together
with differential expression of these genes between
cases and controls, observed from individuals from the
Hong Kong cohort. Genetic interactions between BLK
(rs13277113) and DDX6 (rs4639966), and between
TNFSF4 (rs844648) and PXK (rs6445975) were also
observed in both GWAS data sets.
Conclusions Our study represents the ﬁrst genomewide evaluation of epistasis interactions on SLE and the
ﬁndings suggest interactions and independent variants
may help partially explain missing heritability for complex
diseases.

INTRODUCTION
Systemic lupus erythematosus (SLE) is a prototypical autoimmune disease that mainly affects women
of child-bearing age with multiorgan damage and
production of antibodies against self. Genetic
factors play important roles in SLE, supported by
the fact that the concordance rate for SLE is much
higher in monozygotic (25–70%) twins than in
dizygotic twins (2–9%).1 2 Genome-wide association studies (GWAS) have greatly improved our
understanding of the genetic factors for the disease.
Single locus analysis has been the major method
used in most GWAS to date, despite the understanding that interplays between multiple genetic
variants may be important in conferring disease
susceptibility.3 Thus, detecting genetic interactions
between different loci may allow us to better
understand the genetic factors involved in this
disease.
Several methods have been developed to detect
genetic interactions using genome-wide association
data.3 For one group of methods, interactions are
tested by ﬁtting a logistic regression model of
effects from individual variants and effects from
genetic interaction. However, logistic regressionbased methods are often criticised for their inability
to deal with non-linear models and with highdimensional data that contain many potentially
interacting predictor variables.4 5 The second
group of approaches seeks to identify combinations
of loci that would together inﬂuence a disease
outcome, possibly by interactions rather than by
main individual effects. Multifactor dimensionality
reduction (MDR)6 seeks to identify evidence for
higher-order genetic interactions in the absence of
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statistically signiﬁcant main effects to the disease. It has been
used to identify potential interacting loci for several diseases
such as type 2 diabetes7 and rheumatoid arthritis.8
So far, most reported interactions on SLE were found through
a candidate gene approach, for which prior biological knowledge
and conﬁrmed disease association were taken into consideration.9–13 Moreover, unlike main effects for associated variants,
very few interactions have been supported by further studies on
additional independent populations or cohorts. In this study, we
focused on testing pairwise genetic interactions for SLE using
two GWAS conducted on Chinese populations. Potential interaction pairs were followed up by replication from three cohorts.
We conﬁrmed one interacting single nuclear polymorphism
(SNP) pair as associated with SLE susceptibility, of which one
SNP was located in a locus not previously known to be associated
with SLE (ALOX5AP) and another one was an independent
variant from a known associated gene (rs2222631 in CD80).

MATERIALS AND METHODS
Study participants
The samples included in the current study were collected from
Hong Kong, Anhui, China, Bangkok and Thailand, as reported
previously14–16 (ﬁgure 1, see online supplementary table S1).
All the cases have fulﬁlled the revised criteria of the American
College of Rheumatology for diagnosis of SLE. Cases from
Hong Kong were recruited from ﬁve hospitals (HK_GWAS and
HK_REP). Controls from Hong Kong in the discovery stage
were individuals from other GWAS studies conducted at the
University of Hong Kong using the same platform (HK_GWAS)
and blood donors from Hong Kong Red Cross in the replication
stage (HK_REP). The cases for the Anhui GWAS (AH_GWAS)
and replication stage (AH_REP) were recruited from several
hospitals in central and southern China, and the controls were
carefully selected from geographically matched unrelated
healthy individuals from respective provinces (AH_GWAS and

AH_REP). The cases from Thailand were patients visiting King
Chulalongkorn Memorial Hospital and geographically matched
healthy donors were used as controls (TH_REP).

Analysis of genetic interaction
Genetic interaction (case-control analysis) by logistic regression
was done using PLINK.17 A total of 33 704 and 33 168 interacting SNP pairs with P_int (interaction p values) <0.05 were
retained for Anhui GWAS data and Hong Kong GWAS data,
respectively. Overlapping SNP pairs in these two independent
evaluations were used for further analysis. The false discovery
rate (FDR) method described by Benjamini and Hochbergi was
used to correct for multiple comparisons.18
MDR was used to detect and characterise high-order genetic
interactions. The high-risk di-genotypes for SLE were deﬁned
when the percentage of patients with those di-genotypes was
equal to or greater than that of controls, whereas the low-risk
groups were deﬁned when the ratio of percentages was lower
than 1. The analysis was carried out using V.2.0β8.4 of the
MDR software package (http://www.epistasis.org).

Genotyping
The GWAS data were generated using Illumina 610-Quad
Beadchip for both data sets (HK_GWAS and AH_GWAS).
Replication of the candidate SNPs was performed by the
TaqMan genotyping method (Life Technologies) on the remaining samples from Hong Kong that were not included in the discovery stage (HK_REP), samples collected from Bangkok,
Thailand (TH_REP), and samples from an independent Anhui
cohort (AH_REP).

Analysis of association
For the GWAS data from Hong Kong and Anhui, the quality
control processes were conducted separately using PLINK.17
SNPs were removed if the genotype call rate was <90%, minor

Figure 1 Flow chart on the experimental process and SNP selection criteria.
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allele frequency was <1%, and there was violation of the
Hardy-Weinberg equilibrium ( p≤10−4). The samples were
removed from analysis if their SNP call rate was <90% or if a
hidden relationship was detected. A total of 493 346 autosomal
SNPs in 612 cases and 2193 controls from the Hong Kong
cohort, and 493 645 autosomal SNPs in 1047 cases and 1205
controls from the Anhui cohort were analysed.16
We used the inverse variance method installed in METAL19
for meta-analysis. Joint analysis of association was conducted
using the Cochran–Mantel–Haenszel (CMH) test, and homogeneity of the effect size between different cohorts and different
stages of the study was tested by the Breslow-Day test, both
installed in PLINK. Conditional logistic regression was done by
SNPTESTv2.4.1 to test the independent effect of an SNP,
adjusting for the effect from other SNP(s) in the same locus and
also treating the cohort as a covariate.

Real-time quantitative PCR on the expression of
CD80 and ALOX5AP
Total mRNA extracted from peripheral blood mononuclear cells
(PBMCs) using the All Prep DNA/RNA mini kit (QIAGEN) was
reverse-transcribed into cDNA (Life Technologies). Using
real-time quantitative PCR (qRT-PCR), the expression levels of
CD80 (Life Technologies, Hs01045161_m1) and ALOX5AP
(Hs00970920_m1), normalised by 18S rRNA (Hs99999901_s1),
were calculated using the 2−ΔΔCt method. Log10 transformed
CD80 and ALOX5AP expression levels were compared between
patients with SLE and healthy controls using Student’s t test.
Pearson correlations were computed between the expression of
CD80 and ALOX5AP in cases and controls using Graphpad
Prism5. Logistic regression was used to examine the correlation of
expression level of CD80 and ALOX5AP and SNP genotypes.

performed by logistic regression using PLINK.17 In total, 1588
SNP pairs remained nominally signiﬁcant in both GWAS data
sets (P_int <0.05), but 855 SNP pairs showed different directions in terms of the effect of interaction (OR_int<1 or
OR_int>1) in the two data sets and were not further pursued.
For the remaining pairs, meta-analysis was performed on the
interaction results from the two independent data sets using
METAL.19 Based on meta-analysis of interaction (P_comb_int),
15 SNP pairs (P_comb_int <1E-04) were further examined.
When SNP pairs having high linkage disequilibrium (LD) with
each other were collapsed, 10 pairs remained, and the results
are shown in table 1. The FDR method was used to correct for
multiple comparisons,18 and all 10 candidate SNP pairs had an
FDR <0.05. All 20 SNPs showed moderate association with
SLE when they were analysed individually, based on the metaanalysis of the two GWAS data sets (3.8E-04≤P_meta≤2.2E-03)
(see online supplementary table S2).
Secondly, pairwise interaction tests were performed using
MDR analysis on the 10 SNP pairs selected from logistic regression. MDR identiﬁed SNP pairs with maximum cross-validation
consistency and balanced accuracy using the two-locus model
(see online supplementary table S3). In agreement with the
results from logistic regression, signiﬁcant interactions ( p<0.01)
were observed in both GWAS data sets for all the 10 pairs. The
directions of the interaction based on OR (OR_int) for this
model were also examined for these pairs, and seven pairs
showed consistency by the two methods. We selected pair
rs2222631 (CD80) and rs12876893 (ALOX5AP), pair
rs4073643 (LHFPL3) and rs7920305 (Fas) for further replication in additional cohorts based on signiﬁcant combined interaction p value (P_comb_int) (table 1) and understanding of the
biological functions of the genes involved. The selection process
was further elaborated in the description of table 1.

RESULTS
Identiﬁcation of genetic interactions from GWAS data

Replication of the two candidate interaction pairs

We tested pairwise interaction among the SNPs, using the two
GWAS data sets collected from Hong Kong and Anhui, China,
respectively. Considering the limitation of computational efﬁciency, the SNPs were preselected based on their association
results from meta-analysis, and 1202 SNPs with meta-analysis
p value (P_meta) <5E-03 were evaluated. Testing for pairwise
interaction among these SNPs in both GWAS data sets was ﬁrst

Further replication for selected SNPs was performed by the
TaqMan SNP genotyping method using assay-on-demand
probes and primers (Life Technologies) on the remaining
samples (ﬁgure 1, see online supplementary table S1).
Association of each SNP with SLE was evaluated based on
samples from discovery stage and replication stage (table 2).
Among the four SNPs, rs2222631 (CD80) reached genome-

Table 1 Genetic interactions detected from two GWAS data sets by logistic regression
AH_GWAS

HK_GWAS

SNP1

CHR1

GENE1

SNP2

CHR2

GENE2

OR_int

P_int

OR_int

P_int

P_comb_int

HetPVal

rs1358357
rs10160742
rs4674516
rs10816735
rs4888121
rs2222631
rs1319447
rs1416819
rs4073643
rs17040235

7
11
2
9
16
3
11
1
7
2

AUTS2
CADM1
NA
IKBKAP
PKD1L2
CD80
ABCC8
RNF186
LHFPL3
NRXN1

rs7039222
rs2028416
rs7494172
rs3812945
rs243642
rs12876893
rs11226163
rs887564
rs7920305
rs3751120

9
14
14
15
21
13
11
4
10
11

PXK
KIAA0284
IGH
SCAMP5
LINC00113
ALOX5AP
PDGFD
NA
FAS
FLRT1

0.71
1.71
1.56
3.4
0.66
1.33
0.68
1.76
1.37
1.34

1.0E-04
2.2E-04
2.9E-04
3.5E-04
4.5E-04
6.1E-04
6.5E-04
7.7E-04
9.0E-04
9.3E-04

0.82
1.31
1.26
2.19
0.75
1.22
0.79
1.43
1.34
1.24

3.1E-02
4.6E-02
3.2E-02
1.3E-02
1.4E-02
3.5E-02
4.1E-02
4.1E-02
4.3E-03
2.8E-02

1.5E-05
4.9E-05
3.8E-05
1.7E-05
2.3E-05
7.9E-05
9.9E-05
1.2E-04
1.2E-05
8.7E-05

0.29
0.30
0.38
0.54
0.55
0.44
0.42
0.43
0.87
0.53

HetPVal is the heterogeneity p value. The two bold-faced SNP pairs were selected for further replication. The pair CD80 (rs2222631) and ALOX5AP (rs12876893) was selected upon the
known association of CD80 to SLE, and the explainable biological function of ALOX5AP to leukotriene synthesis. The pair LHFPL3 (rs4073643) and FAS (rs7920305) was selected as the
most significant P_comb_int (1.2E-05) in the 10 pairs. Furthermore, the genes CD80, ALOX5AP and FAS were prioritised with obvious mouse knockout immune system phenotypes from
public database, especially Fas showed a key role in the pathogenesis of various malignancies and immune system diseases.43
AHGWAS, Anhui GWAS data; GWAS, genome-wide association studies; HKGWAS, Hong Kong GWAS data; OR_int means OR for interaction, and a value of 1.0 indicates no effect; SLE,
systemic lupus erythematosus.
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The calculation of OR is also based on the minor allele of each SNP. Risk allele of each SNP is underlined.
The p values are shown in bold if the SNPs showed a consistent trend in the replication stage.
AHGWAS, Anhui GWAS data; AHREP, Anhui replication panel; GWAS, genome-wide association studies; HKGWAS, Hong Kong GWAS data; HKREP, Hong Kong replication panel; OR, OR from the combined analysis; P_all, p values from a combined analysis
of the results from the two GWASs and the three replication panels with the use of the Cochran-Mantel-Haenszel test of disease association conditional on SNP-frequency differences among different panels; P_Het, p values of the homogeneity test of ORs
from the five different panels with the use of the Breslow-Day test; SLE, systemic lupus erythematosus; TH, Thailand replication panel.

0.88
0.57
0.01
0.4
to
to
to
to
(0.81
(1.06
(0.99
(1.04
0.86
1.12
1.06
1.10
4.50E-08
6.20E-05
8.10E-02
7.40E-04
0.12
0.07
0.24
0.27
0.5
0.52
0.24
0.47
0.46
0.56
0.22
0.49
G<A
G<A
G<A
G<A
rs2222631
rs12876893
rs4073643
rs7920305

1.90E-03
0.02
4.90E-04
0.01

0.45
0.52
0.31
0.52
0.47
0.41
0.32
0.36
0.43
0.44
0.37
0.4

0.48
0.48
0.29
0.48

0.09
0.01
0.12
9.00E-03

0.44
0.44
0.35
0.39

0.47
0.43
0.35
0.38

0.02
0.53
0.64
0.61

0.46
0.5
0.3
0.5

0.5
0.47
0.31
0.49

1.40E-03
0.08
0.37
0.33

CTRL
CASE

TH_REP

p Value
F_U
F_A

HK_REP

p Value
F_U
F_A

AH_REP

p Value
F_A

F_U

HK_GWAS

F_U
F_A

p Value
AH_GWAS

Allele
SNP

Table 2

Association of interaction SNPs with SLE by joint analysis of results from three cohorts and combining data from GWAS and replication

p Value

P_all

OR (95% CI)

0.91)
1.18)
1.12)
1.17)

P_het

Basic and translational research
wide signiﬁcance of disease association (P_all=4.5E-08,
OR=0.86). Its interaction partner rs12876893 (ALOX5AP)
showed suggestive association to SLE (P_all=6.2E-05,
OR=1.12). For the other interaction pair, rs4073643 (LHFPL3)
and rs7920305 (Fas), the former failed to show evidence of
association based on joint analysis (P_all=8.1E-02, OR=1.06),
while rs7920205 did not reach GWAS signiﬁcance despite demonstrating the same trend in different cohorts in replication
(P_all=7.4E-04, OR=1.1).
SNP rs2222631 is located in an intron of CD80, a susceptibility gene for SLE. There is moderate LD between rs2222631 and
rs6804441, the reported SNP from our previous study16
(r2<0.5 in different cohorts, see online supplementary ﬁgure
S1). Conditional logistic regression was performed to test independence between the newly identiﬁed SNP rs2222631 and
rs6804441, both SNPs remained signiﬁcant when the effect
from the other SNP was adjusted for (see online supplementary
table S4). The interaction between SNP rs6804441 and
rs12876893 in ALOX5AP was also examined and no evidence
of interaction was found (P_int=0.30, OR_int=0.96) (see
online supplementary table S5).

Interaction between CD80 (rs2222631) and ALOX5AP
(rs12876893) and between LHFPL3 (rs4073643) and Fas
(rs7920305) by replication data
We tested whether the logistic model was signiﬁcantly improved
for the interaction between CD80 (rs2222631) and ALOX5AP
(rs12876893) and between LHFPL3 (rs4073643) and Fas
(rs7920305) using data from GWAS and the replication stage.
As shown in ﬁgure 2 (see detailed information in supplementary
table S6), signiﬁcant joint interaction p values (P_int_all) were
observed after adjusting for potential subpopulation differences
among cohorts, although with more moderate effect sizes comparing with the results from the GWAS stage alone. For both
pairs, the interactions in the Thailand cohort were not signiﬁcant despite demonstrating the same trend, which might be due
to the limited sample size in this cohort.
Pairwise MDR analysis was again used to test genetic interaction, incorporating samples from GWAS and the replication
stage. As shown in online supplementary table S7, a signiﬁcant
effect for interaction ( p<0.01) was observed in different
cohorts for the CD80 (rs2222631) and ALOX5AP (rs12876893)
pair. Case-control comparison of different genotype combinations for the two SNPs in different cohorts was illustrated in
ﬁgure 3. High-risk di-genotype (eg, AA/GG) was shown to be
much higher in percentage in cases than in controls for the
CD80 (rs2222631-A) and ALOX5AP (rs12876893-G) pair
(ﬁgure 3) across different cohorts, which is consistent with the
results from logistic regression. For the LHFPL3 (rs4073643)
and Fas (rs7920305) pair, although the result was statistically
signiﬁcant across different populations (see online supplementary table S7), the case-control comparison of genotype combinations was not consistent among different cohorts (see online
supplementary ﬁgure S2).

Expression of CD80 and ALOX5AP in patients with SLE
Allelic association and genetic interaction pointed to the
involvement of the two SNPs, rs2222631 and rs12876893 in
SLE. To gain further biological insight, we examined the expression of CD80 and ALOX5AP by qRT-PCR in PBMC from 96
SLE cases and 273 healthy controls, all from the Hong Kong
cohort. It was showed that ALOX5AP expression was highly correlated with the expression of CD80 in healthy controls, suggesting a potential functional link between these two genes
Zhang Y, et al. Ann Rheum Dis 2015;0:1–8. doi:10.1136/annrheumdis-2014-206367

Basic and translational research
We also compared the gene expression level between SLE
cases and controls, and signiﬁcantly lower expression for
ALOX5AP ( p<0.0001) and higher expression for CD80 were
detected ( p<0.0001) in SLE cases than in healthy controls (see
online supplementary ﬁgure S4).

Interactions among reported SLE susceptibility variants

Figure 2 Genetic interaction by logistic regression from each cohort
and meta-analysis. The analysis results combined the samples from
genome-wide association studies (GWAS) and replication stages. The
meta-analysis results were showed in red colour and the interaction
patterns from different cohorts showed consistent direction (OR>1).
(Pearson’s r=0.39, p<0.0001, ﬁgure 4). There is a similar but
much weaker expression correlation in patients with SLE
between these two genes (Pearson’s r=0.16, p=0.16, ﬁgure 4).
In order to further examine whether the correlation of these
two genes varies in different cell types, expression correlation of
CD80 and ALOX5AP was analysed across 26 different types of
tissues and organs (http://www.genenetwork.org/) (see online
supplementary ﬁgure S3), and good correlation was observed
(Spearman’s r=0.675, p=8.57E-05). Furthermore, both of
these two genes were found to show high level expression in
cells and tissues of the immune system (see online supplementary table S8).
Logistic regression was used to examine the ALOX5AP and
CD80 expression and different combination of genotypes of
SNP rs12876893 (ALOX5AP) and rs2222631 (CD80) in controls and cases. There is evidence of correlation between the
genotypes of rs12876893 (ALOX5AP) and the expression level
of CD80 in healthy controls ( p=0.0056) (see online supplementary table S9). Meanwhile, the interaction between SNP
rs12876893 and SNP rs2222631 might also be correlated with
the expression level of CD80 ( p=0.03042) (see online supplementary table S9). However, no evidence of association was
detected between the genotypes and expression of ALOX5AP in
either cases or controls.

For the 42 SNPs from 37 known susceptibility loci for SLE (see
online supplementary table S10), we tested pairwise interaction
using logistic regression.14 15 20–22 Six pairs showed
meta-analysis interaction p value (P_comb_int) <0.01 and were
listed in online supplementary table S11. Two pairs,
rs13277113 (BLK) and rs4639966 (DDX6), and rs844648
(TNFSF4) and rs6445975 (PXK), showed consistently and statistically signiﬁcant results (P_int<0.05) in both GWAS data sets.
Further replication of these ﬁndings is necessary to examine the
validity of these interactions, as the sample size is still small and
the power is low in detecting genetic interactions.

DISCUSSION
In the present study, we have searched for pairwise genetic interactions using two GWAS data sets. To our knowledge, this is the
ﬁrst genome-wide analysis for genetic interaction for SLE. We
identiﬁed an interaction pair between CD80 (rs2222631) and
ALOX5AP (rs12876893) with OR_int_all equal to 1.16
(P_int_all=7.70E-04) with consistent results from different
cohorts.
SNP rs2222631 is located in CD80, which encodes a membrane receptor activated upon binding of CD28.23 The percentage of CD80+ cells in the activated B cell subset in SLE was
signiﬁcantly higher than in controls.24 Increased CD80 expression has been shown to play an important role in the development of lupus nephritis.25 CD80 was also found to be
associated with coeliac disease (rs11712165),26 multiple sclerosis (rs1132200)27 and primary biliary cirrhosis (rs2293370),28
all of which have a strong autoimmune component. The SNPs
reported from other diseases have low LD with the two SNPs
detected for SLE (rs2222631 and rs6804441)16 (see online supplementary ﬁgure S1).
Its interaction partner SNP rs12876893 is located in an intergenic region, downstream of ALOX5AP and TEX26-AS1.
Functional annotation of the SNP and surrounding genes with

Figure 3 The optimal two-locus model as determined by multifactor dimensionality reduction analysis on variants in CD80 and ALOX5AP in the
three cohorts. The numbers within each small square represent the percentage of individuals with the speciﬁc genotype combinations (di-genotypes)
in cases (left) and controls (right). The dark-shaded squares indicate risk for disease, whereas light shaded squares represent low risk for disease.
Boxes were labelled as high risk if the ratio of percentage (labelled above each bar) of the patients to that of the controls ≥1. AH_all: combined the
Anhui samples from the GWAS stage (AH_GWAS) and the replication stage (AH_REP); HK_all:combined the Hong Kong samples from the GWAS
stage (HK_GWAS) and the replication stage (HK_REP). TH_all: all the Thailand samples in the replication stage (TH_REP).
Zhang Y, et al. Ann Rheum Dis 2015;0:1–8. doi:10.1136/annrheumdis-2014-206367
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Figure 4 Expression correlation
between CD80 and ALOX5AP in cases
and controls. Expression correlation in
controls (A) and cases (B) between
CD80 and ALOX5AP. Expression of the
two genes was measured by TaqMan
probe (Life Technologies) in peripheral
blood mononuclear cells on 96
systemic lupus erythematosus cases
(88 women and 8 men) and 273
healthy controls (206 women and 67
men), all from the Hong Kong cohort.

GREAT, a tool speciﬁcally designed to assign biological function
to non-coding genomic regions,29 indicated that the most probable association is with ALOX5AP, a gene that is involved in leukotriene synthesis. ALOX5AP is expressed in airway leucocytes
in response to a number of stimuli including allergens and
implicated in various types of inﬂammatory responses including
asthma, arthritis and psoriasis.30 Signiﬁcantly larger effect (OR)
of rs12876893 to the disease was observed in individuals carrying more risk alleles of rs2222631, and vice versa, supporting a
role of interaction of these two genes in disease susceptibility
(see online supplementary ﬁgure S5). However, the role of
ALOX5AP in SLE remains speculative until functional characterisation clearly links this gene to SLE susceptibility and explains
the genetic interaction observed in this study.
Abnormal expression of CD80 and ALOX5AP were detected
in patients with SLE compared with controls (see online supplementary ﬁgure S4). We also detected much stronger expression
correlation between CD80 and ALOX5AP in controls than in
cases. The genotypes of interacting SNP rs12876893
(ALOX5AP) were found to correlate with the expression of
CD80. Furthermore, the interaction of rs12876893 (ALOX5AP)
and rs2222631 (CD80) was also found to correlate with the
expression of CD80 (see online supplementary table S9), consistent with the genetic interaction between these genes identiﬁed in this study. Freely accessible expression Quantitative Trait
Loci (eQTL) databases were closely examined, including
mRNA-by-SNP-Browser-V.1.0.131 32 and Genevar.33 Consistent
with our results, using the eQTL data acquired from Dimas
et al34 in the Genevar database, we found a marginal expression
difference on CD80 among individuals with different genotypes
on SNP rs12876893 (ALOX5AP) ( p=0.0573) in T cells (see
online supplementary ﬁgure S6). Thereafter, eQTL data on circulating monocytes,35 lymphoblastoid cell lines,36 PBMCs,37
sentinel dendritic cells,38 T lymphocytes39 and B lymphocytes40
were further examined.40 However, we did not ﬁnd further supportive eQTL results from these analyses. This might be caused
by the limited sample sizes on each individual study on eQTL.
Further functional interpretations of the results from this work
awaits additional studies on genetic replication and on functional characterisations of the genes and genetic variants
involved, from wet laboratory experiments and genome biology
data from public domains.
In addition, LHFPL3 (rs4073643) and FAS (rs7920305)
showed suggestive evidence for SLE association. The interaction
detected by MDR showed suggestive signiﬁcance. We did
observe larger effect (OR) of rs4073643 to the disease in individuals carrying more risk alleles of rs7920305, and vice versa.
However, the trend is not as clear as seen between CD80
(rs2222631) and ALOX5AP (rs12876893) (see online
6

supplementary ﬁgure S5). Based on the eQTL data from Dimas
et al,34 expression difference of Fas was observed among different genotypes of rs4073643 ( p=0.0096) in lymphoblastoid cell
lines but not in ﬁbroblasts or T cells (see online supplementary
ﬁgure S7).
Furthermore, we observed suggestive interactions between
susceptibility SNPs rs13277113 (BLK) and rs4639966 (DDX6),
and between rs844648 (TNFSF4) and rs6445975 (PXK) using
logistic regression, with consistent results between the two
GWAS data sets. Interestingly, there is no evidence of association
for PXK with SLE in Asian populations.41 The potential interaction between TNFSF4 and PXK might suggest a role of this
gene in SLE in Asians despite showing no or weaker main
effect.
Several studies using candidate gene approach have identiﬁed
genetic interactions for SLE. We thus examined evidence of
these interactions in our GWAS data. As shown in online supplementary table S12, only the interaction between STAT4
(rs7574865) and IRF5 (rs2004640) was nominally signiﬁcant in
both GWAS data sets (P_int=0.015). Population differences and
detection power might be the explanations for these differences.
Instead of genetic variants between genes, interaction can also
be found within a single gene leading to non-additive effects
between two or more SNPs. As shown in our previous GWAS
report,14 42 two SNPs in moderate LD (r2=0.68) located on
ETS1 showed signiﬁcant synergistic interaction (p=0.0001). In
the current study, though we did not limit the examination to
interaction between different genes, no prominent interaction
within a single gene was detected.
The current study might also suffer from several limitations.
First, attribution of the genes involved based on SNP position
and limited knowledge of gene function has its own ﬂaws. As
reported by the ENCODE project, although majority of the
regulatory elements are located close to the genes, distant regulatory elements are not uncommon (49). It is possible that interactions among certain SNPs may indicate functional interplay
between genes that are not necessarily closest to these SNPs.
Using non-healthy individuals as controls in the Hong Kong
GWAS in the discovery stage also deserves additional scrutiny.
We have systematically analysed the controls used in this stage
from different sources and removed the SNPs that showed signiﬁcant differences in allele frequencies from any one of those
sources. Furthermore, we have used two independent GWAS
studies to cross-validate the pursued SNP pairs and replicated
the interacting pairs in independent cohorts in the replication
panel, with each having its own cases and matched healthy
controls.
In summary, we used logistic regression and MDR to identify
novel genetic interactions for SLE using meta-analysis of two
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GWAS data on Han Chinese populations. The interaction
between rs2222631 (CD80) and rs12876893 (ALOX5AP) was
validated through replication in different cohorts. Interaction
between rs7920305 (Fas) and rs4073643 (LHFPL3) was suggested but additional studies would be required for its validation. We also showed evidence on gene expression correlation
between CD80 and ALOX5AP but further work is also needed
to elucidate the functional mechanism(s) of the genetic
interaction.
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