Genomics 112 (2020) 1223-1232

Contents lists available at ScienceDirect :
GENOMICS

Genomics

journal homepage: www.elsevier.com/locate/ygeno ﬂ :

Original Article

Check for
updates

Tuberculosis infection and lung adenocarcinoma: Mendelian randomization
and pathway analysis of genome-wide association study data from never-
smoking Asian women

Jason Y.Y. Wong™*', Han Zhang™', Chao A. Hsiung"™', Kouya Shiraishi®', Kai Yu™’,

Keitaro Matsuo®®', Maria Pik Wongf’l, Yun-Chul Hong®', Jiucun Wangh’i, Wei Jie Seow/,
Zhaoming Wang"', Minsun Song™™, Hee Nam Kim", I-Shou Chang®, Nilanjan Chatterjee™?,
Wei Hu®, Chen Wu', Tetsuya Mitsudomi’, Wei Zheng®, Jin Hee Kim', Adeline Seow’,

Neil E. Caporaso”, Min-Ho Shin”, Lap Ping Chung’, She-Juan An", Ping Wang", Yang Yang",
Hong Zheng®, Yasushi Yatabe’, Xu-Chao Zhang", Young Tae Kim”, Qiuyin Cai®, Zhihua Yin®,
Young-Chul Kim®™*‘, Bryan A. Bassig”, Jiang Chang¢, James Chung Man Ho"’, Bu-Tian Ji*,
Yataro Daigo®>*!, Hidemi Ito"®"", Yukihide Momozawa®', Kyota Ashikawa®, Yoichiro Kamatani®,
Takayuki Honda®, H. Dean Hosgood*, Hiromi Sakamoto®, Hideo Kunitoh®™, Koji Tsuta,
Shun-ichi Watanabe, Michiaki Kubo™, Yohei Miyagi®®, Haruhiko Nakayama®?,

Shingo Matsumoto®, Masahiro Tsuboi®’, Koichi Goto™, Jianxin Shi”, Lei Song”, Xing Hua®,
Atsushi Takahashi?**", Akiteru Goto®, Yoshihiro Minamiya®", Kimihiro Shimizu®,

Kazumi Tanaka™, Fusheng Wei”, Fumihiko Matsuda®, Jian Su", Yeul Hong Kim"?,

In-Jae Oh*™*°, Fengju Song*, Wu-Chou Su"”, Yu-Min Chen”“"“, Gee-Chen Chang”*",

Kuan-Yu Chen"¢, Ming-Shyan Huang”", Li-Hsin Chien®, Yong-Bing Xiang"”, Jae Yong Park”,
Sun-Seog Kweon™", Chien-Jen Chen", Kyoung-Mu Lee®"™, Batel Blechter”, Haixin Li*,
Yu-Tang Gao", Biyun Qian*, Daru Lu™, Jianjun Liu"">"?, Hyo-Sung Jeon", Chin-Fu Hsiao",
Jae Sook Sung™, Ying-Huang Tsai”, Yoo Jin Jung”, Huan Guo™, Zhibin Hu",

Wen-Chang Wang"", Charles C. Chung™", Laurie Burdett™", Meredith Yeager™",

Amy Hutchinson™, Sonja I. Berndt®, Wei Wu®®, Herbert Pang™’, Yuqing Li"", Jin Eun Choi",
Kyong Hwa Park", Sook Whan Sung™, Li Liu™, C.H. Kang”, Meng Zhu"', Chung-Hsing Chen”,
Tsung-Ying Yang™, Jun Xu"% Peng Guan®®“, Wen Tan’, Chih-Liang Wang®, Michael Hsin“,
Ko-Yung Sit*, James Ho’, Ying Chen’, Yi Young Choi"%, Jen-Yu Hung"", Jun Suk Kim®®,

Ho 1l Yoon®!, Chien-Chung Lin"", In Kyu Park”, Ping Xu¢, Yuzhuo Wang"', Qincheng He*?,
Reury-Perng Perng®”, Chih-Yi Chen“"“, Roel Vermeulen*, Junjie Wu"™', Wei-Yen Lim®,
Kun-Chieh Chen", Yao-Jen Li”, Jihua Li°™, Hongyan Chen™, Chong-Jen Yu", Li Jin"™’,
Tzu-Yu Chen”, Shih-Sheng Jiang®, Jie Liu®, Taiki Yamaji“", Belynda Hicks™", Kathleen Wyatta’k,
Shengchao A. Li**, Juncheng Dai"', Hongxia Ma"', Guangfu Jin”', Bao Song“®, Zhehai Wang®’,
Sensen Cheng®’, Xuelian Li**“’, Yangwu Ren">“, Ping Cui*, Motoki Iwasaki’, Taichi Shimazu‘",
Shoichiro Tsugane®?, Junjie Zhu", Ying Chen, Kaiyun Yang“, Gening Jiang", Ke Fei",
Guoping Wu™, Hsien-Chin Lin”, Hui-Ling Chen”, Yao-Huei Fang”, Fang-Yu Tsai®,

Wan-Shan Hsieh®, Jinming Yu, Victoria L. Stevens®, Ite A. Laird-Offringa®,

Crystal N. Marconett®, Linda Rieswijk®', Ann Chao®, Pan-Chyr Yang"®?, Xiao-Ou Shu®?,
Tangchun Wu®?, Y.L. Wu"?, Dongxin Lin%?, Kexin Chen®? Baosen Zhou®*?,

* Corresponding author.
E-mail address: jason.wong@nih.gov (J.Y.Y. Wong).

https://doi.org/10.1016/j.ygeno.2019.07.008

Available online 12 July 2019
0888-7543/ Published by Elsevier Inc.


http://www.sciencedirect.com/science/journal/08887543
https://www.elsevier.com/locate/ygeno
https://doi.org/10.1016/j.ygeno.2019.07.008
https://doi.org/10.1016/j.ygeno.2019.07.008
mailto:jason.wong@nih.gov
https://doi.org/10.1016/j.ygeno.2019.07.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ygeno.2019.07.008&domain=pdf

J.Y.Y. Wong, et al. Genomics 112 (2020) 1223-1232

Yun-Chao Huang®®? Takashi Kohno“?, Hongbing Shen”““", Stephen J. Chanock™?,
Nathaniel Rothman®?, Qing Lan™?

2 Division of Cancer Epidemiology and Genetics, National Cancer Institute, Bethesda, MD, USA

® Institute of Population Health Sciences, National Health Research Institutes, Zhunan, Taiwan

¢ Division of Genome Biology, National Cancer Center Research Institute, Tokyo, Japan

d Division of Cancer Epidemiology and Prevention, Aichi Cancer Center Research Institute, Nagoya, Japan

€ Department of Cancer Epidemiology, Nagoya University Graduate School of Medicine, Nagoya, Japan

f Department of Pathology, Queen Mary Hospital, The University of Hong Kong, Hong Kong

& Department of Preventive Medicine, Seoul National University College of Medicine, Seoul, Republic of Korea

! Ministry of Education Key Laboratory of Contemporary Anthropology, School of Life Sciences, Fudan University, Shanghai, China

I State Key Laboratory of Genetic Engineering, School of Life Sciences, Fudan University, Shanghai, China

I Saw Swee Hock School of Public Health, National University of Singapore, Singapore

K Cancer Genomics Research Laboratory, Leidos Biomedical Research Inc, Gaithersburg, MD, USA

! Department of Computational Biology, St. Jude Children's Research Hospital, Memphis, TN, USA

™ Department of Statistics, Sookmyung Women's University, Seoul, Republic of Korea

" Department of Preventive Medicine, Chonnam National University Medical School, Gwangju, Republic of Korea

° National Institute of Cancer Research, National Health Research Institutes, Zhunan, Taiwan

P Bloomberg School of Public Health, Johns Hopkins University, Baltimore, MD, USA

9 Department of Etiology & Carcinogenesis and State Key Laboratory of Molecular Oncology, Cancer Institute and Hospital, Chinese Academy of Medical Sciences and
Peking Union Medical College, Beijing, China

" Division of Thoracic Surgery, Kinki University School of Medicine, Sayama, Japan

® Division of Epidemiology, Department of Medicine, Vanderbilt University Medical Center and Vanderbilt-Ingram Cancer Center, Nashville, TN, USA
! Department of Integrative Bioscience & Biotechnology, Sejong University, Seoul, Republic of Korea

" Guangdong Lung Cancer Institute, Medical Research Center and Cancer Center of Guangdong General Hospital, Guangdong Academy of Medical Sciences, Guangzhou,
China

V¥ Department of Radiotherapy, Tianjin Medical University Cancer Institute and Hospital, National Clinical Research Center of Cancer, Key Laboratory of Cancer Prevention
and Therapy, Tianjin, China

" Shanghai Pulmonary Hospital, Shanghai, China

* Department of Epidemiology and Biostatistics, Tianjin Medical University Cancer Institute and Hospital, Tianjin, China

Y Department of Pathology and Molecular Diagnostics, Aichi Cancer Center Central Hospital, Nagoya, Japan.

“ Department of Thoracic and Cardiovascular Surgery, Cancer Research Institute, Seoul National University College of Medicine, Seoul, Republic of Korea
2% Department of Epidemiology, School of Public Health, China Medical University, Shenyang, China

 1ung and Esophageal Cancer Clinic, Chonnam National University Hwasun Hospital, Hwasun-eup, Republic of Korea

¢ Department of Internal Medicine, Chonnam National University Medical School, Gwangju, Republic of Korea

d Department of Medicine, The University of Hong Kong, Queen Mary Hospital, Pokfulam Road, Hong Kong

¢ Department of Medical Oncology and Cancer Center, Shiga University of Medical Science, Otsu, Japan

af Center for Antibody and Vaccine Therapy, Research Hospital, Institute of Medical Science, The University of Tokyo, Tokyo, Japan

% Division of Cancer Information and Control, Aichi Cancer Center Research Institute, Nagoya, Japan

ah Department of Descriptive Cancer Epidemiology, Nagoya University Graduate School of Medicine, Nagoya, Japan

ai Laboratory for Genotyping Development, Center for Integrative Medical Sciences, RIKEN, Yokohama, Japan

4 Laboratory for Statistical Analysis, RIKEN Center for Integrative Medical Sciences, Yokohama, Japan

ak Department of Epidemiology and Population Health, Albert Einstein College of Medicine, Bronx, New York, USA

al Division of Genetics, National Cancer Center Research Institute, Tokyo, Japan

M Department of Medical Oncology, Japanese Red Cross Medical Center, Tokyo, Japan

" Department of Pathology and Laboratory Medicine, Kansai Medical University, Osaka, Japan

% Division of Thoracic Surgery, National Cancer Center Hospital, Tokyo, Japan

P Molecular Pathology and Genetics Division, Kanagawa Cancer Center Research Institute, Kanagawa, Japan

24 Department of Thoracic Surgery, Kanagawa Cancer Center, Kanagawa, Japan

" Division of Translational Research, Exploratory Oncology Research and Clinical Trial Center (EPOC), National Cancer Center, Chiba, Japan

@ Department of Thoracic Surgery, National Cancer Center Hospital East, Chiba, Japan

a Department of Thoracic Oncology, National Cancer Center Hospital East, Japan

Y Department of Genomic Medicine, Research Institute, National Cerebral and Cardiovascular Center, Osaka, Japan

2" Department of Cellular and Organ Pathology, Graduate School of Medicine, Akita University, Akita City, Japan

W Department of Thoracic Surgery, Graduate School of Medicine, Akita University, Akita City, Japan

X Department of Integrative Center of General Surgery, Gunma University Hospital, Gunma, Japan

% China National Environmental Monitoring Center, Beijing, China

3% Center for Genomic Medicine, Kyoto University Graduate School of Medicine, Kyoto, Japan

"2 Department of Internal Medicine, Division of Oncology/Hematology, College of Medicine, Korea University Anam Hospital, Seoul, Republic of Korea
> Department of Internal Medicine, National Cheng Kung University Hospital, College of Medicine, National Cheng Kung University, Tainan, Taiwan
b¢ Department of Chest Medicine, Taipei Veterans General Hospital, Taipei, Taiwan

*d College of Medical Science and Technology, Taipei Medical University, Taipei, Taiwan

be School of Medicine, Faculty of Medicine, National Yang-Ming University, Taipei, Taiwan

Y Division of Chest Medicine, Department of Internal Medicine, Taichung Veterans General Hospital, Taichung, Taiwan

Y8 Department of Internal Medicine, National Taiwan University Hospital and College of Medicine, National Taiwan University, Taipei, Taiwan

bh Department of Internal Medicine, E-Da Cancer Hospital, School of Medicine, I-Shou University, Kaohsiung, Taiwan

Y State Key Laboratory of Oncogene and Related Genes & Department of Epidemiology, Shanghai Cancer Institute, Renji Hospital, Shanghai Jiaotong University School of
Medicine, Shanghai, China

Y Lung Cancer Center, Kyungpook National University Medical Center, Daegu, Republic of Korea

Y Jeonnam Regional Cancer Center, Chonnam National University Hwasun Hospital, Hwasun-eup, Republic of Korea

Yl Genomic Research Center, Academia Sinica, Taipei, Taiwan

™ pepartment of Environmental Health, Korea National Open University, Seoul, Republic of Korea

b Department of Epidemiology, Shanghai Cancer Institute, Shanghai, China

b Department of Human Genetics, Genome Institute of Singapore, Singapore

P School of Life Sciences, Anhui Medical University, Hefei, China

! These authors contributed equally.
2 These authors co-supervised the work.

1224



J.Y.Y. Wong, et al.

Genomics 112 (2020) 1223-1232

4 Cancer Research Center, Kyungpook National University Medical Center, Daegu, Republic of Korea
" Division of Pulmonary and Critical Care Medicine, Chiayi Chang Gung Memorial Hospital, Chiayi, Taiwan
bs Department of Occupational and Environmental Health and Ministry of Education Key Lab for Environment and Health, School of Public Health, Tongji Medical College,

Huazhong University of Science and Technology, Wuhan, People's Republic of China

Y Department of Epidemiology, Center for Global Health, School of Public Health, Nanjing Medical University, Nanjing, China
U The Ph.D. Program for Translational Medicine, College of Medical Science and Technology, Taipei Medical University, Taipei, Taiwan

¥ School of BioMedical Sciences, The University of Hong Kong, Hong Kong
YW Cancer Prevention Institute of California, Fremont, CA, USA

b Department of Thoracic and Cardiovascular Surgery, Seoul St Mary's Hospital, The Catholic University of Korea, Republic of Korea
Y Department of Oncology, Cancer Center, Union Hospital, Huazhong University of Science and Technology, Wuhan, China

b2 School of Public Health, Li Ka Shing (LKS) Faculty of Medicine, The University of Hong Kong, Hong Kong, China

“@Key Laboratory of Cancer Etiology and Intervention, University of Liaoning Province, Shenyang, China

<> Department of Pulmonary and Critical Care, Chang Gung Memorial Hospital, Taoyuan, Taiwan

¢ Department of Cardiothoracic Surgery, Queen Mary Hospital, The University of Hong Kong, China

<d Department of Medicine, The University of Hong Kong, China

¢ Division of Medical Oncology, Department of Internal Medicine, College of Medicine, Korea University Guro Hospital, Seoul, Republic of Korea

1,

< Department of Internal Medicine, Seoul National University B 1g Hospital, Seong

n, Republic of Korea

8 Department of Oncology, Wuhan Iron and Steel Corporation Staff Worker Hospital, Wuhan, China

< Chest Department, Taipei Veterans General Hospital, Taipei, Taiwan
< Institute of Medicine, Chung Shan Medical University, Taichung, Taiwan

9 Division of Thoracic Surgery, Department of Surgery, Chung Shan Medical University Hospital, Taichung, Taiwan
<k Division of Environmental Epidemiology, Institute for Risk Assessment Sciences (IRAS), Utrecht University, Utrecht, the Netherlands

<! Agency for Integrated Care, Singapore
“™ Qujing Center for Diseases Control and Prevention, Sanjiangdadao, Qujing, China

" Department of Internal Medicine, National Taiwan University College of Medicine, Taipei, Taiwan

© Department of Oncology, Shandong Cancer Hospital and Institute, Shandong Academy of Medical Sciences, Jinan, China

P Epidemiology and Prevention Group, Center for Public Health Sciences, National Cancer Center, Tokyo, Japan

©d Department of Thoracic Surgery, the Third Affiliated Hospital of Kunming Medical University, Yunnan Cancer Hospital, Yunnan Cancer Center, Kunming, China

" Behavioral and Epidemiology Research Group, American Cancer Society, Atlanta, GA, USA

 Department of Surgery, Department of Biochemistry and Molecular Medicine, Norris Comprehensive Cancer Center, Keck School of Medicine, University of Southern

California, Los Angeles, CA, USA

<t Environmental Health Sciences Division, School of Public Health, University of California, Berkeley, Berkeley, CA, USA

" Center for Global Health, National Cancer Institute, Bethesda, MD, USA

¥ Jiangsu Key Lab of Cancer Biomarkers, Prevention and Treatment, Collaborative Innovation Center For Cancer Personalized Medicine, Nanjing Medical University,

Nanjing, China

ARTICLE INFO ABSTRACT

Keywords:
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We investigated whether genetic susceptibility to tuberculosis (TB) influences lung adenocarcinoma develop-
ment among never-smokers using TB genome-wide association study (GWAS) results within the Female Lung
Cancer Consortium in Asia. Pathway analysis with the adaptive rank truncated product method was used to
assess the association between a TB-related gene-set and lung adenocarcinoma using GWAS data from 5512 lung
adenocarcinoma cases and 6277 controls. The gene-set consisted of 31 genes containing known/suggestive as-
sociations with genetic variants from previous TB-GWAS. Subsequently, we followed-up with Mendelian

Randomization to evaluate the association between TB and lung adenocarcinoma using three genome-wide
significant variants from previous TB-GWAS in East Asians. The TB-related gene-set was associated with lung
adenocarcinoma (p = 0.016). Additionally, the Mendelian Randomization showed an association between TB
and lung adenocarcinoma (OR = 1.31, 95% CL: 1.03, 1.66, p = 0.027). Our findings support TB as a causal risk
factor for lung cancer development among never-smoking Asian women.

1. Introduction

Lung cancer is a substantial health burden worldwide that ac-
counted for nearly 1.76 million deaths in 2018 [1]. Smoking is the most
common cause of lung cancer; however, an estimated 25% of lung
cancer patients worldwide are never-smokers [2]. Among never-smo-
kers, overall incidence rates of 14.4-20.8 lung cancer cases per 100,000
person-years were estimated for women and 4.8-13.7 cases per 100,000
person-years for men [3,4]. Asian women have among the highest in-
cidence rates of lung cancer in the world among never-smokers [2,5].
The complex etiology underlying this malignancy in this population
remains unclear; however, various factors including infections [6-9]
are suspected to contribute to this excess.

A previous genome-wide association study (GWAS) identified mul-
tiple genetic loci, including those on chromosomes 3928, 5p15.33,
6p21.1, 6p21.32, 6q22.2, 9p21.3, 10¢25.2 and 12q13.13 [8-10], that
contribute to increased lung adenocarcinoma risk among never-
smoking women. Although genomic studies have begun to shed light
onto the genetic underpinnings of lung cancer etiology, genetic variants
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from GWAS in total only explain an estimated 12% of the heritability of
lung cancer risk to date [11]. This issue is further compounded by the
stringent correction for multiple comparisons that has become con-
vention in GWAS. As a result, many susceptibility genes that potentially
contribute to lung cancer development are likely to remain unidentified
in GWAS of never-smoking Asian women based on sample sizes used to
date. Pathway analysis (also known as gene set analysis) is a powerful
method that complements existing GWAS by analyzing pre-defined
groups of genes or biological pathways enriched with genetic variants
that could potentially be associated with complex diseases [12]. When
applied to existing GWAS data, pathway analysis may discover asso-
ciations that could not be detected by conventional single-marker
analyses, in addition to providing the added value of cogent biologic
interpretation to GWAS findings.

Pulmonary tuberculosis (TB) is a common respiratory disease found
throughout low and middle income countries in Asia that has been
reported as a potential risk factor for lung cancer development [6].
Pulmonary TB is a communicable disease that is caused by infection
with Mycobacterium tuberculosis (Mtb), a species of pathogenic bacteria
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that is spread and contracted through contaminated airborne droplets
[13]. The symptoms of TB include severe persistent coughing, he-
moptysis, chest pain, fever, and weight loss [13]. TB infection may
contribute to increased lung cancer risk through biological mechanisms
involving prolonged pulmonary inflammation leading to tissue damage,
fibrosis, scar formation, and genomic damage [14-16]. Various human
studies found a link between pulmonary TB and lung cancer
[6,14,17-21]; however, several studies did not detect an association
[22-26]. As such, the relationship between TB and lung cancer has not
been firmly established.

To further investigate the relationship between TB and lung cancer,
we analyzed data from previous GWAS of TB within the Female Lung
Cancer Consortium in Asia (FLCCA), the largest GWAS of never-
smoking women ever conducted to date. A pathway analysis was con-
ducted to determine whether genetic factors related to TB also con-
tribute to lung adenocarcinoma development. We followed-up with
Mendelian Randomization (MR) to evaluate the potential association
between TB infection and lung adenocarcinoma. Findings from our
study may contribute to confirming a link between these respiratory
diseases and to the understanding of the biological mechanism under-
lying lung carcinogenesis independent of cigarette smoking.

2. Methods
2.1. Study sample and GWAS

We evaluated GWAS data from 5512 lung adenocarcinoma cases
and 6277 cancer-free controls from the Female Lung Cancer
Consortium in Asia (FLCCA) [9]. All participating studies provided in-
dividual genotype data except for the Nanjing study [27], the Japanese
Lung Cancer Collaborative Study (JLCCS) [28], and another Japanese
study [29]. These three studies provided summary data instead. Details
of the participating studies including the genotyping process, quality
control procedures, and statistical methods to generate summary data
from the meta-analysis were previously described [8-10,27-29]. GWAS
data are available at dbGAP (https://www.ncbi.nlm.nih.gov/gap, study
accession: phs000716.v1.pl). Briefly, the participants were never-
smoking adult Asian women who resided in Mainland China, Hong
Kong, Singapore, Taiwan, South Korea, and Japan at the time of re-
cruitment (Supplementary Table 1). Nearly all the samples were gen-
otyped using Illumina 660 W and 610 K SNP microarrays as previously
described [9,27-29]. Unconditional logistic regression models were
used to estimate the odds ratios (OR) and 95% confidence intervals (CI)
for the additive trend effects of each SNP (with 1-degree of freedom) on
lung adenocarcinoma risk, adjusted for study center, age, and the top
three eigenvectors. Summary statistics were generated and used for the
subsequent pathway analysis.

2.2. Pathway analysis

Pathway analysis was conducted using the summary statistics-based
adaptive rank truncated product (sARTP) method, which combines
SNP-level association statistics across variants in a gene-set [12]. The
SARTP method also used a model selection procedure to identify a
subset of genes and SNPs that contributed the most to the overall as-
sociation. Only genotyped SNPs in the lung adenocarcinoma dataset
were analyzed because imputed SNPs in linkage disequilibrium (LD)
with genotyped SNPs do not add more information to the pathway
analysis. The association signals from up to five SNPs in a gene were
adaptively accumulated. The sARTP method adjusts for the number of
SNPs in a gene and number of genes in a pathway through a resampling
procedure to control for false-positives. The gene- and pathway-level
association p-values were estimated from the resampled null distribu-
tion using 10 million resampling steps.

A set of 31 TB-related genes was compiled using a lower threshold
for known or suggestive single nucleotide polymorphism (SNP)
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associations with TB from GWAS that were conducted around the world
[30-39]. Specifically, genes from each study were chosen if they con-
tained at least one SNP in exons or introns that was associated with TB
at a threshold of p < 5.0 X 10~ ° to maximize sensitivity for data ex-
ploration. We mapped SNPs 20 kb upstream and downstream of each
gene. We integrated a priori knowledge from previous GWAS conducted
around the world when creating the TB gene-set to determine if a trans-
ethnic effect exists in the TB-lung cancer association. Using a TB gene-
set defined by European and African populations should not result in
biased results because the GWAS data used to identify those TB-genes
are independent of the data used in our own association analysis.

Pathway analysis based on summary data requires a set of samples
with individual genotype data as the reference panel from which the LD
between SNPs is estimated. As we only had summary data from the
Nanjing study and the two studies from Japan, a reference dataset
consisting of 1000 subjects based on individual genotype data in the
FLCCA study was created. We performed stratified sampling in cases
and controls by oversampling subjects from mainland China and Japan
to mimic the genetic pattern in the pooled sample that was comprised
of subjects who were scanned across all study centers (Supplementary
Table 2, Supplementary Fig. 1A/B).

2.3. Functional annotation

We used the Database for Annotation, Visualization and Integrated
Discovery (DAVID) v6.8 (https://david.nciferf.gov) and GeneCards —
Human Gene Database (https://www.genecards.org/) to explore the
biological themes of contributing genes with pgene < 0.05 [40].

2.4. Mendelian randomization

To follow-up on the pathway analysis and generate further evidence
for a TB-lung cancer link, we conducted MR as previously described
[41] to evaluate a possible causal association between TB and lung
adenocarcinoma among never-smoking women. MR is a special form of
instrumental variable analysis to determine the causal relationship
between an exposure or phenotype and an outcome, even in the pre-
sence of unmeasured confounding [41]. Estimation of this potential
causal effect is accomplished by mimicking the causal structure of a
randomized clinical trial [42-45]. MR uses genetic variants as instru-
mental variables for modifiable risk factors (i.e., TB infection/suscept-
ibility) that affect a health outcome (i.e., lung adenocarcinoma). Al-
though there are various required conditions [46], the main assumption
of MR analysis is that the genetic instrument only affects the outcome
through its direct association with the modifiable risk factor. Given that
the participants of FLCCA were predominantly of East Asian ancestry,
genome-wide significant SNPs that were previously found to be asso-
ciated with TB in genomic studies of East Asians [35,47] were used as
instruments in our analysis. These SNPs included rs4240897 [35],
rs2269497 [35], and rs9272461 [47]. P-values < 0.05 were considered
statistically noteworthy for each analysis.

This was an observational study and no experiments were con-
ducted on humans. All methods were performed in accordance with
relevant guidelines and regulations of the National Institutes of Health
and all the participating institutions. Institutional Review Board ap-
proval from The Central Institutional Review Board for the National
Cancer Institute and all the other study sites, in addition to written
informed consent from all research participants were obtained.

3. Results
3.1. Pathway analysis
The overall TB-related gene-set was associated with lung adeno-

carcinoma (Ppathway = 0.016) among never-smoking Asian women.
Four genes were selected by the sARTP method as having the greatest
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contribution to the association. These genes included forkhead asso-
ciated phosphopeptide binding domain 1 (FHADI1, p = 0.001), zinc
finger protein FOG family member 2 (ZFPM2, p = 0.020), major his-
tocompatibility complex class (MHC) II DQ alpha 1 (HLA-DQA1,
p =0.009), and discs large MAGUK scaffold protein 2 (DLG2,
p = 0.017) (Table 1, Supplementary Table 3).

3.2. Mendelian randomization

There have been a number of large-scale GWAS of pulmonary TB
conducted in populations of European ancestry [31,37]. However, only
a few TB GWAS have been conducted in East Asians. From these studies,
we identified four independent genome-wide significant variants asso-
ciated with TB in East Asians, three of which were in our dataset (i.e.,
1s4240897 [35], rs2269497 [35], and rs9272461 [47]). We conducted
MR using the three TB-related SNPs and found that the estimated causal
effect of TB on lung adenocarcinoma was statistically noteworthy
(ORMmgr = 1.31, 95% CI: 1.03, 1.66, p = 0.027). Among these SNPs, the
rs4240897G > A variant of the Mitofusin 2 (MFN2) gene was inversely
associated with lung adenocarcinoma risk (OR = 0.92, 95% CL:
0.86-0.98, p = 5.5E-03) and with TB [35].

4. Discussion

In the largest GWAS of lung cancer among female never-smokers in
the world, we applied genomic methods to investigate the relationship
between TB infection, TB-related genes, and lung adenocarcinoma.
First, we conducted a pathway analysis to evaluate whether genetic
factors that reflect biologic processes of TB also contribute to lung
cancer development. The TB-related gene-set was found to be asso-
ciated with lung adenocarcinoma, with FHAD1, ZFPM2, DLG2, and
HLA-DQA1 contributing to the association. Second, we conducted MR
and found evidence for a positive association between TB infection and
lung adenocarcinoma. Taken together, our findings further support an
etiologic relationship between TB infection and lung cancer pathogen-
esis that may involve shared genetic factors.

According to the World Health Organization, an estimated 10.4
million people worldwide were afflicted with TB in 2016 [48], while
1.7 million people died from the disease. Over 95% of TB-related deaths
occur in low and middle-income countries, with seven nations ac-
counting for 64% of the total (i.e., China, India, Indonesia, Philippines,
Pakistan, Nigeria, and South Africa). In 2015, investigators from the
Global Burden of Disease Study (GBD) estimated that 15% of the new
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TB cases (1.56 million) and 4% of TB-related deaths were reported in
China [49], the region in which most of our participants resided. Evi-
dence from multiple epidemiological and clinical studies support a link
between pulmonary TB and lung cancer [6,14,17-21]. However, sev-
eral studies did not detect an association [22-26], which could be due
to the relatively low prevalence of TB in certain populations such as
those in more affluent regions of Western countries [6]. As such, the
relationship between TB and lung cancer has yet to be firmly estab-
lished.

TB infection could influence lung cancer risk through biological
mechanisms involving prolonged inflammatory/immunologic re-
sponses that lead to genetic alterations in proto-oncogenes and/or
tumor suppressors [14-16,50]. HLA-DQA1 was among the notable
contributing genes in the pathway analysis and has a central role in
regulating adaptive immune response. Previous studies found that
variants of the HLA-DQA1l gene were associated with lung adeno-
carcinoma in a Japanese population [51], while several genomic in-
vestigations have found that various HLA variants in the MHC region
were associated with lung cancer in Asian and European populations
[8,52].

The MFN2 gene encodes an outer membrane GTPase that con-
tributes to regulating the morphology [53], fission, and fusion [54] of
mitochondria, critical organelles that are primarily responsible for
aerobic cellular respiration. The role of MFN2 in TB-susceptibility and
lung cancer etiology is still unclear. However, a previous study found
that MFN2 expression levels were nominally higher in peripheral blood
mononuclear cells from TB-infected cases compared to controls [55].
Furthermore, MFN2 is a known hyperplasia suppressor gene [56] and a
study of clinical tumor samples found that its expression was sig-
nificantly higher in lung adenocarcinoma tissues compared to adjacent
normal tissues [54]. When MFN2 was knocked down in A549 lung
adenocarcinoma cell lines, cellular proliferation, cell cycle and invasion
behavior were all deregulated [54]. Given that mitochondria regulates
bioenergetics, metabolism, and apoptosis [57], which are key factors in
both anti-microbial immunological/inflammatory response [58] and
cancer development [59-61], it stands to reason that a regulator of
mitochondrial function such as MFN2 could influence both diseases.

In summary, our study expanded upon existing data from the largest
genomic study of never-smoking women in the world by identifying ge-
netic factors related to TB susceptibility that could also influence lung
adenocarcinoma development. Additionally, results from our MR analysis
provide further support for a causal relationship between pulmonary TB
and lung adenocarcinoma. Given the high prevalence of TB in low and

Table 1
Top genetic variants located in tuberculosis-related genes that contributed to the association with lung adenocarcinoma among never-smoking Asian women.
Gene SNP, rs number Chromosome Position, GRCh37-hg19 Reference Allele Effect Allele Estimate, log OR SE Psnp Pgene
FHAD1 157539674 1 15597675 A G 1.85 0.40 3.5E-06 0.001
HLA-DQA1 1s3129763 6 32590925 G A —-0.58 0.18 1.2E-03 0.009
DLG2 rs1311159 11 84695711 T C -0.15 0.04 1.3E-05 0.017
ZFPM2 152343595 8 106591207 G C 0.09 0.03 5.9E-04 0.020
ZFPM2 - 8 106393057 T C —-0.22 0.06 5.9E-04 0.020
ZFPM2 - 8 106546262 C T -0.16 0.05 8.7E-04 0.020
ZFPM2 rs35893068 8 106480315 T C -0.13 0.04 1.2E-03 0.020
ZFPM2 152343596 8 106593207 C A -0.09 0.03 2.1E-03 0.020
MEIS2 1s12909569 15 37217527 A G -0.23 0.06 4.2E-04 0.067
MEIS2 rs3901057 15 37292836 G A 0.13 0.04 0.002 0.067
MEIS2 1517436991 15 37315283 T C -0.14 0.05 0.003 0.067
MEIS2 1512708547 15 37227850 G C -0.10 0.03 0.004 0.067
MEIS2 154924117 15 37313594 C T 0.09 0.03 0.005 0.067
LRRC69 157015316 8 92105675 C T 1.68 0.61 0.006 0.068
LRRC69 1578041518 8 92189901 A G —-0.22 0.08 0.008 0.068
LRRC69 15147312721 8 92170657 A G —-0.41 0.16 0.009 0.068
LRRC69 - 8 92162739 G A —-0.44 0.18 0.015 0.068
LRRC69 1513256627 8 92123208 T C —-1.57 0.67 0.019 0.068

Listed SNPs were selected by the SARTP method as the ones that contributed the most to the overall gene set-association in the pathway analysis. Each SNP was

located in or within 20 kb upstream/downstream of each gene.
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