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Lung cancer is the leading cause of cancer-related deaths world-
wide. By now, genome-wide association studies (GWAS) have 
identified numerous loci associated with the risk of developing 
lung cancer. However, these loci account for only a small fraction 
of the familial lung cancer risk. We hypothesized that epistasis 
may contribute to the missing heritability. To test this hypothesis, 
we systematically evaluated the association of epistasis of genetic 
variants with risk of lung cancer in Han Chinese cohorts. We con-
ducted a pairwise genetic interaction analysis of 591 370 variants, 
using BOolean Operation-based Screening and Testing (BOOST), 
in an ongoing GWAS of lung cancer that includes 2331 cases and 
3077 controls. Pairs of epistatic loci with PBOOST ≤ 1.00 × 10−6 were 
further evaluated by a logistic regression model (LRM) with 
covariate adjustment. Four promising epistatic pairs identified at 
the screening stage (PLRM ≤ 2.86 × 10−13) were validated in two rep-
lication cohorts: the first from Beijing (1534 cases and 1489 con-
trols) and the second from Shenyang and Guangzhou (2512 cases 
and 2449 controls). Using this combined analysis, we identified an 
interaction between rs2562796 and rs16832404 at 2p32.2 that was 
significantly associated with the risk of developing lung cancer 

(PLRM = 1.03 × 10−13 in total 13  392 subjects). This study is the first 
investigation of epistasis for lung cancer on a genome-wide scale 
in Han Chinese. It addresses part of the missing heritability in 
lung cancer risk and provides novel insight into the multifactorial 
etiology of lung cancer.

Introduction

It is estimated that 40% of new lung cancer cases arise in Eastern 
Asia (mainly in China) (1). After tobacco smoke, genetic factors are 
the second most important risk factors for lung cancer, with a herit-
ability estimate of 26% (2). So far, genome-wide association studies 
(GWAS) have successfully identified 16 loci with P ≤ 5.00 × 10−8 that 
are associated with an increased risk of lung cancer (3–10). However, 
these common variants account for only a small fraction of the famil-
ial risk of developing lung cancer, with a modest effect contributed 
by each locus (per-allele odds ratios, or ORs, ranging from 1.1 to 1.4) 
(11). To explain the missing heritability, many hypotheses have been 
proposed and tested on a small scale, including contributions from 
rare variants (12), copy number variants (13) and gene–gene or gene–
environment interactions (14–16). However, no genome-wide gene–
gene interaction (also referred to as epistasis) (17) analysis has been 
carried out to identify novel epistatic determinants for lung cancer 
risk. To detect the genome-wide impact of epistasis on lung cancer 
risk, we performed a three-stage, genome-wide analysis of epistasis 
in Han Chinese cohorts with a total of 13  392 subjects (6377 cases 
and 7015 controls).

Materials and methods

Study populations
A genome-wide two-locus epistasis analysis was first performed in the dis-
covery population from an ongoing GWAS of lung cancer that includes two 
study sites (Nanjing: 1473 cases and 1962 controls; and Beijing: 858 cases 
and 1115 controls). An independent population that includes 1534 cases and 
1489 controls from Beijing was treated as the first-stage replication population 
(Replication I). In the second-stage replication (Replication II), the popula-
tion is consisted of 2512 cases and 2449 controls from Shenyang (1133 cases 
and 1251 controls) and Guangzhou (1379 cases and 1198 controls) (Figure 1 
and Supplementary Table S1, available at Carcinogenesis Online). The details 
of these populations have been described previously (9,10). Briefly, the cases 
newly diagnosed with lung cancer were recruited from hospitals. The histol-
ogy for each case was histopathologically or cytologically confirmed by at 
least two local pathologists. Cancer-free control subjects were recruited in 
local hospitals for individuals receiving routine physical examinations or in the 
communities for those participating screening of non-communicable diseases. 
The controls were frequency matched to lung cancer cases for age, gender and 
geographic regions. Individuals were defined as smokers if they had smoked 
at an average of one cigarette or more per day and for at least 1 year in their 
lifetime; otherwise, subjects were considered as non-smokers. Smokers were 
considered as former smokers who quit for at least 1 year before recruitment. 
Both current and former smokers were divided into light and heavy smokers 
according to the threshold of 25 pack-years (median value among the controls).

Ethics statement
All subjects provided informed consent, and the institutional review boards of 
each participating institution approved this collaborative study.

Genotype data and quality control
The GWAS was conducted using an Affymetrix Genome-Wide Human SNP 
Array 6.0, which was followed by a systematic quality control procedure 
before the association analysis as described previously (9). In brief, single 
nucleotide polymorphisms (SNPs) were excluded if they met any of the fol-
lowing conditions (see flow diagram in Supplementary Figure S1, available 
at Carcinogenesis Online): did not map to autosomal chromosomes, had a 
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CI, confidence interval; eQTL, expression quantitative trait loci; GWAS, 
genome-wide association study; HIBCH, 3-hydroxyisobutyryl-CoA hydro-
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call rate <95%, had a minor allele frequency <0.05, had a P < 1.00 × 10−5 for 
Hardy–Weinberg equilibrium in all GWAS samples or had a P < 1.00 × 10−4 for 
Hardy–Weinberg equilibrium in either the Nanjing or Beijing study samples 
and unclear genotyping clusters. We also removed samples if they met any 
of the following conditions (see flow diagram in Supplementary Figure S2, 
available at Carcinogenesis Online): call rate <95%, ambiguous gender, famil-
ial relationships, extreme heterozygosity rate and outliers. After a stringent 
quality control procedure, a total of 2331 lung cancer cases and 3077 controls 
including 591  370 SNPs were used in the subsequent gene–gene interaction 
analysis.

Statistical analysis
Since there are ~180 billion tests in this study, we adopted a ‘screening 
before testing’ strategy for dimensional reduction. BOolean Operation-based 
Screening and Testing (BOOST) (18) was utilized as a screening tool. In 
BOOST, the interaction between two SNPs was evaluated by testing the dif-
ference between two log-linear models (one with interaction item and the 
other without interaction item). The difference of the maximum log-likeli-

hood of these two models is defined as n pijk ijk ijki j k
ˆ (ˆ / ˆ )

, ,
π πlogå , where 

n is the sample size, π̂ ijk  is the observed frequency of subjects with SNP1 
coded i (0, 1 and 2), SNP2 coded j (0, 1 and 2) and disease status coded k (0 

and 1), p̂ijk  is the expected frequency under null hypothesis. BOOST used 
Kirkwood superposition approximation instead of maximum likelihood esti-
mation to compute p̂ijk . Kirkwood superposition approximation without itera-
tion process helps BOOST to quickly finish exhaustive search of SNP–SNP 
interaction in a relative short time, meanwhile guaranteeing no missing of 
positive results.

The top SNP pairs identified in BOOST screening were retested by a 
logistic regression model (LRM) with covariate adjustment to detect interac-
tions. In (1), βa and βb are the main effects of SNPa and SNPb, respectively, 
and βab is the interaction item and Covari are the covariates for adjustment, 
including age, gender, pack-years of smoking and eigenvectors. We used the 
Minimac software (http://genome.sph.umich.edu/wiki/Minimac/) to impute 
untyped SNPs using the linkage disequilibrium information on the basis 
of reference panels downloaded from the 1000 Genomes database (http://
www.1000genomes.org/). General analyses were performed by R software 
(version 2.14.0; The R Foundation for Statistical Computing, http://www.
cran.r-project.org/).
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Fig. 1.  Summary of the whole study design.
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SNP pair selection and genotyping for replication
From the discovery stage, we selected SNP pairs that met the following criteria 
for Replication I: (i) the epistasis had a PLRM ≤ 2.86 × 10−13 in all GWAS popu-
lations and had a PLRM ≤ 1.0 × 10−4 in both the Nanjing and Beijing studies, the 
number of interactions tested in GWAS was 1.75 × 1011; thus, the genome-wide 
significance level was 2.86 × 10−13 using Bonferroni correction; (ii) the direc-
tions of ORs for the two SNPs and their interactions derived from LRM were 
consistent in both the Nanjing and Beijing studies and (iii) both SNPs had clear 
genotyping clusters.

Genotyping analysis in Replication I  was performed using the iPLEX 
Sequenom MassARRAY platform (Sequenom, Inc). A  TaqMan allelic dis-
crimination assay (Applied Biosystems) was used for the Replication II valida-
tion samples. The following series of methods was used to control the quality 
of genotyping: (i) case and control samples were mixed on each plate; (ii) 
genotyping was performed blinded to case or control status; (iii) two water 
controls were used in each plate as blank controls and (iv) 5% of the samples 
were randomly selected for repeat genotyping, as blind duplicates, and the 
reproducibility was 100%.

The predictive ability of the newly indentified epistasis
The integrated discrimination improvement (IDI) and the net reclassifica-
tion improvement (NRI) are two statistics proposed to evaluate the sig-
nificance of novel predictors (19). The IDI measures the new model’s 
improvement in average sensitivity without sacrificing average specificity. 
The relative IDI is defined using (2). Here, the baseline LRM including 
age, gender and pack-years of smoking was denoted as model 1. The new 
model added with epistasis was denoted as model 2. Pcase  and Pcontrol are 
the mean of the predicted probability derived from LRM for cases and 
controls, respectively.
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The NRI measures the correctness of reclassification of subjects based on 
their predicted probabilities of events using the new model. The Ncase and 
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Functional annotation based on public available databases
We performed expression quantitative trait loci (eQTL) analysis using the 
University of Chicago eQTL Browser (http://eqtl.uchicago.edu/cgi-bin/
gbrowse/eqtl/), which contains significant eQTLs that were identified in 
recent studies across multiple cell lines and populations. Open chromatin 
regions, recognized by DNase I hypersensitive site sequencing, are associated 
with gene regulatory elements, including promoters, enhancers, silencers, 
insulators and locus control region. Whether these SNPs located in the DNase 
I hypersensitive site sequencing peaks were derived from the ENCODE data-
base (http://genome.ucsc.edu/ENCODE/). The extent by which the SNPs 
affect micro-RNAs-binding was predicted by Patrocles (http://www.patro-
cles.org/).

Results

The pairwise analysis was conducted with 591  370 SNPs in the 
discovery stage (the Nanjing study: 1473 cases and 1962 controls; 
the Beijing study: 858 cases and 1115 controls) using BOOST. This 
screening identified 493  177 epistatic pairs with PBOOST ≤ 1.00 × 10−6.

These 493  177 top epistatic pairs were further evaluated by LRM 
with adjustment for covariates (age, gender, pack-years of smok-
ing and eigenvectors generated by EIGENSTRAT 3.0) (20). A total 
of four pairs (Table I and Supplementary Table S2, available at 
Carcinogenesis Online) met the criteria, with PLRM ≤ 2.86 × 10−13 
within the discovery stage. These four pairs were also consistently 
associated at PLRM ≤ 1.0 × 10−4 when independently tested in either the 
Nanjing study or the Beijing study at the discovery stage.

Fast-track replication of the four potential interactions was per-
formed in an independent lung cancer cohort from Beijing (Replication 
I; 1534 cases and 1489 controls) and was further validated in other lung 
cancer cohorts from Shenyang and Guangzhou (Replication II; 2512 
cases and 2449 controls). In Replication I, the epistasis of one of the 
pairs (rs2562796 and rs16832404) had a borderline significant asso-
ciation with lung cancer risk (PLRM = 6.37 × 10−2; Table I), with a con-
sistent interaction pattern, similar to that observed in the GWAS. This 
interaction was again observed in Replication II (PLRM = 4.61 × 10−3; 
Table I). The other three pairs did not show significant interaction in 
Replication I and were not analyzed in Replication II.

The genotype counts of this epistasis in cases and controls 
were at least 5 for each genotype combination in each study stage 
(Supplementary Table S3, available at Carcinogenesis Online). It 
indicates that the result of this association is robust, and the statistical 
significance may not due to the extreme values in the contingency 
tables.

As shown in Figure 2A, the effect of rs2562796 was modified by 
the genotype of rs16832404. In the combined three-stage analysis, 
the minor allele (T) of rs2562796 was significantly associated with a 
reduced risk of lung cancer in subjects carrying the AA genotype of 
rs16832404 [OR = 0.92, 95% confidence interval (95% CI) = 0.86–
0.98, P  =  1.04 × 10–2], whereas it was significantly associated with 
an increased risk in those carrying the heterozygous AG genotype of 
rs16832404 (OR = 1.15, 95% CI = 1.06–1.25, P = 1.00 × 10–3). The 
risk was much greater in those with the homozygous GG genotype of 
rs16832404 (OR = 1.74, 95% CI = 1.48–2.06, P = 3.23 × 10−11).

Similarly, the minor allele (G) of rs16832404 was significantly 
associated with decreased lung cancer risk in subjects carrying 
the GG genotype of rs2562796 (OR  =  0.80, 95% CI  =  0.72–0.88, 
P = 1.71 × 10−5) but increased risk in those carrying the GT genotype 
of rs2562796 (OR = 1.08, 95% CI = 1.00–1.18, P = 6.43 × 10−2). There 
was an even greater risk in those with the TT genotype of rs2562796 
(OR = 1.41, 95% CI = 1.26–1.57, P = 1.29 × 10−9) (Figure 2B). The 
same gene–gene interaction patterns between these two SNPs were 
observed in the GWAS and the two replication studies. Moreover, 
we observed a similar pattern of epistasis between rs2562796 and 
rs16832404 in subpopulations stratified by age, gender, smoking his-
tory and histological classification (Supplementary Table S4, avail-
able at Carcinogenesis Online). The interaction between rs2562796 

Table I.  Interactions between rs2562796 and rs16832404, and the effect on lung cancer risk 

Study Single-locus association analysis Interaction

rs2562796 G/Ta rs16832404 A/Ga rs2562796-rs16832404

OR (95% CI)b Pb OR (95% CI)b Pb OR (95% CI)b Pb

GWAS 1.03 (0.95–1.12) 4.94 × 10−1 1.06 (0.97–1.17) 2.12 × 10−1 2.58 (2.24–2.97) 1.37 × 10−39

Replication I 1.00 (0.90–1.12) 9.66 × 10−1 1.08 (0.96–1.21) 1.98 × 10−1 1.17 (0.99–1.38) 6.37 × 10−2

Replication II 1.05 (0.97–1.14) 2.13 × 10−1 1.01 (0.92–1.10) 8.67 × 10−1 1.21 (1.06–1.38) 4.61 × 10−3

Combined 1.05 (1.00–1.10) 5.62 × 10−2 1.05 (0.99–1.11) 9.53 × 10−2 1.33 (1.23–1.43) 1.03 × 10−13

aMajor/minor alleles.
bAdjusted for age, gender, pack-years of smoking and eigenvectors where appropriate.
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and rs16832404 was more significant in males (OR  =  1.40, 95% 
CI = 1.27–1.54, P = 6.37 × 10−12), current smokers (OR = 1.58, 95% 
CI = 1.40–1.79, P = 2.90 × 10−13) and patients with adenocarcinoma 
(OR = 1.41, 95% CI = 1.29–1.54, P = 1.16 × 10−13).

To confirm epistasis in this region, we performed a genomic impu-
tation with our GWAS data. For the imputed SNPs located in the 30 kb 
flanking rs2562796 and rs16832404, we selected 170 SNPs (imputed 
r2 > 0.5, minor allele frequency > 0.05). After BOOST screening for 
those 170 imputed SNPs, there were 579 epistasis pairs with PBOOST ≤ 
1.00 × 10−6, and of these, 439 epistatic pairs were PLRM ≤ 2.86 × 10−13. 
By plotting the PBOOST values of pairwise interactions between 76 
SNPs near rs2562796 and 94 SNPs near rs16832404 (Figure 3), we 
visualized multiple pairs of epistatic loci between these two regions 
that were significantly associated with risk for lung cancer.

We evaluated the predictive ability for the newly identified epista-
sis using two LRMs (without or with epistasis). In this study, the 
relative IDI for the model with epistasis added is 8.35%, P < 0.0001 

(Supplementary Table S5, available at Carcinogenesis Online), 
whereas the category-free NRI is 10.52%, P < 0.0001 (Supplementary 
Table S6, available at Carcinogenesis Online).

Discussion

We therefore identified a consistent interaction between rs2562796, 
rs16832404 and lung cancer risk. A number of epidemiological obser-
vations suggest the majority of lung cancer cases worldwide are males 
and attributable to cigarette smoking (21), and adenocarcinoma is the 
predominant histologic type of lung cancer (22). Of interest, the inter-
action effects appeared to be stronger in males, current smokers and 
patients with adenocarcinoma, which may address more missing her-
itability in those populations.

Interestingly, neither of these SNPs, individually, showed signifi-
cant association with the risk of lung cancer (Pcombined = 5.62 × 10−2 
and 9.53 × 10−2 for rs2562796 and rs16832404, respectively) (Table I).  

Fig. 2.  Association of rs2562796 genotypes with lung cancer risk among subjects carrying different genotypes of rs16832404 (A), or association of rs16832404 
genotypes with lung cancer risk among subjects carrying different genotypes of rs2562796 (B). The box and horizontal line represent the OR and 95% CI, 
respectively.
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Similar associations with epistatic pairs of loci have been reported 
for type 2 diabetes (23) and prostate cancer (24). For example, two 
epistatic pairs associated with prostate cancer did not show significant 
marginal effects (P ranging from 0.16 to 0.99) but had strong interac-
tions (24). Taken together with our data, these findings highlight that 
whole-genome epistasis evaluations are necessary for understanding 
the genetic determinants of disease.

Both relative IDI and category-free NRI are significant for this 
identified epistasis, indicating the improvement of the predicative 
ability with epistasis added in the model. These results suggest epista-
sis between these two SNPs and may help explain some of the missing 
heritability of lung cancer susceptibility. However, this improvement 
still only explains a relatively small portion of the missing heritability 
of lung cancer. Since this is a genome-wide analysis of interactions 
among common variants, the remaining missing heritability may be 
due to rare variants, copy number variants, gene–environment interac-
tions or other unaccounted factors. Further studies of which are war-
ranted to discover more missing heritability of lung cancer.

The SNP rs2562796 is located in intron 9 of HIBCH (3-hydrox-
yisobutyryl-CoA hydrolase), which is a member of the enoyl-CoA 
superfamily (25). The expression of enoyl-CoA hydratase was down-
regulated in betulin-induced human lung cancer A549 cells, although 
betulin showed anticancer activity in A549 cells by inducing apoptosis, 
indicating enoyl-CoA hydratase may serve as a potential critical factor 
attributable to tumorigenesis (26,27). In addition, rs2562796 is located 
~90 kb upstream of inositol polyphosphate-1-phosphatase (INPP1). 
INPP1 plays a pivotal role in the phosphatidylinositol signaling path-
way, which is upregulated in colorectal cancer (28), indicating INPP1 
overexpression may have a role in facilitating tumor development.

In addition to HIBCH and INPP1, both rs2562796 and rs16832404 
are located near PMS1 (postmeiotic segregation increased 1)  and 
STAT1 (signal transducer and activator of transcription 1, 91 kDa). 
The SNP rs2562796 is located ~370 kb downstream of PMS1 and 
725 kb downstream of STAT1, whereas rs16832404 is located ~310 
kb downstream of PMS1 and 785 kb downstream of STAT1. PMS1 
encodes a DNA mismatch repair (MMR) mutL/hexB family protein. 
The MMR pathway contributes to tumor suppression, and cells with 
defective MMR may have enhanced tumorigenesis (29,30). The loss 
of MMR activity is also associated with various cancers, including 
lung cancer (31–34). STAT1 is a regulator of apoptosis and a tumor 

suppressor (35) and is significantly associated with better survival of 
non-small-cell lung cancer in Chinese patients (36).

Notably, rs16832404 and rs2562796 are ~60 kb apart, whereas 
rs16832404 is also located near HIBCH (15 kb downstream) and 
INPP1 (150 kb upstream). We then performed functional annotation 
for the two marker SNPs (rs2562796 and rs16832404), as well as those 
are tagged by the two marker SNPs (r2 > 0.8) based on public avail-
able data sets or tools (see Materials and methods; Supplementary 
Table S7, available at Carcinogenesis Online). Among the 2 marker 
SNPs and those 40 SNPs highly correlated with these, 8 SNPs were 
significantly associated with the messenger RNA expression lev-
els of HIBCH or INPP1 (eQTL analysis). Subsequently, we evalu-
ated whether these SNPs modulate the HIBCH or INPP1 messenger 
RNA expression levels through transcriptional or posttranscriptional 
mechanism. Based on the DNase I  hypersensitive site sequencing 
data set, we found that two SNPs, rs16832404 and rs291407, are 
within open chromatin regions associated with gene regulatory ele-
ments. Furthermore, nine SNPs may affect the micro-RNAs binding. 
In summary, these analyses suggest that the two marker SNPs and 
those tagged by these SNPs may transcriptionally or posttranscrip-
tionally modulate the expression of HIBCH or INPP1. It is plausible 
that variations in the two SNPs (rs2562796 and rs16832404), or in 
SNPs in high linkage disequilibrium with these two SNPs, collabo-
ratively result in the aberrant activities of certain transcriptional or 
posttranscriptional factors. In turn, those factors may interactively 
regulate the expression of the same target genes nearby or throughout 
the genome, hence activating the crucial signaling pathways that drive 
lung carcinogenesis. However, these results are very preliminary and 
merit further investigations.

This study was highlighted with five major features. (i) This was 
the first exploratory study of epistasis of lung cancer risk in Han 
Chinese population on a genome-wide scale using external replication 
populations. What we found partly addressed the missing heritability 
and may provide a novel statistical evidence for further study. (ii) The 
exhaustive search strategy guaranteed the systematic evaluation of 
all pairwise epistasis. (iii) We applied the quite tight control of false 
positives through the study. The stringent threshold in the discovery 
stage was defined using the conservative method (Bonferroni) con-
sidering the correction of the multiple comparisons. (iv) We had a 
large sample size in the study of lung cancer (13  392 subjects: 6377 
cases and 7015 controls), which contributed to the statistical power. 
(v) The result of association was confident. The significance was not 
possible due to the extreme values of genotype counts in the cases 
and controls. Also, we observed a significant association in subgroup 
populations in stratification analysis and a cluster of epistasis signals 
nearby the identified one using imputed genotypes.

It is worth mentioning that the interaction between rs2562796 and 
rs16832404 seems to be driven mainly by the Beijing study in the 
discovery stage (P = 9.35 × 10−37 for the Beijing study and P = 2.02 
× 10−5 for the Nanjing study). As we know, this lung cancer GWAS 
includes two studies: the Nanjing discovery study (1473 cases and 
1962 controls) and the Beijing discovery study (858 cases and 1115 
controls). It is possible that small sample size may easily result in 
false positives, although the P value of this epistasis in the Beijing 
discovery study is extremely low. To control the false-positive rate in 
exhaustive search of epistasis, we have set relative stringent criteria: 
the P value ≤ 1.0 × 10−4 in both the Nanjing discovery study and the 
Beijing discovery study although P value ≤ 2.86 × 10−13 in combined 
GWAS data. In this way, even though the one with extremely low P 
value only in the Beijing discovery study could not be selected for 
further replication. However, further studies with large sample size 
are warranted to validate and extend our findings.

In summary, we systematically screened for epistasis on a genome-
wide scale using BOOST and retested the top 493  177 hits by 
LRM with adjustment for covariates. We validated the epistasis of 
rs2562796 and rs16832404 in two replication stages. This three-stage 
designed case–control study is the first epistasis study in a GWAS 
of lung cancer in Han Chinese. The identified gene–gene interaction 
may contribute to some of the missing heritability in lung cancer.  

Fig. 3.  Interaction map for all possible epistatic pairs in the 30 kb flanking 
the two marker SNPs rs2562796 and rs16832404. The P values for each 
epistatic interaction were acquired from the BOOST screening of the GWAS 
data, by using imputed data, and were plotted on a −log10 scale. The P values 
are truncated at P = 1.0 × 10−12. The blue point represents the identified 
epistatic interaction.
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Genome-wide gene–gene interaction analysis of lung cancer

This study also provides novel insight into the multifactorial etiol-
ogy of lung cancer. Additional functional studies will be necessary to 
elucidate the role of the identified epistatic interaction in lung cancer 
development.

Supplementary material

Supplementary Tables S1–S7 and Figures S1 and S2 can be found at 
http://carcin.oxfordjournals.org/
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