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H I G H L I G H T S

� The identify candidate causal SNPs and pathways (ICSNPathway) method was used to perform pathway analysis of a GWAS dataset related to
pneumoconiosis.

� After quality control filtering, the GWAS dataset harbored genotypes of 710,999 SNPs in 202 pneumoconiosis cases and 198 exposed controls.
� Identified were 18 candidate SNPs, 13 genes, 30 pathways, and 13 biological mechanisms that might increase the risk of developing pneumoconiosis.
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A B S T R A C T

Objective: The aim of this investigation was to identify pathways involved in pneumoconiosis
susceptibility, clarify their potential mechanisms, and generate SNP-to-gene to pathway hypotheses
using an analytical pathway-based approach.

Methods: The Identify candidate causal SNPs and pathways (ICSNPathway) was used to perform pathway
analysis of a GWAS dataset for pneumoconiosis, which, after quality control filtering, harbored genotypes
of 710,999 SNPs in 202 pneumoconiosis cases and 198 exposed controls. The first stage involved the pre-
selection of candidate SNPs by linkage disequilibrium analysis and functional annotation of the most
significant SNPs; the second stage involved annotation of biological mechanisms for the selected
candidate SNPs using improved-gene set enrichment analysis.

Results: ICSNPathway analysis identified 18 candidate SNPs, involving 13 genes and 30 candidate
pathways and revealed 13 hypothetical biological mechanisms. The strongest hypothetical biological
mechanism was that rs8120 and rs2292151 alters the role of TICAM1, a gene involved in various pathways
and processes, including positive regulation of tumor necrosis factor (TNF) production, innate immune
response-activating signal transduction, positive regulation of the innate immune response, and the
biosynthesis of type I interferon (0.001 < p < 0.008; 0.001< false discovery rate (FDR) <0.035). The
second strongest mechanism was that rs2230656 modulates HIST3H3 to affect its role in chromatin
assembly processes (p < 0.001; FDR <0.001). The third mechanism was that rs11592462 modulates
CDH23, which regulates organization of the inner ear stereocilia, auditory receptor cell morphogenesis,
ear morphogenesis, and cellular homeostasis (0.001 < p < 0.006; 0.001 < FDR < 0.044). Of 13 candidate
genes, TICAM1, HIST3H3, CA1, CA3, PTPRZ1, and IL27RA are associated with fibrosis. Some of the
30 candidate pathways, which include positive regulation of TNF production, innate immune response-
activating signal transduction, and regulation of innate immune response, may be associated with
susceptibility to pneumoconiosis. Other candidate genes and pathways were novel or lacking fibrosis-
related research.

Conclusion: By applying ICSNPathway analysis to the pneumoconiosis GWAS data, we identified
candidate SNPs, genes such as TICAM1 and HIST3H3, and pathways involved in the positive regulation of
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TNF production that may contribute to pneumoconiosis susceptibility. Further analyses are needed to
validate the results.

ã 2014 Published by Elsevier Ireland Ltd.

9 1. Introduction

10 Pneumoconiosis is a systemic disease caused by long-term
11 inhalation of dust and characterized by irreversible lung tissue
12 fibrosis. Pathological varieties of silicosis, the most common type
13 of pneumoconiosis in China, include simple (nodular) silicosis,
14 progressive massive fibrosis, silicoproteinosis, and diffuse inter-
15 stitial fibrosis (Mossman and Churg, 1998). Gross pathological
16 examination of affected lungs reveals discrete hard nodules,
17 usually with upper-lobe predominance. Hilar and peribronchial
18 lymph nodes are frequently enlarged (Leung et al., 2012). Patients
19 with pneumoconiosis often have abnormal lung function, as
20 reflected by FEV1/FVC ratios.
21 As determined by morbidity and mortality, pneumoconiosis is
22 the most prevalent occupational disease in China. In 2013,
23 26,393 cases of occupational diseases were reported. Among
24 these, 23,152 cases, 87.72% of the total, were attributed to
25 pneumoconiosis (Ministry of Health of the People’s Republic of
26 China, 2013). The disease is often associated with underground
27 mining, where workers may be exposed to silica and coal dust. As a
28 consequence of long-term dust exposure, there is increased
29 mortality due to respiratory diseases, lung cancer, and cardiovas-
30 cular disease (Chen et al., 2012). Although environmental factors
31 are prominent in the pathogenesis of pneumoconiosis, a genetic
32 component of susceptibility has been established. Previous studies
33 using candidate gene approaches have discovered, within genes,
34 single-nucleotide polymorphisms (SNPs) that are associated with
35 susceptibility to pneumoconiosis. These genes include MUC5B
36 (Ji et al., 2014), SELE (Wang et al., 2013), and TNF-a and IL-1RA
37 (Wang et al., 2012). However, small sample sizes and limited
38 numbers of SNPs reduced the power of such studies.

39 Genome-wide association studies (GWASs) provide a powerful
40 approach to investigate variants associated with various diseases
41 and traits. GWASs have led to the discovery and validation of
42 relevant genes (Johnson and O0Donnell, 2009). Our previous study
43 of Han Chinese systematically evaluated genetic variants that were
44 associated with pneumoconiosis susceptibility on a genome-wide
45 scale and foundQ2 an association for rs73329476 (p < 5.0 � 10�8) and
46 replicated associations for rs4320486 (p < 0.05) and rs117626015
47 (p < 0.05) that were associated with pneumoconiosis (Chu et al.,
48 2014). However, these loci account for only a small fraction of
49 pneumoconiosis hereditability; other variants with weak effects
50 may be lost due to the stringent significance level and multiple
51 comparison corrections. Further, although genetic variants were
52 examined at the single marker level in our pneumoconiosis GWAS,
53 the biological mechanisms of the identified SNPs remain
54 controversial. A challenge in interpreting GWAS data is identifying
55 causative SNPs and providing evidence for the mechanisms that
56 could be responsible for the observed diseases and traits (Lee and
57 Song, 2012; Wang et al., 2010).

58 To overcome the limitations of these approaches, pathway-
59 based approaches have been applied to GWAS datasets (Ramanan
60 et al., 2012). Such analyses are based on the hypothesis that SNPs
61 causing alternations in the expression of genes involved in
62 functional pathways lead to adverse outcomes (Ramanan et al.,
63 2012). The identify candidate causal SNPs and pathways (ICSN-
64 Pathway) method was developed to identify candidate SNPs and
65 their corresponding candidate pathways by use of GWAS data
66 together with integrating linkage disequilibrium (LD) analysis,

67functional SNP annotation, and pathway-based analysis (PBA)
68(Zhang et al., 2011).
69To date, no PBA of the pneumoconiosis GWAS has been
70reported. Here, we applied ICSNPathway analysis to our previous
71pneumoconiosis GWAS dataset to identify candidate causal SNPs
72and mechanisms for pneumoconiosis susceptibility and thereby to
73generate SNP-to-gene-to-pathway hypotheses.

742. Materials and methods

752.1. Study population and GWAS data quality control

76We used our previous pneumoconiosis GWAS dataset, which
77included data for 205 pneumoconiosis cases and 203 exposed
78controls. All subjects provided written informed consent, and the
79institutional review boards of each participating institution
80approved this collaborative study (Chu et al., 2014). The dataset
81was filtered to remove unqualified samples and SNPs. One sample
82with overall genotype completion rates <95% was excluded. Four
83probable relatives were excluded based on pairwise identity by
84state according to their PI_HAT values in PLINK (all PI_HAT >0.125).
85In addition, three other samples were removed as population
86outliers. Retained for further analysis were 202 cases and
87198 exposed controls.
88900,015 SNPs were filtered by use of these criteria: (1) SNPs
89were not mapped on autosomal chromosomes; (2) SNPs had a call
90rate <95%; (3) SNPs had a minor allele frequency <0.05 in all
91samples; (4) the genotype distributions of SNPs deviated from
92those expected by the Hardy–Weinberg equilibrium in all samples
93(p < 1 �10�5). These thresholds resulted in 710,999 SNPs remain-
94ing for further pathway analysis.

952.2. Identification of candidate causal SNPs and pathways

96The ICSNPathway analysis was accomplished in two steps
97(Zhang et al., 2011). The first phase included the pre-selection of
98candidate causal SNPs using linkage disequilibrium (LD) analysis,
99in which the threshold value of r2 was 0.8, and the functional SNP
100annotation was based on the most significant SNPs. The second
101phase involved annotation of the biological mechanisms to
102preselect candidate causal SNPs by the PBA algorithm i-GSEA
103(improved gene-set enrichment analysis). A complete list of SNP
104p-values from the pneumoconiosis GWAS was used in the
105ICSNPathway analysis.
106LD analysis is used to search for SNPs in LD with most significant
107SNPs of a GWAS dataset and thereby to identify candidate causal
108SNPs based on an extended data set, including HapMap data
109(International HapMap 3Consortium et al., 2010). Another
110approach utilizes functional SNPs, which are defined as those
111that may alter protein or gene expression or the role of a protein in
112the context of a pathway. Functional SNPs include deleterious and
113non-deleterious, non-synonymous SNPs; those that cause the gain
114or loss of a stop codon those resulting in a frame shift; and those
115located in essential splice sites or in regulatory regions. Based on
116functional SNPs, ICSNPathway analysis preselects candidate causal
117SNPs in order to understand the underlying genetics of human
118health.
119The ICSNPathway server applied the i-GSEA PBA algorithm to
120the full list of pneumoconiosis GWAS SNP p-values to detect the
121pathways associated with individual characteristics. Briefly, the
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