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Abstract
Recently, an increasing number of young never-smokers are diagnosed with lung cancer. The aim of this study is to investigate 
the genetic predisposition of lung cancer in these patients and discover candidate pathogenic variants for lung adenocarcinoma 
in young never-smokers. Peripheral blood was collected from 123 never-smoking east-Asian patients diagnosed with lung 
adenocarcinoma before the age of 40. Whole-exome sequencing (WES) was conducted on genomic DNA extracted from 
peripheral blood cells. As a result, 3,481 single nucleotide variants were identified. By bioinformatical tools and the published 
gene list associated with genetic predisposition of cancer, pathogenic variants were detected in ten germline genes: ATR​, 
FANCD2, FANCE, GATA2, HFE, MSH2, PDGFRA, PMS2, SDHB, and WAS. Patients with pathogenic variants were more 
likely to occur in females (9/10, 90.0%) and have stage IV lung adenocarcinoma (4/10, 40%). Furthermore, germline muta-
tions in 17 genes (ASB18, B3GALT5, CLEC4F, COL6A6, CYP4B1, C6orf132, EXO1, GATA4, HCK, KCP, NPHP4, PIGX, 
PPIL2, PPP1R3G, RRBP1, SALL4, and TTC28), which occurred in at least two patients, displayed potentially pathogenic 
effects. Gene ontology analysis further showed that these genes with germline mutations were mainly located in nucleo-
plasm and associated with DNA repair-related biological processes. The study provides spectrum of pathogenic variants 
and functional explanation for genetic predisposition of lung adenocarcinoma in young never-smokers, which sheds a light 
on prevention and early diagnosis of lung cancer.
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Introduction

Lung cancer is a major cause of cancer death world-
wide (Bray et al. 2018). An estimated 25% of lung can-
cer patients are never-smokers (Parkin et al. 2005). Lung 
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cancers from never-smokers are generally associated with 
young age at diagnosis and adenocarcinoma histology 
(Toh et al. 2006). Recently, there is an increasing trend of 
young never-smoking patients with lung cancer (Pelosof 
et al. 2017; Zhang et al. 2020). To reduce the morbidity, 
it is critical to elucidate the potential causes behind the 
phenomenon.

Most of lung cancer occurs accompanying the accumu-
lation of genetic alterations, including somatic or germline 
mutations in oncogenes and tumor suppressor genes. Tra-
ditionally, tobacco smoking was considered to be the most 
significant contributor for lung cancer, resulting in somatic 
genetic mutations and ultimately lung cancer (Park et al. 
2017). Therefore, smoking cessation campaign has substan-
tially decreased the incidence of lung cancer in America 
(Jemal et al. 2018). For those nonsmoking individuals, ger-
mline alterations might play a significant role in the carcino-
genesis of early-onset nonsmoking lung adenocarcinoma. 
Some previous studies have delineated some germline muta-
tions, including BRCA1/2 mutation in breast and ovarian 
cancer, as well as germline defects of DNA mismatch repair 
in colorectal cancer (Thavaneswaran et al. 2019). Neverthe-
less, there is still a lack of evidence about the actual role of 
germline mutations in nonsmoking lung cancer.

To confirm the effect of genetic predisposition in these 
patients, we performed whole-exome sequencing (WES) 
to peripheral blood cells from 123 young (≤ 40 years old) 
never-smoking east-Asian patients with lung adenocarci-
noma and analyzed their germline variants. The study pro-
vides candidate germline mutations for genetic predisposi-
tion of lung adenocarcinoma in young never-smokers.

Methods

Patients

East-Asian patients, who were hospitalized in Fudan Uni-
versity Shanghai Cancer Center from 2007 to 2016, were 
enrolled. Inclusion criteria were listed as follows: (1) age at 
diagnosis ≤ 40 years; (2) never-smokers, defined as patients 
who reported never-smoking any cigarettes in their life-
times; (3) pathologically confirmed primary lung adeno-
carcinoma; (4) written informed consent was obtained. The 
diagnosis of lung adenocarcinoma was made by at least two 
pulmonary pathologists after reviewing morphology from 
hematoxylin–eosin-staining slides and immunohistochemi-
cal diagnostic makers. Any disagreements were solved by 
discussion. This study was conducted in line with the Hel-
sinki Declaration. The Institutional Review Board of Fudan 
University Shanghai Cancer Center has approved this study 
(IRB#090977-1).

Whole‑Exome Sequencing

WES was conducted on genomic DNA extracted from 
peripheral blood cells. Genomic DNA was fragmented 
and hybridized for enrichment. The pre-capture librar-
ies were captured using the SureSelect capture library kit 
(Agilent Technologies, Santa Clara, CA, USA). Paired-
end sequencing was performed using the Illumina HiSeq 
system (Illumina, San Diego, CA, USA) according to the 
manufacturer’s protocols for 2*150 paired-end sequencing.

Mutational Analyses

Whole-exome sequencing data after base calling were 
cleaned for adapters and mapped to human genome refer-
ence (GRCh38/hg38) with the Burrows-Wheeler Aligner. 
The standard GATK3 haplotype pipeline was performed 
to identify single nucleotide variations (SNVs) and indels. 
High-frequency coding alterations were prioritized by 
ranking each SNV or indel with its occurrence across sam-
ples. Gene-level alterations were collapsed by consider-
ing all SNVs and indels within all coding exons. Genetic 
variants were compared to the dbSNP database (Wheeler 
et al. 2007) to excluded undeleterious single nucleotide 
polymorphisms (SNPs). Global minor allele frequency 
was set to be 0.1% for common SNP mutations, which 
was the threshold in our study. Frequently mutated genes 
were identified by ranking these summarized occurrences.

SIFT (Sim et al. 2012), Polyphen-2 (Adzhubei et al. 
2010), and CADD (Rentzsch et al. 2021) were used to 
determine the possible pathogenic germline variants in 
exon regions. Damaging variants of SIFT, and probably 
damaging or possibly damaging variants of Polyphen-2 
were considered to be potentially pathogenic. In addi-
tion, identified variants were categorized into pathogenic 
and benign variants according to PHRED calculated by 
CADD, and 20 was the cutoff value for PHRED. For stop-
gain variants, SIFT and Polyphen-2 were unable to pre-
dict their pathogenicity, leaving CADD as the only tool to 
determine. For other variants, potentially pathogenic muta-
tions required confirmation by at least two out of three in 
silico tools (SIFT, Polyphen-2, and CADD).

A list of 152 known cancer susceptibility genes reported 
by Huang et al. (2018) in a recent pan-cancer study was 
used as candidate pathogenic genes for analysis. Vari-
ants were considered to be certainly pathogenic if they 
were part of the 152 candidate genes. Potentially patho-
genic variants were defined as those occurring twice or 
more. All the recurrent variants were validated by Sanger 
sequencing of PCR-amplified products.
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Statistical Analyses

Statistical analyses were conducted using SPSS software 
(version 25.0, IBM, Armonk, NY, America). All identi-
fied germline mutations in this study were listed in Sup-
plementary Table 1, and clinical data were also included 
in Supplementary Table 2. The raw data of WES from 123 
young nonsmoking patients with lung adenocarcinoma have 
been uploaded to the in the Genome Sequence Archive of 
the BIG Data Center at the Beijing Institute of Genomics, 
Chinese Academy of Science, China. They are accessible 
under HRA001459 (http://​bigd.​big.​ac.​cn/​gsa-​human/). All 
tests were two-tailed, and the statistical difference was set 
at p < 0.05. DAVID Bioinformatics Resources were used for 
gene ontology analysis (Huang et al. 2007).

Results

Patient Characteristics

A total of 123 east-Asian patients were enrolled in this study, 
and baselines were listed in Table 1. There were 87 (70.7%) 
females and 36 (29.3%) males, with a median age at diagno-
sis of 36 years old (range 24–40). Fifteen (12.2%) patients 
had stage 0 lung adenocarcinoma, 46 (37.4%) patients had 
stage I, 25 (20.3%) patients had stage III, and 37 (30.1%) 
patients had stage IV. Pathological results revealed adeno-
carcinoma in situ in 15 (12.2%) patients, minimally invasive 
adenocarcinoma in 24 (19.5%) patients, and invasive adeno-
carcinoma in 84 (68.3%) patients.

Identification of Pathogenic Mutations

After analyzing data from whole-exome sequencing on 
peripheral blood cells from 123 enrolled patients and 
excluding undeleterious SNPs from dbSNP database 
(Wheeler et al. 2007), 3481 variants were identified. The 
workflow of study is shown in Fig. 1. SIFT, Polyphen-2, 
and CADD were used for further in silico prediction. 
Evaluations based on SIFT revealed that 1,599 variants 
were damaging, 1,618 variants were tolerated, and 264 
variants were not available (Supplementary Table  1). 
According to the results from Polyphen-2, 1138 variants 
were probably damaging, 599 variants were possibly dam-
aging, 1521 variants were benign, and 223 variants were 
not available (Supplementary Table 1). Analysis of CADD 
demonstrated 2062 damaging variants and 1419 tolerated 
variants (Supplementary Table 1). Taking together, 1853 
variants might be associated with the genetic predispo-
sition of lung adenocarcinoma in young never-smokers. 
After comparing them with the 152 genes that contributed 
to cancer susceptibility proposed by Huang et al. (2018) 

and validating mutations by Sanger sequencing, ten muta-
tions (ATR​-L1673V, FANCD2-E369Q, FANCD2-E369Q, 
GATA2-H169R, HFE-Q82X, MSH2-V817M, PDGFRA-
E494V, PMS2-T231S, SDHB-P37L, and WAS-P315L) 
were pathogenic variants in young never-smokers with 
lung adenocarcinoma (Table 2). 

The Characteristics of Patients with Pathogenic 
Mutations

Furthermore, we also investigated the characteristics of 
patients with pathogenic mutations (Table 2). In total, there 
were 10 patients (10/123, 8.1%) with identified pathogenic 
mutations. A majority of them (9/10, 90%) were females, 
and most of them (8/10, 80%) did not have a family malig-
nant history. Nine patients had mutation types of SNV, and 
the remaining one patient harbored a stop-gain mutation. 
Stage IV lung adenocarcinoma was found in four out of ten 
patients.

Table 1   Characteristics of patients with young never-smoking lung 
adenocarcinoma who received whole-exome sequencing

IQR interquartile range, SD standard deviation

Variables Patients (N = 123)

Age, years
 Median (IQR) 36 (33, 39)
 Mean ± SD 35.0 ± 4.4
 Range 24–40

Sex
 Female 87 (70.7)
 Male 36 (29.3)

Previous malignant history
 Yes 12 (9.8)
 No 111 (90.2)

Malignant family history
 Yes 29 (23.6)
 No 94 (76.4)

Multiple lesions
 Yes 25 (20.3)
 No 98 (79.7)

TNM stage
 0 15 (12.2)
 I 46 (37.4)
 II 0 (0)
 III 25 (20.3)
 IV 37 (30.1)

Adenocarcinoma subtype
 Adenocarcinoma in situ 15 (12.2)
 Minimally invasive a enocarcinoma 24 (19.5)
 Invasive adenocarcinoma 84 (68.3)

http://bigd.big.ac.cn/gsa-human/
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Identification of Potentially Pathogenic Mutations 
and Functions of the Genes Harboring Them

In addition, we also investigated other potentially pathogenic 
germline mutations. We assumed that germline mutations 
with a high frequency were more likely to be pathogenic. 
Therefore, we identified 17 new potentially pathogenic muta-
tions (ASB18-A159T, B3GALT5-R119X, CLEC4F-L257W, 
COL6A6-D657H, CYP4B1-L114P, C6orf132-P192S, EXO1-
N99H, GATA4-P36A, HCK-P456H, KCP-A1345T, NPHP4-
Y913H, PIGX-G4T, PPIL2-W346S, PPP1R3G-R353H, 
RRBP1-C1516T, SALL4-Y399C and RRBP1-L506F), which 
occurred twice (Table 3). Sixteen out of 17 variants were 
SNV.

We further examined the functions of 27 genes with cer-
tainly and potentially pathogenic mutations. Gene ontology 
analysis showed that they mainly located in nucleoplasm 
and their functions were tightly associated with DNA repair 
or DNA damage (Table 4). Notably, KEGG pathways pre-
dominantly included Fanconi anemia and mismatch repair. 

The former was a rare genetic disease leading to defective 
response to DNA damage (Walden and Deans 2014).

Discussion

An increasing number of young never-smoking patients with 
lung cancer is observed in recent studies (Cufari et al. 2017; 
Pelosof et al. 2017; Zhang et al. 2019), which seems incon-
sistent with the previous definition of a high-risk population 
with lung cancer. However, few studies investigate the etiol-
ogy of the increasing young never-smoking patients with 
lung cancer. This study aimed to investigate the genetic pre-
disposition of lung adenocarcinoma in young never-smok-
ers. In this study, we performed WES in 123 never-smoking 
young patients with lung adenocarcinoma. We identified ten 
pathogenic germline mutations (ATR​, FANCD2, FANCE, 
GATA2, HFE, MSH2, PDGFRA, PMS2, SDHB, and WAS). 
Moreover, we only detected pathogenic mutations in 8.1% 
of young never-smoking patients with lung adenocarcinoma, 

Whole-exome sequencing on peripheral blood cells
from 123 patients with young never-smoking lung

adenocarcinoma.

After excluding SNP variants from the dbSNP
databases (Wheeler et al., 2007), 3,481 variants from

exon regions were identified.

1,853 variants were identified.

SIFT:
1,599 variants were damaging;
1,618 variants were tolerated;

264 variants were not
available.

Polyphen-2:
1,138 variants were probably damaging;
599 variants were possibly damaging;

1,521 variants were benign;
223 variants were not available.

17 new germline mutations occurred
twice or more.

After comparing with pathogenic 
germline variants proposed by Huang et
al. (Huang et al., 2018) , ten mutations 

were considered to be pathogenic.

Pathogenic Possibly pathogenic

CADD:
2,062 variants were 

damaging;
1,419 variants were tolerated.

Fig. 1   The workflow of this study
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implicating that genetic predisposition might not be a critical 
factor for carcinogenesis in these patients. Further etiologi-
cal studies are warranted to reveal the mechanism behind the 
young never-smokers with lung adenocarcinoma.

In west countries, the percentage of never-smokers in 
lung cancer patients is about 10% to 20% (Sun et al. 2007), 
but it is as high as 50% to 63% in east-Asian population (Fu 
et al. 2019; Kim et al. 2019; Li et al. 2014). Lung adeno-
carcinoma in never-smokers is considered to be a different 
disease with distinct clinicopathological factors and molecu-
lar features (Sun et al. 2007). The genetic risk factors for 
lung cancer in never-smokers are poorly understood. Some 
genetic variations might contribute to the carcinogenesis of 
non-small cell lung cancer regardless of smoking history. 
In 2005, Bell et al. (2005b) reported a family with mul-
tiple cases of non-small cell lung cancer associated with 
the germline EGFR-T790M mutation. Subsequent studies 
identified relevant mutations in HER2, TP53, and BRCA2 
(Parry et al. 2017; Yamamoto et al. 2014b). However, the 
germline mutations mentioned above were not detected in 
this study. The possible reason might be the different inclu-
sion criteria of patients. Unlike the enrollment of patients 
with non-small cell lung cancer without limiting ages and 
smoking history in previous studies, our study considered 
young never-smoking patients with lung adenocarcinoma 
as targeted population. Therefore, our study demonstrated 
that young never-smoking lung adenocarcinoma was distinct 
from traditional lung cancer in genetic predisposition. More 
importantly, this study provides a unique gene list related 
to genetic predisposition of lung adenocarcinoma in young 
never-smokers, and it could guide prevention of lung cancer.

Not only tumor suppressor genes (TSGs) but also onco-
genes consist of pathogenic gene mutations contributing to 
genetic predisposition of lung cancer. Typical TSGs for lung 
cancer include TP53 (Couto et al. 2017), BRCA1 (Cedrés 
et al. 2018), BRCA2 (Wang et al. 2014), and so on. As for 
oncogenes, EGFR T790M (Bell et al. 2005a; Gazdar et al. 
2014; Helena et al. 2014; Oxnard et al. 2012; Thomas et al. 
2013; Tibaldi et al. 2011) and HER2 G660D (Yamamoto 
et al. 2014a) are reported to be germline mutations in non-
small cell lung cancer, although they act as oncogenes in 
lung cancer. In addition, Chen et al. also reported R331W 
missense mutation in YAP1, a typical oncogene, is a ger-
mline risk allele in lung cancer (Chen et al. 2015).

In this study, we identified 10 pathogenic mutations in 
10 patients (10/123, 8.1%). In 2017, Couto et al. (2017) 
found only four patients (4/45, 8.9%) with germline TP53-
R377H in 45 lung cancer patients. One study investigated 
germline mutations in 369 never-smokers with lung can-
cer and only detected two cases (2/369, 0.5%) harboring 
germline EGFR T790M (Girard et al. 2010). Moreover, 
our study indicated that there were 8.1% of young never-
smoking lung adenocarcinoma with identifiable pathogenic Ta
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mutations, and only 25% of patients with pathogenic muta-
tions had a history of family malignancy. Given the rarity 
of pathogenic germline mutations in lung cancer, germline 
sequencing should not be routinely advocated at this time, 
regardless of the family malignant history. The gene ontol-
ogy analysis of the genes with these pathogenic germline 
mutations showed that the patients carrying these mutations 
would have a damaged DNA repair function and excessive 
mutations in immune-related genes. It partly explains why 
these patients developed cancer predispositions and had 
early onset of lung adenocarcinoma without a harmful habit.

However, there are some limitations to this study. First, 
given the fact that it is a single-institutional study, selection 
bias is inevitable. Moreover, our results are based on the 

Chinese population, and future studies focusing on other 
races are needed to confirm our conclusions. Second, this 
study lacks experimental validation of potentially pathogenic 
variants, because germline mutations are difficult to vali-
date by cell and animal experiments. The main purpose of 
this study was to give a gene list related to genetic predis-
position of lung adenocarcinoma in young never-smokers. 
Third, we only performed WES to identify possible ger-
mline mutations, instead of whole-genome sequencing. It 
is reported that gene mutations might be underestimated by 
WES (Rusch et al. 2018). Future researchers need take this 
into consideration while using the data.

Conclusion

Pathogenic mutations (ATR​, FANCD2, FANCE, GATA2, 
HFE, MSH2, PDGFRA, PMS2, SDHB, and WAS) were iden-
tified in 8.1% of young never-smoking patients with lung 
adenocarcinoma. Germline mutations in 17 genes (ASB18, 
B3GALT5, CLEC4F, COL6A6, CYP4B1, C6orf132, EXO1, 
GATA4, HCK, KCP, NPHP4, PIGX, PPIL2, PPP1R3G, 
RRBP1, SALL4, and TTC28), which occurred in at least 
two patients, displayed potentially pathogenic role in young 
never-smokers with lung adenocarcinoma. The study pro-
vided evidences for the predisposition of lung adenocarci-
noma in young never-smokers, which could be used to guide 
prevention and early diagnosis of lung cancer.

Table 3   Potentially pathogenic mutations which occurred in at least two patients

SNV single nucleotide variation

Gene Transcript Mutation Amino acid change Type Reported in ClinVar Reported 
in COS-
MIC

ASB18 NM_212556 c.G475A p.A159T SNV No No
B3GALT5 NM_001278650 c.C343T p.R115X Stop-gain No No
CLEC4F NM_001258027 c.T770G p.L257W SNV No No
COL6A6 NM_001102608 c.G1969C p.D657H SNV No No
CYP4B1 NM_001319161 c.T341C p.L114P SNV No No
C6orf132 NM_001164446 c.C574T p.P192S SNV No No
EXO1 NM_003686 c.A295C p.N99H SNV No No
GATA4 NM_001308093 c.C106G p.P36A SNV Likely benign No
HCK NM_001172129 c.C1367A p.P456H SNV No No
KCP NM_001135914 c.G4033A p.A1345T SNV No No
NPHP4 NM_001291594 c.T2737C p.Y913H SNV No No
PIGX NM_001166304 c.G4T p.A2S SNV No No
PPIL2 NM_001317996 c.G1037C p.W346S SNV No No
PPP1R3G NM_001145115 c.G1058A p.R353H SNV No Yes
RRBP1 NM_004587 c.C1516T p.L506F SNV No No
SALL4 NM_001318031 c.A1196G p.Y399C SNV No No
TTC28 NM_001145418 c.C4517T p.S1506L SNV No Yes

Table 4   Gene ontology analysis of 27 potential cancer predisposition 
genes

FDR false discovery rate

Category Term FDR value

KEGG pathway Fanconi anemia pathway 7 × 10–3

Biological process Somatic hypermutation of 
immunoglobulin genes

5.4 × 10–2

Cellular component Nucleoplasm 1.8 × 10–2

Biological process DNA repair 8 × 10–3

Biological process DNA damage 9 × 10–3

KEGG pathway Mismatch repair 2.3 × 10–2
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