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Materials and methods 

General analytical framework 

With the GWAS SNP P-values as input, the program firstly performs i-GSEA to identify 

pathways associated with trait. Then it carries out functional analysis for both the most 

significant SNPs of the genes involved in the pathways and their LD proxies extracted 

from user-defined HapMap (Altshuler et al., 2010) or 1000 Genomes (Abecasis et al., 2012) 

populations. The functional analysis of SNPs includes 1) annotation based on Ensembl 

putative function annotation, ENCODE regulatory regions and eQTLs, and 2) enrichment 

analysis implemented for each type of functional annotation to explore if the significant 

SNPs in each trait-associated pathway are significantly enriched in these functional 

elements. Finally, the trait-associated pathways with detailed results of SNP functional 

analysis are displayed. Figure 1 shows the analytical framework of i-GSEA4GWAS v2.  

 

Functional analysis 

To perform functional analysis for SNPs in each trait-associated pathway, we started from 

the most significant SNPs of the significant genes (the genes mapped by at least one of the 

top 5% SNPs) (Zhang et al., 2010). We first extracted the LD proxies of the most 

significant SNPs (the SNPs which have r2 > 0.8 with the most significant SNPs) based on 

the LD information of specific population(s) of HapMap phase 3 or 1000 Genomes 

Integrated Phase 1. Then we performed functional analysis for the most significant SNPs 

and their LD proxies. The functional analysis included annotation and enrichment analysis. 

The first type of annotation was to annotate SNPs impacting protein function 

(deleterious non-synonymous or others including splice donor variant, stop lost, 

incomplete terminal codon variant, inframe insertion, transcript ablation, splice acceptor 
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variant, frameshift variant, stop gained, initiator codon variant, splice region variant or 

inframe deletion), which were based on the SNP annotation data in Ensembl. The statistics 

for each type of SNPs annotated on different function types was shown in Supplementary 

Table 1. The second type of annotation was to map SNPs to ENCODE regulatory regions. 

The uniform peaks for DNase (DNase-seq Peaks), FAIRE (FAIRE peaks), TFBS (TFBS 

Peaks (SPP) and TFBS Peaks (PeakSeq)) and Histone (Histone Peaks were downloaded 

from ENCODE (http://genome.ucsc.edu/ENCODE/downloads.html). The statistics of 

tracks for each type of ENCODE regulatory features was shown in Supplementary Table 

2. For histone peaks, only the peak regions marked by active-associated histones, including 

H3K4me1, H3K4me2, H3K4me3, H3K9ac, H3K27ac, H3K36me3, H3K79me2, 

H4K20me1 and H3K9me1, were included as rSNPBase (Guo et al., 2014). To annotate the 

non-coding features of SNPs, which might regulate gene expression, the mapping of SNP 

to ENCODE regulatory region was established if the SNP was within the regulatory region 

(peak) and both the SNP and regulatory region were within the 5kb upstream of gene 

coordinates. The third annotation is based on eQTLs data from several databases, which 

contained the relationship between SNPs and their affected genes. The data sources and 

statistics for eQTL data was shown in Supplementary Table 3 (Myers et al., 2007; 

Stranger et al., 2007; Schadt et al., 2008; Veyrieras et al., 2008; Dimas et al., 2009; Gibbs 

et al., 2010; Montgomery et al., 2010; Pickrell et al., 2010; Zeller et al., 2010; Innocenti et 

al., 2011; Gaffney et al., 2012; Xia et al., 2012; Mangravite et al., 2013). 

After SNP annotation, enrichment analysis was carried out based on binomial test for 

each type of functional annotation to explore if the significant SNPs in each 

trait-associated pathway are significantly enriched in these functional elements. Briefly, for 

each type of functional element, we estimate an empirical p based on proportion of 

functional elements in the whole genome, then perform binomial test based on it for each 
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trait-associated pathway. The enrichment P-values are calculated for each type of 

functional elements respectively, including each type of ENCODE peaks, deleterious 

non-synonymous sites, other putative functional sites and eQTLs. Taking the enrichment 

analysis for deleterious non-synonymous sites as an example, the empirical p is the 

proportion of all SNPs which were annotated with probably damaging or possibly 

damaging by PolyPhen or deleterious by SIFT in the whole genome. Then, for n SNPs that 

are significant SNPs or their LD proxies, if m out of the n SNPs were annotated to be 

deleterious non-synonymous sites, then enrichment P-value will be calculated as 

(i
n )pi (1 p)ni

i0

m1

 . For ENCODE regions, P-values are corrected by Bonferroni correction 

for number of ENCODE tracks.  

 

 



 
5

Supplementary Tables 

 

Supplementary Table 1 Statistics of SNPs annotated with functional data from Ensembl.  
Annotation Type in 
i-GSEA4GWAS v2 

No. of SNPs a Annotation Type in Ensembl No. of SNPs a 

  benign (PolyPhen) 601,237
  unknown (PolyPhen) 97,300

probably damaging (PolyPhen) 346,603
possibly damaging (PolyPhen) 284,233

deleterious 
non-synonymous 

645,100 
deleterious (SIFT) 478,287

  tolerated (SIFT) 650,648
splice donor variant 18,033
stop lost 2,020
incomplete terminal codon variant 925
inframe insertion 2,612
transcript ablation 87
splice acceptor variant 14,752
frameshift variant 22,262
stop gained 32,728
initiator codon variant 3,729
splice region variant 182,469

others b 276,363 

inframe deletion 3,447
  missense variant 1,073,227

a No. of SNPs mapped to this type of annotation. Some SNPs may be annotated into more than one annotation type.  
b Others include splice donor variant, stop lost, incomplete terminal codon variant, inframe insertion, transcript 
ablation, splice acceptor variant, frameshift variant, stop gained, initiator codon variant, splice region variant or 
inframe deletion.  
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Supplementary Table 2 Sources of ENCODE data used for SNP functional analysis.  

Peak Type Description 
No. of 
Tracks 

DNase-seq Peaks DNase-seq Peaks of Open Chromatin 125
FAIRE Peaks FAIRE Peaks of Open Chromatin 24
TFBS Peaks (SPP) TFBS SPP-based Peaks 495
TFBS Peaks 
(PeakSeq) 

TFBS PeakSeq-based Peaks 495

Histone Peaks 

Histone Peaks (only regions marked by active-associated histones, 
including H3K4me1, H3K4me2, H3K4me3, H3K9ac, H3K27ac, 
H3K36me3, H3K79me2, H4K20me1 and H3K9me1, were included 
as rSNPBase (Guo et al., 2014)) 

190

 
 

Supplementary Table 3 Sources of eQTLs data for SNP functional analysis.  

DB Source Tissue Reference Track/File Name 
No. of 
Terms 

eQTL_Browser Fibroblasts (Dimas et al., 2009) Dimas09_fibroQTL 527
eQTL_Browser lymphoblastoid cell lines (Dimas et al., 2009) Dimas09_lymphoQTL 563
eQTL_Browser T-cells (Dimas et al., 2009) Dimas09_TcellsQTL 547
eQTL_Browser lymphoblastoid cell lines (Gaffney et al., 2012) Gaffney12_eQTL 1,894
eQTL_Browser Liver (Innocenti et al., 2011) Innocenti2011_eQTL 1,983
eQTL_Browser lymphoblastoid cell lines (Mangravite et al., 2013) Mangravite12_eQTL 62,666
eQTL_Browser Cortex (Myers et al., 2007) Myers 769
eQTL_Browser lymphoblastoid cell lines (Pickrell et al., 2010) Pickrell10_eQTL 984
eQTL_Browser Liver (Schadt et al., 2008) Schadt 5,578
eQTL_Browser lymphoblastoid cell lines (Stranger et al., 2007) Stranger 23,717
eQTL_Browser lymphoblastoid cell lines (Veyrieras et al., 2008) Veyrieras_PP 8,577
eQTL_Browser lymphoblastoid cell lines (Veyrieras et al., 2008) Veyrieras_Pvalue 16,550
eQTL_Browser Monocytes (Zeller et al., 2010) Zeller10_QTL 53,935
GTEx Brain Cerebellum (Gibbs et al., 2010) Brain_cerebellum.tab 5,243
GTEx Brain Frontal Cortex (Gibbs et al., 2010) Brain_frontal_cortex.tab 5,512
GTEx Brain Temporal Cortex (Gibbs et al., 2010) Brain_temporal_cortex.tab 5,335
GTEx Brain Pons (Gibbs et al., 2010) Brain_pons.tab 3,411
GTEx Lymphoblastoid (Montgomery et al., 2010) Lymphoblastoid.tab 5,364

seeQTL 
HapMap human 
lymphoblastoid cell lines 

(Xia et al., 2012) 
Qvalue_cutoff_hapmap3_
cis_hg19.txt 

75,779

seeQTL 
HapMap human 
lymphoblastoid cell lines 

(Xia et al., 2012) 
Qvalue_cutoff_hapmap3_t
rans_hg19.txt 

51,369

Total 330,303
After removed non-approved gene symbol 313,594
Unique SNPs 197,945
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Supplementary Table 4 The analysis result of i-GSEA4GWAS v2 for schizophrenia GWAS data.  

P-value of enrichment 
analysis for putative 
functional variants 

# Significantly enriched peaks (P-value<0.05) 
Pathway Name Pathway ID P-value FDR

Deleterious Othersa DNase-seq FAIRE
TFBS- 
PeakSeq 

TFBS-
SPP 

Histone

P-value of 
enrichment 
analysis for 

eQTL 

potassium ion transport GO:0006813 0.001 0.002 0.956 0.8768 0 1 0 0 0 0.7766 

antigen processing and presentation hsa04612 0.001 0.004 0.9458 0.00868 0 0 0 0 0 1.98E-103 

cation transport GO:0006812 0.001 0.0042 0.999 0.8547 0 0 0 0 0 7.65E-48 

monovalent inorganic cation transport GO:0015672 0.001 0.0042 0.9815 0.9204 0 0 0 0 0 0.0367 

ion channel activity GO:0005216 0.001 0.0043 0.9986 1 0 0 0 0 0 0.00000095 
ion transport GO:0006811 0.001 0.0043 1 0.7844 0 0 0 0 0 7.75E-45 
substrate specific channel activity GO:0022838 0.001 0.0061 0.9987 1 0 0 0 0 0 0.00000108 
metal ion transport GO:0030001 0.001 0.0082 0.9972 0.6704 0 0 0 0 0 3.33E-27 
gated channel activity GO:0022836 0.001 0.0104 0.9971 1 0 0 0 0 0 0.0000501 
regulation of heart contraction GO:0008016 0.001 0.0112 1 1 0 1 0 0 0 0.0839 

voltage gated potassium channel complex GO:0008076 0.001 0.0327 0.8557 1 0 1 0 0 0 0.6492 

auxiliary transport protein activity GO:0015457 0.001 0.0417 1 1 2 0 0 0 0 0.000396 
cell adhesion molecules cams hsa04514 0.001 0.0432 0.9984 0.3164 0 0 1 8 1 3.39E-69 
Endocytosis hsa04144 0.002 0.0447 1 0.3726 0 0 0 0 0 2.17E-81 
potassium channel activity GO:0005267 0.001 0.0448 0.9222 1 0 1 0 0 0 0.7237 
channel regulator activity GO:0016247 0.001 0.0453 1 1 2 0 0 0 0 0.00017 

activation of protein kinase activity GO:0032147 0.002 0.0458 1 1 0 1 0 0 17 1.1E-44 

protein processing GO:0016485 0.002 0.0468 0.935 0.6886 0 0 0 0 0 0.052 
nicotinate and nicotinamide metabolism hsa00760 0.003 0.0471 1 1 0 0 0 0 0 5.31E-16 

a Others include splice donor variant, stop lost, incomplete terminal codon variant, inframe insertion, transcript ablation, splice acceptor variant, frameshift 

variant, stop gained, initiator codon variant, splice region variant or inframe deletion.  
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Supplementary Table 5 Enriched DNase I hypersensitive sites and TFBS peaks by pathways identified from schizophrenia GWAS data. 

Enriched ENCODE Tracks 
Pathway/Gene set name 

Type Track Cell Line Cell Type Tissue P-value 

potassium ion transport FAIRE wgEncodeOpenChromFaireMedulloPk Medullo Medulloblastoma brain  0.00147 

regulation of heart contraction FAIRE wgEncodeOpenChromFaireMedulloPk Medullo Medulloblastoma brain 5.65E-05 
voltage gated potassium channel 
complex 

FAIRE wgEncodeOpenChromFaireMedulloPk Medullo Medulloblastoma brain  5.86E-04 

DNase-seq wgEncodeDukeDnaseOsteobl Osteobl Osteoblast bone  2.78E-04 auxiliary transport protein 
activity DNase-seq wgEncodeDukeDnaseFibrobl Fibrobl Fibroblast skin  2.83E-04 

TFBS-PeakSeq wgEncodeSydhTfbsK562Nrf1IggrabAlnRep0 K562 Leukemia cell blood  0.0000297 

TFBS-SPP wgEncodeSydhTfbsH1hescNrf1IggrabAlnRep0 H1-hESC
Embryonic stem 
cell 

embryonic 3.07E-06 

TFBS-SPP wgEncodeSydhTfbsK562Nrf1IggrabAlnRep0 K562 Leukemia cell blood  3.73E-06 

TFBS-SPP wgEncodeSydhTfbsHelas3E2f6StdAlnRep0 HeLa-S3  cervix  0.0000049 

TFBS-SPP wgEncodeSydhTfbsHelas3E2f1StdAlnRep0 HeLa-S3  cervix  6.18E-06 
TFBS-SPP wgEncodeHaibTfbsHepg2Hnf4gsc6558V0416101AlnRep0 HepG2 Carcinoma liver  0.0000148 
TFBS-SPP wgEncodeHaibTfbsHepg2Hnf4ah171Pcr1xAlnRep0 HepG2 Carcinoma liver  0.0000249 
TFBS-SPP wgEncodeSydhTfbsHelas3Elk4UcdAlnRep0 HeLa-S3  cervix  0.0000344 

cell adhesion molecules cams 

TFBS-SPP wgEncodeSydhTfbsHelas3Hae2f1StdAlnRep0 HeLa-S3  cervix  0.0000807 

potassium channel activity FAIRE wgEncodeOpenChromFaireMedulloPk Medullo Medulloblastoma brain  9.91E-04 

DNase-seq wgEncodeDukeDnaseOsteobl Osteobl Osteoblast bone  2.58E-04 
channel regulator activity 

DNase-seq wgEncodeDukeDnaseFibrobl Fibrobl Fibroblast skin  2.63E-04 
activation of protein kinase 
activity 

FAIRE wgEncodeOpenChromFaireHelas3Ifna4hPk HeLa-S3  cervix  0.000527 
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Supplementary Table 6 Comparison between i-GSEA4GWAS v2 and web-based tools (including databases) for 

functional analysis. 

Tool LD-proxy Coding 
features 

No-coding 
features 

eQTLs Enrichment 
analysis 

i-GSEA4GWAS v2 Yes Yes Yes Yes Yes 
GREAT (McLean et al., 2010)  No No Yes No Yes 
GenomeRunner Web (Dozmorov et al., 2012) No No Yes No Yes 
ChroMos (Barenboim and Manke, 2013) No No Yes No No 
rSNPBase (Guo et al., 2014) Yes No Yes Yes No 
is-rSNP (Macintyre et al., 2010) No No Yes No No 
GWASrap (Li et al., 2012) Yes Yes Yes Yes No 
TRAP (Thomas-Chollier et al., 2011) No No Yes No No 
HaploReg (Ward and Kellis, 2012) Yes No Yes Yes Yes 
RegulomeDB (Boyle et al., 2012) No No Yes No No 
GWAS3D (Li et al., 2013) Yes No Yes No Yes 
GERP++ (Davydov et al., 2010) No No Yes No No 
dbPSHP (Li et al., 2014) No No Yes No No 
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