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Abstract

Quantitative trait loci (QTLs) are widely used as instruments to infer causal risk factors of diseases based on the idea 
of mendelian randomization. Plasma metabolites can serve as risk factors of cancer, and the heritability of many 
circulating metabolites was high. We conducted a metabolome-wide association study (MWAS) to systematically 
investigate the effects of genetic variants on metabolites and lung cancer based on published genome-wide association 
study (GWASs) and metabolic-QTL (mQTL) study. Then we confirmed the results by subsequent genetic and metabolic 
validations and inferred the causal relationship between identified metabolites and lung cancer through genetic 
variant(s). We firstly identified six polyunsaturated fatty acids (PUFAs) represented by rs174548-linked haplotype were 
significantly associated with lung cancer risk in a Chinese GWAS (2311 cases and 3077 controls). Rs174548 was further 
confirmed to be associated with lung cancer in 13 821 Europeans and 18 471 Asians (ORmeta = 0.87, Pmeta = 1.76 × 10–15) and 
the effect was much stronger in females (Pinteraction = 6.00 × 10–4). We next validated rs174548-plasma PUFA association 
in 253 Chinese subjects (β = −0.57, P = 1.68 × 10–3). Rs174548 was also found associated with FADS1 (the major fatty acid 
desaturase of identified PUFAs) expression in liver tissues. Taken together, we found that rs174548 was associated with 
both PUFAs and lung cancer. Because rs174548 was the only mQTL variant of PUFAs reported by previous GWASs and 
explained a large proportion of heritability, we proposed that plasma PUFAs could be causally associated with lung 
cancer based on the idea of mendelian randomization. These findings provide a diet-related risk factor and may have 
important implications for prevention on lung cancer.
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Introduction
Lung cancer is the most commonly diagnosed cancer and the 
leading cause of cancer-related mortality worldwide. Tobacco 
consumption is the major cause of lung cancer (1,2); however, the 
incidence rate of lung cancer is relatively high in Chinese women 
despite a low prevalence of smoking (3), suggesting the existence 
of additional predisposing factors. Some lifestyle factors, such 
as diet, were difficult to quantify accurately in traditional epi-
demiological studies. Human metabolic phenotypes, which are 
determined by both genetic and environmental factors, can serve 
as functional intermediate traits of these factors (4) and help us 
identify additional risk factors of diseases. Although some stud-
ies have successfully associated circulating metabolites with 
cancer development (5–7), several challenges come up: popula-
tion-based metabolic studies were limited by specimen availabil-
ity and cost, with the few published studies of metabolites and 
diseases being orders of magnitude smaller than studies of dis-
eases alone; commonly using a typical case–control study design, 
in addition, most studies provided early events or biomarkers but 
cannot determine a causal relationship between metabolites and 
diseases. An ordinary prospective study on metabolome may suf-
fer from the biases introduced by metabolic changes because of 
precancerous lesions or asymptomatic cancers (8), or because of 
long-term preservation of plasma samples.

Mendelian randomization (MR) using genetic factors as instru-
mental variables is widely used for the study to unbiasedly infer 
causal relationships between exposures and outcomes (9). Two-
sample MR is a strategy in which the single nucleotide poly-
morphism (SNP)-risk factors and SNP-outcome associations are 
evaluated in different data sources. It helps us avoid the problems 
mentioned above and allows us to identify metabolic risk factors 
of diseases from published data of genome-wide association study 
(GWAS) (10–12). Based on the two-sample MR analysis framework 
and expression quantitative trait loci (eQTL) information, several 
transcriptome-wide association studies (TWASs) were successfully 
applied to indicate functional genes involved in complex diseases 
(4,13). Similar with eQTL study, a metabolic-QTL (mQTL) study (14) 
provided a comprehensive atlas of genetic influences on human 
blood metabolites and reported high contribution of metabolic 
SNPs to heritability of metabolites recently. Thus, we proposed a 
metabolome-wide association study (MWAS) to explore the asso-
ciation between metabolites and risk of lung cancer (Figure 1).

Materials and methods

Study populations

Based on the published data of circulating metabolite-associated 
SNPs, we conducted a MWAS to systematically investigate the 

association between metabolites and lung cancer using our initial 
NJMU GWAS data (2331 cases and 3077 controls). The association 
between polyunsaturated fatty acids (PUFAs)-associated rs174548 
and lung cancer risk was replicated in 26 884 participants (13 945 
cases and 12 939 controls), including direct-genotyping replication 
(NJMU validation: 2283 cases and 2243 controls) and in silico rep-
lication from published GWAS data (MDACC: 1150 cases and 1134 
controls; FLCCA: 4796 cases and 3741 controls; NCI: 5716 cases and 
5821 controls). Detailed information about the subjects involved 
in this study is shown in Supplementary Table  1, available at 
Carcinogenesis Online. NJMU: The NJMU GWAS included 2331 cases 
and 3077 controls from the Nanjing and Beijing cohorts. The sub-
jects’ details have been reported previously (15). The direct-gen-
otyping replication included 2283 cases and 2243 controls from 
the Nanjing cohort (749 cases and 754 controls) and the Beijing 
cohort (1534 cases and 1489 controls). MDACC: A  total of 1154 
cases of lung cancer and 1137 controls from the MDACC GWAS 
(16) were obtained from a case–control study at the University of 
Texas MD Anderson Cancer Center conducted between 1997 and 
2007. FLCCA & NCI: We obtained FLCCA and NCI data from the 
NCBI database of Genotypes and Phenotypes (dbGaP). All samples 
from the FLCCA (Female Lung Cancer Consortium in Asia) GWAS 
(17) were female and were non-smokers with Asian ancestry, 
and the data were downloaded from phs000716.v1.p1. Only data 
obtained using the Illumina Human660W-Quad v1.0 DNA Analysis 
BeadChip platform were used for the current analysis, includ-
ing 4796 cases and 3741 controls. The NCI GWAS included sam-
ples from four studies: (i) the Environment and Genetics in Lung 
Cancer Etiology (EAGLE) study; (ii) the α-Tocopherol, β-Carotene 
Cancer Prevention Study (ATBC); (iii) the Prostate, Lung, Colon, 
Ovary Screening Trial (PLCO); and (iv) the Cancer Prevention Study 
II Nutrition Cohort (CPS-II). We obtained EAGLE study data from 
dbGaP phs000093.v2.p2, which included 1945 cases and 1992 con-
trols (SLD). We obtained the data of the other three studies from 
dbGaP phs000336.v1.p1, which included 3782 cases and 3840 con-
trols (CADM). Here, we performed the analyses separately and 
then conducted a meta-analysis.

An additional cohort of 253 unrelated ethnic Han Chinese 
was included to evaluate the association between rs174548 and 
arachidonate (ARA). All subjects were disease-free individuals. 
Informed consents were obtained from all participants, and the 
study was approved by the Ethics and Human Subject Committee 
of Nanjing Medical University with the approval number 
FWA00001501.

Quality control and imputation of GWAS data sets

The NJMU GWAS was conducted using an Affymetrix Genome-
Wide Human SNP Array 6.0 with standard quality-control pro-
cedures conducted prior to the association analysis. Though the 
data sets from the dbGaP were said to be deposited after the 
initial quality control, we performed standard quality control 
on the data. We excluded individuals with low call rates (95%), 
familial relationships and extreme heterozygosity rates, and we 
excluded SNPs with low call rates (95%), minor allele frequencies 
(MAFs)  <0.05 and P < 1 × 10–6 for the Hardy–Weinberg equilibrium. 
The data were imputed for the NJMU, FLCCA and NCI GWASs for 
more than 20 million SNPs using data from the 1000 Genomes 
Project (the Phase III integrated variant set release, across 2504 
samples) as a reference. We phased the haplotypes with Shapeit 
v2 (http://www.shapeit.fr/, Phasing step) and performed impu-
tations with IMPUTE2 (http://mathgen.stats.ox.ac.uk/impute/
impute_v2.html, Imputation step). Poorly imputed SNPs defined 
by an information measure Is <0.80 with IMPUTE2 were excluded 
from the analysis.

Abbreviations	
ARA 	 arachidonate
eQTL 	 expression quantitative trait loci
EPA 	 eicosapentaenoate
GWAS 	 genome-wide association study
MAF 	  minor allele frequency
MWAS 	 metabolome-wide association study
mQTL 	 metabolic-QTL
MR 	 mendelian randomization
OR 	 odds ratios
PUFA 	  polyunsaturated fatty acid
QTL 	 quantitative trait loci
SNP 	 single nucleotide polymorphism
SMR 	 summary data-based mendelian randomization. 
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Metabolome-wide association study for genetic 
variants using GWAS and mQTL summary data

We applied the Summary data-based Mendelian Randomization 
(SMR) method (13), which can greatly increase the power for a 
two-sample MR with large sample sizes, to test for the associa-
tion between circulating metabolites and lung cancer risk (14). 
Briefly, SMR method was developed based on the concept of 
two-sample MR. In this study, let y be a phenotype (lung cancer), 
x be exposure (abundance of a metabolite), z be an instrumental 
variable (SNP), we estimated:

(1)		 the effect of metabolites on lung cancer (bxy
 ) 

through: b bxy zy zx

 



= / β

Where bzy
  was the estimate of effect of a SNP on lung cancer 

from our NJMU lung cancer GWAS and β


zx
 was the estimate of a 

SNP effect on the abundance of a metabolite from mQTL GWAS.

(2)		 the sample variance of bxy


. var( bxy


)  was estimated by the 
Delta method (18);

(3)		 approximate χ2 test statistic to test the significance of bxy
 : 
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Metabolic-QTL summary data was extracted from the associa-
tion results of a GWAS on the human metabolome conducted 
by So-Youn Shin et al. (14). The metabolites were relatively quan-
tified (14) by liquid-phase chromatography coupled with tan-
dem mass spectrometry (LC-MS). We obtained the association 
data from http://metabolomics.helmholtz-muenchen.de/gwas/

index.php?task=download, which contains all association sta-
tistics for 453 metabolites with a P ≤ 1 × 10–5. We included SNPs 
associated with 238 metabolites with reference spectra of the 
pure substances measured directly at the GWAS significance 
level of P ≤ 5 × 10–8. To minimize the heterogeneity between two 
GWASs, we further excluded SNPs with MAF<0.05 estimated in 
both two GWAS data and remained 13 266 SNPs. We performed 
heterogeneity in dependent instruments (HEIDI) test to distin-
guish causality from linkage, and excluded SNPs in linkage dis-
equilibrium with the lead metabolic trait-associated SNP at a 
threshold of r2 > 0.9. The EUR population of the 1000 Genome 
project was set as the reference to estimate the linkage disequi-
librium correlation between SNPs.

Replication genotyping

Genotyping of rs174548 was performed using TaqMan assays 
(Applied Biosystems). The primers and probes are available upon 
request. Call rates for SNP genotypes were >95% in each of the 
replication series. The laboratory technicians who performed 
the genotyping experiments were blinded to case or control 
status. Five percent of the samples were randomly selected for 
repeat genotyping as blind duplicates, and the reproducibility 
was >99%.

The measurements of plasma ARA

Plasma ARA of 253 subjects was measured using ultra high-
performance liquid chromatography tandem with mass spec-
trometry (LC-MS) according to the previous report (19). Briefly, 

Figure 1.  General design of this study. 

http://metabolomics.helmholtz-muenchen.de/gwas/index.php?task=download
http://metabolomics.helmholtz-muenchen.de/gwas/index.php?task=download
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plasma samples were thawed at 4°C prior to analysis. Then, 
100  μl plasma was mixed with 300  μl methanol for protein 
precipitation, and the supernatant was obtained after cen-
trifugation at 15000×g for 15  min. After drying, the residue 
was reconstituted in 200 µl water. A total of 10 μl of the super-
natant was injected into the Ultimate 3000 system (Dionex) 
coupled to a Q-Exactive mass spectrometer (Thermo Fisher 
Scientific) for metabolomic analysis. The ZORBAX SB-C18 col-
umn (2.1 × 100 mm) was used, and column temperature was 
maintained at 40°C. Mobile phase conditions consisted of ace-
tonitrile containing 0.1% formic acid as mobile phase A  and 
water containing 0.1% formic acid as mobile phase B. The gra-
dient program was 0–3 min at 1% mobile phase A, 3–10 min at 
1–99% mobile phase A, 10–13 min at 99% mobile phase A and 
13–15 min at 1% mobile phase A. The mass spectrometry was 
run in electrospray positive ion and negative ion full scan mode 
(110.0–800.0 m/z). Capillary voltage for positive ion mode was 
−2500 V, and the negative ion mode was 3500 V. The remain-
ing parameters were: temperature 425°C and capillary tem-
perature 300°C. All samples were arranged in random order to 
avoid biases related to the injection order. In the current study, 
25 pooled plasma samples (253 samples) were processed as QC 
samples and randomly placed in the sample queue to moni-
tor the stability of the LC−MS system. LC-MS raw data were 
processed using TraceFinder 3.1 (Thermo Fisher Scientific). 
The metabolite identification was based on the comparison 
of accurate mass and retention time with 260 standard com-
pounds. As ARA was the PUFA which was most affected by 
rs174548, we selected ARA to represent the family of PUFAs in 
the validation procedure.

The expression of FADS1 and FADS2

Expression levels of normal liver tissues were obtained from 
TCGA Firehose at the MIT Broad Institute (https://confluence.
broadinstitute.org/display/GDAC/Home, 2014-07-15 release). 
Normalized read counts were used to quantify the expression of 
FADS1 and FADS2. The results and the boxplots of the eQTL anal-
ysis from the GTEx project were obtained from GTEx Analysis V6 
(dbGaP accession number phs000424.v6.p1). The expression of 
FADS1 was extracted from the fully processed, normalized and 
filtered gene expression data released by the GTEx portal.

Selection of EPA-related SNPs and construction of 
weighted genetic risk score

We included all eicosapentaenoate (EPA)-related SNPs released 
by a previous study (14) (PEPA < 5  ×  10–5) and excluded ARA-
SNPs (PARA < 5 × 10–5) in this analysis. When multiple SNPs were 
observed in strong linkage disequilibrium (r2 ≥ 0.8), only the 
SNP with the lowest metabolites–SNP association P value was 
selected. A total of 11 SNPs were included in the analysis and the 
associations between the 11 SNPs and lung cancer were listed 
in Supplementary Table 2, available at Carcinogenesis Online. We 
then derived a weighted genetic risk score (wGRS) predicting 
serum EPA level by summing the dosages for EPA-increasing 
alleles with 11 EPA-specific SNPs (PEPA < 5 × 10–5 and PARA ≥ 5 × 10–5)  

using the following formula: wGRS SNP
i

i i=
=
å

1

11

β , where βi  is 

the effect estimate of the i th SNP for serum EPA level released 
by a previous study (14) and SNP i  is the dosage of the effect 
allele (0, 1 or 2). Logistic regression model was used to estimate 
odds ratios (OR) and 95% confidence intervals for associations 
between genetically predicted plasma EPA level and lung cancer 
risk.

Other statistical analyses

For the genetic studies, we tested SNPs for associations with 
lung cancer using logistic regression analysis in PLINK 1.07 (20). 
Tests of association between imputed SNPs and lung cancer 
were performed under a probabilistic dosage model in SNPTEST 
v2.5 (https://mathgen.stats.ox.ac.uk/genetics_software/snptest/ 
snptest.html). The meta-analysis was performed using inverse-
variance approaches. ORs and 95% confidence intervals were 
calculated by logistic regression analysis under an additive 
model, with adjustments for age, gender, smoking status and 
corresponding principal components. For the CADM study from 
the NCI project, we did not include the smoking status in the 
model since such information was not provided. In the strati-
fication analysis, we calculated Cochran’s Q statistic to test for 
heterogeneity between the groups. A  linear regression model 
was used to perform QTL analysis. The plasma ARA values 
and the expression levels of genes used in the model were log2 
transformed. The R package ggplot2 (21) was used to create the 
association plots. General analyses were performed with R soft-
ware (version 3.1.1).

Results

Metabolome-wide association study

We applied a SMR method to test the association between cir-
culating metabolites and the risk of lung cancer. We included 13 
266 metabolites-associated SNPs in the initial scan, representing 
238 metabolites. A total of 185 SNP-metabolite pairs passed the 
test for HEIDI (Phet > 0.05) and were included in further analy-
sis (Figure 2). After correction for multiple testing (P < 0.05/185), 
arachidonate (ARA; 20:4n6) (P = 1.79 × 10–5), eicosapentaenoate 
(EPA; 20:5n3) (P = 6.03 × 10–5), dihomo-linolenate (20:3n3 or n6) 
(P = 9.58 × 10–5), adrenate (22:4n6) (P = 1.20 × 10–4), stearidonate 
(18:4n3) (P = 1.57 × 10–4) and docosapentaenoate (n3 DPA; 22:5n3) 
(P = 2.63 × 10–4) were found to be associated with a significantly 
increased risk of lung cancer (Supplementary Table 3, available 
at Carcinogenesis Online, Figure 2). All the metabolites above were 
PUFAs, and all the variants associated with these PUFAs were 
located in a single haplotype (Supplementary Figure 1, available 
at Carcinogenesis Online). Because the effect of rs174548 on lung 
cancer risk was the strongest, we used it as the instrumental 
variant for six PUFAs in following analysis.

rs174548 was consistently associated with lung 
cancer and had stronger effect in females

We validated the association between rs174548 and lung can-
cer risk by directly genotyping an additional 2283 cases and 
2243 controls (Validation I) in Chinese individuals and by in 
silico validation based on three lung cancer GWASs including a 
total of 11 662 cases and 10 696 controls (Validation II) (Table 1, 
Supplementary Figure 2, available at Carcinogenesis Online). The 
pooled OR of lung cancer was 0.87 for the G allele of rs174548 
(Pcombined = 1.76 × 10–15). Stratification by gender in our lung can-
cer GWAS and Validation I  study suggested that the effect of 
rs174548 was stronger in females (PQ  =  0.01, Supplementary 
Table  4, available at Carcinogenesis Online). However, no heter-
ogeneity was found between smokers and non-smokers (PQ > 
0.05, Supplementary Table 4, available at Carcinogenesis Online). 
In addition, we investigated the effect of epistasis between 
rs174548 and gender and identified a significant interaction 
between the G allele of rs174548 and female gender on lung 
cancer risk (interaction OR = 0.85, P = 6.00 × 10–4, Supplementary 
Table 5, available at Carcinogenesis Online).

https://confluence.broadinstitute.org/display/GDAC/Home
https://confluence.broadinstitute.org/display/GDAC/Home
https://mathgen.stats.ox.ac.uk/genetics_software/snptest/snptest.html
https://mathgen.stats.ox.ac.uk/genetics_software/snptest/snptest.html


C.Wang et al.  |  1151

rs174548 was a metabolic variant of PUFAs in 
individuals with Chinese ancestry

The SNP rs174548 was previously reported to be associated 
with PUFAs (Supplementary Table 6, available at Carcinogenesis 
Online) in populations of European ancestry. Thus, we addition-
ally studied the association between rs174548 and PUFAs in 253 
healthy Chinese individuals to avoid population heterogeneity. 
Because abundances of plasma PUFAs were highly correlated 
and ARA was the PUFA most affected by rs174548 in previous 
study (Supplementary Table 6, available at Carcinogenesis Online), 
we selected ARA as an indicator of six identified PUFAs. As 
expected, carriers of the rs174548 G allele had significantly lower 
plasma levels of ARA (β = −0.57, P = 1.68 × 10–3) (Figure 3a). These 
results suggested that the SNP was a mQTL variant in popula-
tions of both European and Chinese ancestries.

We also performed eQTL analysis on 50 normal liver tis-
sues to study the association between rs174548 and two major 
desaturases (FADS1 and FADS2), as liver is the major organ that 
influences circulating PUFA levels (22). The G allele of rs174548 
was significantly associated with the decreased expression of 

FADS1 (β = −0.84, P = 6.49 × 10–3) but not the expression of FADS2 
(β  =  −0.23, P  =  0.55) (Figure  3b and c). These results were fur-
ther validated in 97 normal liver tissues from the GTEx project 
(β  =  −0.38, P  =  2.20  ×  10–3 for FADS1, Supplementary Figure  3, 
available at Carcinogenesis Online). Then, we further performed 
a sex-specific eQTL analysis in normal liver tissues from the 
GTEx project, and we observed a significantly stronger effect 
in female normal liver tissues than males (P for heterogene-
ity test  =  3.85  ×  10–2) (Supplementary Figure  3, available at 
Carcinogenesis Online).

Discussion
PUFAs are classified into omega-6s and omega-3s (23). Linoleic 
acid and ɑ-linolenic acid, the precursor of both the omega-6 and 
omega-3 synthesis pathways (Supplementary Figure  4, avail-
able at Carcinogenesis Online), are essential fatty acids, thus both 
can be obtained through diet. Vegetable oils are major sources 
of omega-6 fatty acids, whereas seafood is a major source of 
omega-3 fatty acids (24). Although PUFAs intake was tradition-
ally considered as a protective factor of cardiovascular diseases 

Figure 2.  Results of SMR tests for the association between metabolites and lung cancer in NJMU GWAS. The presented summary statistics are form the summary-

data based mendelian randomization (SMR) tests conducted in 2331 cases and 3077 controls of Chinese ancestry. Each point represents a SNP-metabolite pair with its 

log10-transformed P value. The colors coding of all metabolites indicates eight broad metabolic groups. The dash green line indicates the statistically significant P value 

threshold after Bonferroni correction for multiple-hypothesis testing (P < 0.05/185).

Table 1.  Summary of discovery and validation studies for rs174548

Phase Study EAa OAb

EAFc Allele frequencyd

OR (95% CI) PeCase Control Case Control

Discovery NJMU(Nanjing) G C 0.37 0.41 192.0/702.0/579.0 331.0/943.0/688.0 0.89(0.79–0.99) 3.34E−02
NJMU(Beijing) G C 0.34 0.41 109.0/369.0/380.0 182.0/545.0/388.0 0.71(0.62–0.82) 1.46E−06

Validation I NJMU Validation 
(Nanjing)

G C 0.35 0.40 74.0/370.0/293.0 124.0/352.0/273.0 0.81(0.69–0.96) 1.22E−02

NJMU Validation 
(Beijing)

G C 0.30 0.38 150.0/630.0/734.0 234.0/669.0/571.0 0.68(0.60–0.76) 1.25E−11

Validation II MDACC G C 0.31 0.33 99.9/510.0/540.1 124.1/507.8/502.1 0.89(0.77–1.00) 4.67E−02
FLCCA G C 0.40 0.43 858.3/2133.7/1804.0 731.1/1738.3/1271.6 0.91(0.85–0.97) 4.90E−03
NCI G C 0.30 0.31 516.0/2424.3/2775.7 582.9/2433.4/2804.7 0.93(0.87–0.98) 1.18E−02

META G C 0.87(0.84–0.90) 1.76E−`15

aEffect allele.
bOther allele.
cEffect allele frequency.
dEA homozygote/heterozygote/OA homozygote.
eAdjusted by age, gender, smoking status (or py) and PC(s).
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(25–27), a recent double blind randomized controlled study 
suggested that replacement of saturated fat with linoletic acid 
remarkably increase the risk of death (28). For cancer, multi-
ple epidemiological studies have investigated the association 
between dietary intake of PUFA and the development of cancer 
(including breast, colorectal, prostate and pancreatic cancer) in 
prospective studies but failed to achieve consistent results (29). 
In this study, we first provided evidence for the causal associa-
tion between in vivo PUFAs and lung cancer risk using a MWAS 
and subsequent genetic and metabolic validations. Because 
PUFAs are diet-related, control of PUFA intake may be an easily 
available and economical way to reduce lung cancer incidence, 
especially in women.

In this study, rs174548 is an ideal instrumental variant to 
infer the relationship between PUFAs and lung cancer. According 
to the previous report (14), estimated heritability of ARA was 
about 0.30 and rs174548 itself explained approximately 20% of 
the total heritability. In addition, rs174548 related haplotype is 
the only one supported by multiple metabolic GWASs (14,30). 
In liver tissues, our eQTL analysis additionally validated the 
association between rs174548 and expression of FADS1, which 
encodes one of the major desaturases of PUFAs identified above 
(Supplementary Figure  4, available at Carcinogenesis Online). 
Thus, our results provided a reasonable explanation for associa-
tion between rs174548 and lung cancer (Figure 1).

However, it is still challenging to determine the functional 
PUFA underlying the association between rs174548 and lung 
cancer, because FADS1 encodes a fatty acid desaturase shared 
by both the omega-6 and omega-3 PUFA synthesis pathways 
(Supplementary Figure 4, available at Carcinogenesis Online). All 
circulating PUFAs related to this desaturase are highly corre-
lated (14) and are associated with rs174548 (14). Previous studies 
have reported that omega-6 and omega-3 PUFAs have opposing 
effects (24). ARA is the predominant omega-6 fatty acid. ARA 
can be converted to eicosanoids, which are important regula-
tors of inflammation. Tumor-prompting inflammation is a clas-
sic hallmark of cancer (31). The primary metabolic enzyme of 
ARA, cyclooxygenase (COX), is the target of non-steroidal anti-
inflammatory drugs (NSAIDs), which have been reported to have 
beneficial effects on reducing the risk of developing some solid 
tumors, including the four most prevalent cancers worldwide: 
breast, colon, lung and prostate cancer (32). Recent lung can-
cer GWAS studies in female never-smokers and EGFR mutated 

patients also identified a series of susceptibility loci in HLA 
region, providing additional evidence for tumor promoting role 
in the development of lung cancer. Eicosapentaenoic acid and 
docosahexaenoic acid (DHA), however, are the typical omega-3 
PUFAs, and they can be converted to anti-inflammatory prod-
ucts (24). Recently, experimental studies have provided evidence 
that the bioactive lipids that come from ARA (eicosanoids) play 
critical roles in cancer progression (33), while EPA has been fre-
quently reported to have potential effect in cancer prevention 
(34–39). Thus, we further evaluated the association between 
EPA and lung cancer with EPA-specific SNPs, and observed 
that genetically determined plasma EPA level was not signifi-
cantly associated with lung cancer risk (OR = 0.49, P = 1.29 × 10–

1) (Supplementary Table  2, available at Carcinogenesis Online). 
Thus, omega-6 PUFAs are more likely to be the causal factor 
of lung cancer rather than omega-3 PUFAs. However, we could 
not rule out the potential effect of omega-3 PUFAs in the etiol-
ogy of lung cancer. Additionally, the metabolites were relatively 
quantified (14) by liquid-phase chromatography coupled with 
tandem mass spectrometry (LC-MS) in this study, which could 
not represent the absolute abundance. Hence, further studies 
are warranted to clarify the causal PUFA(s) and illuminate the 
underlying mechanisms. 

Further analysis stratified by gender revealed that the pro-
tective effect of rs174548 was more apparent in females, and the 
sex-specific eQTL analysis in normal liver tissues also revealed 
that the association between rs174548 and FADS1 expression 
was significantly stronger in female normal liver tissues than 
males (Supplementary Figure  3, available at Carcinogenesis 
Online). Previous studies have demonstrated that sex hormones 
may participate in the metabolism of ARA (40). 17β-estradiol, the 
primary female sex hormone, was reported to facilitate the lipid 
peroxidation of omega-6 PUFAs by synergistically interacting 
with omega-6 PUFA metabolism. The lipid peroxidation-derived 
byproducts would further generate miscoding etheno-DNA 
adducts, which were potentially harmful carcinogens (41). 

In addition, the effect of rs174548 on lung cancer risk was 
more apparent in Chinese studies (Supplementary Figure  2, 
available at Carcinogenesis Online). Interestingly, two rs174548-
linked common variants (rs174550 and rs174549) have been 
reported to be associated with the risk of colorectal cancer and 
laryngeal squamous cell carcinoma in previous Asian GWASs 
(42,43), whereas no association between rs174548-linked SNPs 

Figure 3.  Quantitative trait loci analysis of rs174548. (a) The G allele of rs174548 was significantly associated with decreased plasma ARA in 253 individuals with Chi-

nese ancestry (β = −0.57, P = 1.68 × 10–3). (b) The G allele of rs174548 was significantly associated with decreased expression of FADS1 in 50 normal liver tissues from the 

TCGA project (β = −0.84, P = 6.49 × 10–3). (c) The G allele of rs174548 was not associated with the expression of FADS2 in 50 normal liver tissues from the TCGA project 

(β = −0.23, P = 0.55). Plasma ARA levels and FADS1/FADS2 expression levels were log2 transformed. The G allele of rs174548 was the minor allele in both Asian and Euro-

pean populations. P value was calculated with the linear regression model. The boxplot displays the first and third quartiles (top and bottom of the boxes), the median 

(band inside the boxes), and the lowest and highest point within 1.5 times the interquartile range of the lower and higher quartiles (whiskers).



C.Wang et al.  |  1153

and cancers have ever been identified in GWASs with individu-
als of European ancestry. Because diet is the major source of 
omega-6 PUFAs, varied dietary habits may be one of the reasons 
for this difference. A systematic nutrition survey including 1 630 
069 individuals from 266 countries indicated that mean dietary 
omega-6 PUFA consumption is higher in Chinese individuals 
than in individuals from other countries (44).

Taken together, our study identified mQTL rs174548 at 
11q12.2 as a novel and smoking-independent genetic variant 
associated with lung cancer, particularly in females. With the 
idea of MR, we proposed that higher levels of plasma PUFAs 
could be causal risk factors for lung cancer. Because PUFAs are 
diet-related, these findings may have important implications for 
prevention on lung cancer.

Supplementary material
Supplementary data are available at Carcinogenesis online.
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