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Abstract

The P38MAPK pathway participates in regulating cell cycle, inflammation, development, cell 

death, cell differentiation, and tumorigenesis. Genetic variants of some genes in the P38MAPK 

pathway are reportedly associated with lung cancer risk. To substantiate this finding, we used six 

genome-wide association studies (GWASs) to comprehensively investigate associations of 14,904 

single nucleotide polymorphisms (SNPs) in 108 genes of this pathway with lung cancer risk. We 

identified six significant lung cancer risk-associated SNPs in two genes (CSNK2B and ZAK) after 

correction for multiple comparisons by a false discovery rate (FDR) < 0.20. After removal of three 

CSNK2B SNPs that are located on the same locus previously reported GWAS, we performed LD 

analysis, SNP functional prediction and further analysis for two independent SNPs: rs3769201 and 

rs722864 in ZAK. We also expanded the analysis by including these two SNPs from additional 

GWAS datasets of Harvard University (984 cases and 970 controls) and deCODE (1,319 cases and 

26,380 controls). The overall effects of these two SNPs were assessed using all eight GWAS 

datasets (OR=0.92, 95% CI=0.89–0.95, and P=1.03E-05 for rs3769201; OR=0.91, 95% CI=0.88–

0.95, and P=2.03E-06 for rs722864). Finally, we performed an eQTL analysis and found that these 

two SNPs were significantly associated with ZAK mRNA expression levels in lymphoblastoid cell 

lines. In conclusion, the ZAK rs3769201 and rs722864 may be possible functional susceptibility 

loci for lung cancer risk.
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Introduction

Lung cancer is currently the leading cause of cancer-related deaths among adults worldwide. 

In the United States, about 224,390 new lung cancer cases will occur in 2016 [1]. Both 

environmental and genetic factors contribute to the risk of lung cancer. Single nucleotide 

polymorphisms (SNPs) are the most common genetic variants that are found to be associated 

with cancer risk, including lung cancer [2, 3]. Although genome-wide association studies 

(GWASs) have identified multiple SNPs to be associated with lung cancer risk, most of these 

SNPs are not biologically plausible. Therefore, we sought to perform a pathway-based 

analysis with a hypothesis-driven and much fewer SNPs of several published GWAS 

datasets to reduce the number of candidates. We aim to identify possible functional SNPs 

that may be associated with lung cancer risk but have not been reported by previous single 

GWAS analysis. This approach helped us successfully identify additional unreported 

susceptibility loci in those genes involved in centrosome [4], DNA repair [5], LncRNA [6], 

and RNA degradation [7]. In the present study, we investigated the associations between 

genetic variants of genes in the P38 mitogen-activated protein kinase (P38MAPK) pathway 

and lung cancer risk.
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The MAP kinase family has four distinct subgroups: extracellular signal-regulated kinases 

(ERKs), c-jun N-terminal or stress-activated protein kinases (JNK/SAPK), ERK/big MAP 

kinase 1 (BMK1), and P38MAPK. P38MAPK in response to stress stimuli, such as 

ultraviolet irradiation, cytokines, and heat shock, are involved in cell cycle, inflammation, 

development, cell death, cell differentiation, and tumorigenesis. Mammalian P38MAPK has 

four isoforms: α, β, γ, and δ. Numerous genes with multiple cellular functions have been 

identified as P38MAPK pathway substrates. Many transcription factors including p53, 

activating transcription factor 1/2/6 (ATF-1/2/6), C/EBP, SRF accessory protein (Sap1), 

MEF2A, DDIT3, and NFAT can be activated by P38 MAPKs [8–13]. Certain studies also 

have shown that the lack of P38MAPK functions may lead to cell cycle deficiency and 

tumorigenesis [14, 15]. On the other hand, some published studies showed that the 

oncogenic potential of this pathway may lead to tumor growth, angiogenesis, and metastasis 

[16, 17].

Several studies have shown that TP53 [18, 19] and ATM [20] in the P38MAPK signaling 

pathway are associated with lung cancer risk, but these studies did not include many other 

candidate genes and SNPs of this pathway. In the present study, we comprehensively 

investigated associations between genetic variants of possible genes in the P38MAPK 

pathway and lung cancer risk.

Materials and Methods

Study populations

We used summary data from the Transdisciplinary Research in Cancer of the Lung and The 

International Lung Cancer Consortium (TRICL-ILCCO), included six GWASs of 16,838 

controls and 12,160 lung cancer cases. These six GWAS studies included The University of 

Texas MD Anderson Cancer Center study (MDACC), Institute of Cancer Research 

study(ICR), National Cancer Institute study(NCI), International Agency for Research on 

Cancer study(IARC), Toronto study from Samuel Lunenfeld Research Institute study 

(Toronto), and German Lung Cancer study (GLC). The expanded analysis included two 

additional GWASs from ILCCO: the Harvard Lung Cancer study (Harvard) (984 cases and 

970 controls) [21] and the Icelandic Lung Cancer study (deCODE) (1,319 cases and 26,380 

controls) [22]. A written informed consent was obtained from all participating subjects in 

the original GWASs. All methods were performed in accordance with the relevant guidelines 

and regulations for each of the participating institutions, and the present study followed the 

study protocols approved by the Duke University Health System Institutional Review Board.

Selection of Genes and SNPs from the P38MAPK pathway

Multiple genotyping platforms were used, including Illumina HumanHap 317, 317+240S, 

370Duo, 550, 610 or 1M arrays for all the GWAS datasets. We used IMPUTE2 v2.1.1 [23] 

or MaCH v1.0 [24] software to perform the imputation of untyped SNPs using the 1000 

Genomes Project (phase I integrated release 3, March 2012) as the reference. Genes in the 

P38MAPK pathway were identified from the Molecular Signatures Database (C2) [25]. 

Overall, 108 genes located on autosomal chromosomes were selected (details presented in 

Supplementary Table S1). There were 14,904 SNPs within these selected genes with 2 kb 
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upstream to 2 kb downstream with the following selection criteria: (1) minor allele 

frequency (MAF) ≥ 5%, (2) genotyping rate ≥ 95%, (3) Hardy-Weinberg Equilibrium 

(HWE) exact P value ≥ 10-5. The detailed workflow is shown in Figure 1.

In silico functional prediction and validation

SNPinfo [26], RegulomeDB [27], and HaploReg [28] were used to predict SNP-associated 

potential functions. The expression quantitative trait loci (eQTL) analysis was performed by 

using the genotyping and expression data available from the lymphoblastoid cell data of 373 

European individuals from Genetic European Variation in Health and Disease Consortium 

(GEUVADIS) and the 1000 Genomes Project (phase I integrated release 3, March 2012) 

[29]. The TCGA level 3 RNAseq data 

(LUSC_rnaseqv2_Level_3_RSEM_genes_normalized_data.2016012800.0.0.tar.gz and 

LUAD_Level_3_RSEM_genes_normalized_data_2016012800.0.0.tar.gz) was obtained from 

the Broad TCGA GDAC site (http://gdac.broadinstitute.org).

Statistical analysis

We performed an unconditional logistic regression to estimate odds ratios (ORs) and 95% 

confidence intervals (CIs) per effect allele by using R (v2.6), Stata (v10, State College, 

Texas, US) and PLINK (v1.06) for each GWAS data set. A meta-analysis was performed on 

the selected 14,904 SNPs. We tested heterogeneity among the GWASs by using the 

Cochran’s Q statistic and investigated the proportion of the total variation by the I2 statistic. 

When there was no heterogeneity among GWASs (Q-test P > 0.100 and I2 < 25%), we used 

the fixed-effects model; otherwise, we used the random-effects model. We controlled for 

multiple testing with a threshold of a false discovery rate (FDR) < 0.20. The paired Student 

t-test was used to test for the differences in gene mRNA expression levels between lung 

cancer tissue and adjacent normal tissue from the TCGA database. LocusZoom (http://

locuszoom.sph.umich.edu/locuszoom/) (reference version: 1000 Genomes, Nov 24, 2014; 

EUR) [30] was employed to generate the regional association plots [31]. The Manhattan plot 

and LD plots were generated by Haploview v4.2. We used the LD analysis in chosing 

representative SNPs of ZAK. All other analyses were conducted with SAS (Version 9.3; 

SAS Institute, Cary, NC, USA), unless specified otherwise. All the statistical methods and 

codes were checked and reproduced by one of the co-authors.

Results

Analysis of the six GWAS datasets

Altogether, 14,904 SNPs from 108 genes were available from the six GWAS datasets of the 

TRICL-ILCCO consortium. A Manhattan plot demonstrating the associations of SNPs of 

these genes and lung cancer risk as identified by the single locus analysis can be found in 

Figure 2A. Overall, six SNPs in two genes (CSNK2B and ZAK) remained significantly 

associated with lung cancer risk after multiple-testing correction by FDR < 0.20. Their 

locations and associations with lung cancer risk are presented in Table 1. We excluded three 

SNPs in CSNK2B, because they are located on the same locus (6p21.33) previously reported 

by a GWAS [32]. Based on LD analysis (r2 > 0.80) (Figure 2B) and in silico SNP functional 

prediction (SNPinfo, RegulomeDB, and HaploReg) (Supplementary Table S2), we chose 
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two representative SNPs: rs3769201 and rs722864 of ZAK for further analyses. Regional 

association plots for rs3769201 and rs722864 in 500 kb up- and downstream region are 

shown in Figures 2C and 2D. The regional association plots demonstrated that the top SNP 

rs3769201 was in high LD with rs7604288 and a medium LD with rs722864. The two 

representative SNPs of ZAK had no LD with previously reported GWAS loci.

Functional validation by the eQTL analysis

We performed the eQTL analysis to assess the associations between SNPs and their gene 

mRNA expression levels, and we found that ZAK rs3769201 and rs722864 were associated 

with ZAK mRNA expression levels in an additive model (Figure 3). ZAK mRNA expression 

levels significantly decreased with an increased number of the rs3769201T allele in additive 

(P = 2.86E-04) (Figure 3A). The eQTL analysis results of rs722864 were also significant in 

an additive model (P = 1.68E-04) (Figure 3B). In addition, we compared mRNA expression 

levels of ZAK in 109 paired target tissue samples with normal adjacent tissue samples from 

the TCGA database and found that ZAK mRNA expression levels were also significantly 

decreased in the tumor tissues compared to the normal tissues (P = 6.29E-08), as well as 

stratified by adenocarcinoma (AD) and squamous cell lung carcinoma (SC) (Figure 4). 

Therefore, rs3769201 and rs722864 were chosen as the representative SNPs for further 

analyses because they were significantly associated with lung cancer risk as assessed in the 

overall association analysis and had potential functions according to the eQTL analysis.

Expanded analysis by additional two GWASs

We sought to expand our analysis by two additional independent lung cancer GWASs, 

Harvard Lung Cancer Study (Harvard) and Icelandic Lung Cancer Study (deCODE). We 

subsequently performed an overall meta-analysis to evaluate associations between the two 

ZAK SNPs and lung cancer risk in all eight GWASs. We found the overall effect of these 

two SNPs from among all eight GWASs remained significant (OR = 0.92, 95% CI = 0.89–

0.95, P value of heterogeneity test (Phet) = 0.471, and P = 1.03E-05 for rs3769201 and OR = 

0.91, 95% CI = 0.88–0.95, Phet = 0.504, and P = 2.03E-06 for rs722864) (Table 2 and 

Supplementary Figures S1A and S1B).

In subgroup analysis by histology (Table 2, Supplementary Figure S1), we found that the 

rs3769201T allele was significantly associated with SC risk (OR = 0.91, 95% CI = 0.85–

0.96, P = 0.002), but not with AD risk (OR = 0.97, 95% CI = 0.89–1.05, P = 0.401). 

Similarly, we also found that the rs722864A allele was associated with SC risk (OR = 0.91, 

95% CI = 0.86–0.97, P = 0.004), but not with AD risk (OR = 0.94, 95% CI = 0.87–1.02, P = 

0.139) as well. In subgroup analysis by smoking status, there was a significant decrease in 

lung cancer risk for the rs3769201T allele among ever smokers (OR = 0.90, 95% CI = 0.85–

0.94, P = 1.79E-05), but not among never smokers (OR = 0.97, 95% CI = 0.84–1.13, P = 

0.725) (Table 3, Supplementary Figure S1A). We also found that the rs722864A allele was 

associated with lung cancer risk among ever smokers (OR = 0.89, 95% CI = 0.85–0.94, P = 

5.58E-05), but not among never smokers (OR = 0.95, 95% CI = 0.80–1.12, P = 0.520) 

(Table 3, Supplementary Figure S1B). However, heterogeneity test showed that the effect 

difference between ever smokers and never smokers was statistically non-significant for both 

SNPs (Phet = 0.349 for rs3769201 and Phet = 0.467 for rs722864). There is also no 
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significant difference between AD and SC by heterogeneity test (Phet = 0.223 for rs3769201 

and Phet = 0.524 for rs722864).

Discussion

In the present study, we used eight published GWASs from the TRICL-ILCCO consortium 

to investigate the associations between genetic variants in P38MAPK pathway genes and 

lung cancer risk. We found that two novel, potentially functional SNPs, i.e., rs3769201T and 

rs722864A alleles of ZAK, were both associated with a decreased lung cancer risk and a 

decreased mRNA expression level of ZAK. We also demonstrated that the rs3769201T and 

rs722864A alleles were significantly associated with risk of both lung AD and SC among 

ever smokers.

The P38 signaling cascade activation is triggered by several MAP3Ks. ZAK (sterile alpha 

motif and leucine zipper-containing kinase AZK) is a subfamily of MAP3Ks. ZAK takes 

part in cell cycle, apoptosis, neoplastic cell transformation, and several other cancer-related 

pathways [33],[34]. ZAK has two major different transcript variants, ZAK-α and ZAK-β. In 

the present study, we found that ZAK mRNA expression levels were significantly decreased 

in tumor tissues compared to normal tissues in 109 paired target tissue samples from TCGA. 

These findings suggest that ZAK may be a suppressor gene, since ZAK has been shown to 

behave as a tumor suppressor by inhibiting lung cancer growth [35]. However, more 

evidence supports that ZAK may have a pro-oncogenic function. For example, the TCGA 

data showed significantly higher ZAK mRNA expression levels in lung cancer tissues than 

adjacent tissues in cancers of the bladder, breasts, and stomach. Others showed that the 

overexpression of ZAK-α activated several cancer-related signaling genes, such as AP1 and 

NF-kB [36], and that ZAK also took part in cell proliferation in gastric cell lines [37] as well 

as enhanced human colon cancer HCT116 cell EGF-dependent motility and migration [38]. 

These studies were consistent with the results of the present study in which the two SNPs 

had a loss of function, as evident by the association with a decreased lung cancer risk due to 

a decreased mRNA expression level of the gene.

We also performed subgroup analysis by histology and smoking status, and we demonstrated 

that both rs3769201T and rs722864A alleles were associated with risk of SC and ever 

smokers, but not with AD and never smokers. Cigarette smoke is the major risk factor for 

lung cancer, especially for SC. It has been reported that the transcription factor (TF) STAT 

can be activated after tobacco smoke exposure [39]. Functional prediction analysis from 

HaploReg showed that rs3769201 had a STAT binding site motif, and the results of eQTL in 

the present study also demonstrated that the SNP may change the mRNA expression of 

ZAK. However, there is no significant difference between ever smokers and never smokers 

as tested by the heterogeneity test.

The present study has some limitations. First of all, although we found five pathways from 

the Molecular Signatures Database, perhaps some newly discovered genes may not have 

been included yet. Second, some published studies support that ZAK is an oncogene [37], 

but others have shown that ZAK may have the function of suppressing cancer growth [35]. 

More biological and molecular experiments should be performed to reveal the mechanisms 
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underlying the observed associations. Finally, the analyses have not been adjusted to account 

for potentially important baseline risk covariates including family history.

In conclusion, the present study of eight published GWASs revealed two novel, potentially 

functional susceptibility loci in ZAK associated with lung cancer risk in European 

populations. Further validations and functional evaluations of these genetic variants are 

warranted to verify our findings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations:

AD Adenocarcinoma

CI confidence interval

eQTL expression quantitative trait loci

FDR false discovery rate

GWAS genome-wide association study

ILCCO International Lung Cancer Consortium

LD linkage disequilibrium

OR odds ratio

SC squamous cell carcinoma

SNP single nucleotide polymorphisms

TCGA The Cancer Genome Atlas

TRICL Transdisciplinary Research in Cancer of the Lung.
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Figure 1. 
Flowchart of SNP selection among the P38MAPK pathway genes
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Figure 2. 
Screening of SNPs in P38MAPKs pathway. (A) Manhattan plot of genome-wide association 

results of 14,904 SNPs in 108 P38MAPK pathway genes and lung cancer risk in the TRICL-

ILCCO Consortium. SNPs are plotted on the X-axis according to their positions on each 

chromosome. The association P values with lung cancer risk are shown on the Y-axis (as -

log10 (P) values). The horizontal blue line represents FDR threshold 0.20. The horizontal red 

line represents P value of 0.05; (B) LD plots of the SNPs in ZAK with FDR < 0.20; (C) 

rs3769201 in ZAK with 500 kb up- and downstream of the gene region. (D) rs722864 in 

ZAK with 500 kb up- and downstream of the gene region. In (C) and (D), the left-hand y-

axis shows the association P value of each SNP, which is plotted as -log10 (P) against 

chromosomal base pair position; the right-hand y-axis shows the recombination rate 

estimated from the hg19/1000 Genomes European population.
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Figure 3. 
The correlations between identified SNPs and ZAK mRNA expression. A, rs3769201 in 

additive model, P = 2.86E-04; B, rs722864 in additive model, P = 1.68E-04.
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Figure 4. 
The mRNA expression of ZAK in the 109 paired lung cancer and normal adjacent tissue 

samples from the TCGA database (A, over all, P = 6.29E-08; B, squamous cell carcinoma, P 
= 0.069; C, adenocarcinoma, P = 1.55E-09).
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