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Novelty and impact:  

We elucidated the genomic landscape of non-small cell lung carcinoma (NSCLC) by 
sequencing a unique cohort of 46 never smokers with NSCLC. 
We identified TSC22D1 as a new potential driver gene of NSCLC.  
We observed higher mutation rates in EGFR, ERBB2 and MET in NSCLC of never 
smokers compared to smokers. These observations are particularly relevant as 
targeted agents against each of these 3 mutated genes are available.  
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ABSTRACT 
 
Lung cancer is the number one cause of cancer-related death worldwide with cigarette 
smoking as its major risk factor. Although the incidence of lung cancer in never smokers 
is rising, this subgroup of patients is under-represented in genomic studies of lung cancer. 
Here, we assembled a prospective cohort of 46 never-smoking, non-small cell lung cancer 
(NSCLC) patients and performed whole-exome and low-coverage whole-genome 
sequencing on tumours and matched germline DNA. We observed fewer somatic 
mutations, genomic breakpoints and a smaller fraction of the genome with chromosomal 
instability in lung tumours from never smokers compared to smokers. The lower number 
of mutations, enabled us to identify TSC22D1 as a potential driver gene in NSCLC. On the 
other hand, the frequency of mutations in actionable genes such as EGFR and ERBB2 and 
of amplifications in MET were higher, while the mutation rate of TP53, which is a negative 
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prognostic factor, was lower in never smokers compared to smokers. Together, these 
observations suggest a more favorable prognosis for never smokers with NSCLC. 
Classification of somatic mutations into 6-substitution type patterns or into 96-substitution 
type signatures revealed distinct clusters between smokers and never smokers. Particularly, 
we identified in never smokers signatures related to aging, homologous recombination 
damage and APOBEC/AID activity as the most important underlying processes of NSCLC. 
This further indicates that second-hand smoking is not driving NSCLC pathogenesis in 
never smokers.  
 
 
INTRODUCTION 
 
Lung cancer is the number one cancer-related mortality worldwide, leading to over a 
million deaths each year. The main risk factor of lung cancer is cigarette smoking1. In the 
Western world approximately 10-15% of lung cancers however affects never-smokers2,3, 
which are usually defined by smoking <100 cigarettes during a life-time. Lung cancer 
classification is traditionally based on histological subtyping, dividing lung cancer into 
small cell lung cancer and non-small cell lung cancer (NSCLC). The latter is by far the 
most common type (85%), consisting of three major subtypes: squamous cell carcinoma, 
large cell carcinoma and adenocarcinoma4,5. Treatment with platinum-based doublet 
chemotherapy which is guided by these histological subtypes prolongs survival only 
modestly6. However, recently the approval of immune checkpoint inhibitors provides 
unexpected survival benefits compared to chemotherapy alone, both as a first or second-
line treatment option7–9.  
In oncogene-driven NSCLC tumours, the development of targeted therapies against 
tyrosine kinase (TK) receptors have made major treatment advances. Particularly, these 
TK inhibitors generate high response rates and significant survival benefits in tumours 
carrying a somatic mutation in the TK receptor targeted by the TK inhibitor. The 
identification of actionable driver mutations in these receptors, including EGFR, ALK, 
ROS, BRAF and ERBB2 mutations, combined with the decreasing cost of genomic testing 
was key for the clinical implementation of these treatments10. However, all NSCLC 
tumours at some point acquire resistance to these treatments.  
Despite the large amount of genetic data generated by the large-scale efforts of the 
TCGA11,12 with over thousand patients being sequenced, it remains challenging to 
distinguish driver mutations from passenger mutations, particularly in NSCLC from (ex-) 
smokers. This is due to the high mutation burden which is a direct consequence of exposure 
to tobacco smoke. Genomic profiling of lung carcinoma revealed that these mutations 
mainly consist of C:G>A:T mutations, which arise due to the mutagenic effect of tobacco. 
The vast majority of patients with clinical information about smoking status in the TCGA 
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cohort are self-declared current or former smokers. As a result, the pathogenesis of lung 
cancer in never-smokers is much less characterized, especially with respect to whole-
exome sequencing (WES) or whole-genome sequencing (WGS) studies.  
The French BioCast study has assessed the mutation status of EGFR, KRAS, ALK, BRAF, 
ERBB2 and PIK3CA in 359 never smokers of which 66% had a passive smoking history13. 
This study represents the largest study of lung cancer in never smokers in the European 
population. Interestingly, an actionable molecular alteration was found in 73% of the cases, 
with EGFR (51%) being the most frequent altered gene, followed by ALK (8%), KRAS 
(6%), ERBB2 (3%), BRAF (3%) and PIK3CA (1%). There were no significant differences 
in the frequency of these specific gene mutations between never smokers with or without 
a passive smoking history. In contrast to the BioCast study, which was limited to just a few 
genes, Govindan et al.14 performed WGS on a very small (n=5) cohort of never smokers 
and revealed that the genomic landscape of lung cancer in never smokers is remarkably 
distinct from that in smokers.  
Interestingly, the prevalence of lung cancer in never smokers is higher in Asian countries. 
WGS on 16 Asian never smokers revealed a mutation signature that was distinct from the 
Asian smokers but similar to European never smokers15. In another study, the landscape of 
lung adenocarcinoma was assessed in a cohort of 188 patients, which included a subset of 
27 never smokers. This study confirmed a distinct mutational pattern in never smokers and 
identified new potential driver mutations in U2AF1, RBM10 and ARID1A in lung 
adenocarcinoma16.  
To better characterize the mutation landscape of lung cancer in never smokers, we here 
prospectively selected and analyzed NSCLC from never smokers and assessed their 
somatic mutation landscapes by performing WES and low-coverage WGS. 
MATERIALS AND METHODS 
 
Patient selection  
In accordance with the study protocol approved by institutional review boards of 
Universitair Ziekenhuis Brussel and Antwerp University Hospital, NSCLC patients 
(n=46) with history of non-smoking (strictly never smoked or smoked less than 100 
cigarettes in their life time) or former limited smoking (smoked less than five packed 
years with a smoking free interval of more than 20 years) were enrolled from 2013 to 
2015 for the present study, which is called the Belgian FIELT-2 study. From each 
patient, and after written informed consent, formalin-fixed and paraffin-
embedded tumour sample and matched normal tissue (blood) were obtained for an 
explorative genomic analysis. Patient characteristics are reported in Supplementary 
Table 1A. 
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DNA Extraction, whole-exome and whole-genome sequencing and downstream 
analysis.  
Genomic DNA was extracted from FFPE and blood with Qiagen DNA extraction kits 
and sequencing libraries were prepared with Illumina’s Truseq V2 library preparation 
kit and sequenced with an Illumina HiSeq 2500 or HiSeq 4000. The exome sequencing 
data were analyzed with the well-established BWA-GATK pipeline and variants were 
further filtered and annotated with Annovar using publicly available databases. A subset 
of the mutations identified was validated with an orthogonal method: Sanger sequencing 
(n=33), Sequenom MassArray (n=137) or target sequencing (n=3). The analysis and 
plotting of the somatic signatures was performed using deconstructSigs17 and 
SomaticSignatures18, both available in Bioconductor. The low-coverage whole-genome 
sequencing data were also mapped with BWA and analysed with QDNAseq19 and 
ASCAT20.   Extended details on DNA extraction, whole-exome sequencing, validation of 
the somatic mutations, Low-coverage whole-genome sequencing and the analysis of the 
mutational signatures and pathways are described in the additional supporting information. 
 
NSCLC in smokers and Asian never-smokers 
To compare our findings with NSCLC in smokers, we downloaded TCGA datasets of lung 
squamous cell carcinoma (LUSC; n=492) and lung adenocarcincoma (LUAD; n=508). In 
these datasets we subselected i) a cohort of current smokers with either LUSC or LUAD 
(n=134 and n=122, respectively), ii) a cohort with strict never smokers (n=18 and n=75 
with LUSC or LUAD, respectively), which includes self-declared patients that have never 
smoked, and iii) a cohort combining lung cancer patients that refrained from smoking >15 
years ago and those that never smoked (n=212 and n=101 with LUSC and LUAD, 
respectively). Notably, in the last two cohorts (n=93 and n=313), the smoking signature 
(signature 4) explained ~23% of the observed mutation spectrum of exome data, suggesting 
that both cohorts were very similar, but did not purely consist of strict never smokers. WGS 
mutation calls in 16 Asian never smokers15 were accessed from the European Genome-
phenome Archive under accession number EGAD00001001240. Clinical characteristics of 
these cohorts are summarized in Supplementary table S1B.  
 
 
Data Availability 
Raw sequencing data have been deposited in the ArrayExpress database under accession 
numbers E-MTAB-7811 (WGS data) and E-MTAB-7833 (WES data).  
 
 
 
RESULTS 
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FIELT-2 is a prospective clinical study investigating the somatic mutation landscape of 
NSCLC in patients that are never smokers. Particularly, it aims to identify novel driver 
mutations especially in those tumours in which no actionable primary driver mutations 
were identified.  
Overall, 36 strict non-smoking and 10 former light smokers defined as having smoked <5 
pack-years and with a smoking-free interval of >20 years, were enrolled at the time of 
diagnosis of a lung cancer. In FIELT-2, we refer to all these 46 patients as never smokers. 
Lung adenocarcinoma was the major histological subtype (n=43, 93%) followed by 
squamous cell carcinoma (n=2, 4%) and large cell carcinoma (n=1, 2%). Our mainly 
Caucasian (n=43, 91%) cohort consists of both female (n=27, 59%) and male (n=19, 41%) 
patients (Supplementary Table 1). Interestingly, we also observed a higher prevalence of 
female never smokers with lung cancer in other cohorts. For instance, Krishnan et al.15 
reported that 62% of never smokers with lung cancer were women (10/16; 62%). 
Remarkably, both these cohorts consisted almost completely of lung adenocarcinomas. 
Indeed, also in the TCGA cohort of never smokers with LUAD, 73% of patients (55/75) 
were women, while in the patients with lung squamous cell carcinoma, (8/18) only 44% 
were women (Supplementary table S1B).   
 
Whole-exome sequencing of NSCLC in never smokers 
Whole-exome sequencing (WES) was performed on 46 tumours and their matched 
germline. One tumour-normal pair was excluded due to insufficient quality of the germline 
DNA resulting in 45 successfully sequenced patient pairs. Overall, samples were 
sequenced at 60 ± 30 x coverage. Tumour samples were sequenced slightly deeper than the 
corresponding germline samples (64 ± 33 versus 57x ± 26 x coverage). On average 91.3% 
± 5.5 of the exome was covered at a sequencing depth >10 x coverage and 80.1% ± 14.3 
was covered at a depth >20 x coverage (Supplementary Figure 1, Supplementary Table 2). 
In the tumour samples, we called on average 58,684 ± 3,171 [50,730-62,662] variants and 
68,023 ± 62,561 [22,297-333,274] indels (Supplementary Table 3). Somatic mutations 
were identified by removing mutations detected in the corresponding germline samples and 
by filtering out known common mutations, resulting in on average 38 substitutions and 10 
indels per tumour, which corresponds, as expected, to low tumor mutational burden of 0.8 
mutations / Mbase.  A subset of these mutations (n=173) was validated by an orthogonal 
technology, yielding a true-positive rate of 89% (Supplementary Table 4). Thus, the large 
majority of somatic mutations detected were true-positive mutations. The tumour mutation 
burden detected in this cohort was 6-fold lower (Figure 1A) compared to that of strictly 
smokers in the TCGA LUSC and LUAD datasets (p-value <2.2 x10-16, Student’s t-test). 
This strong reduction in mutation burden in never smokers has also previously been 
observed in WGS data21. The number of mutations detected in our cohort of NSCLC never 
smokers is in concordance with the number of mutations detected in the NSCLC Asian 
never smokers (48 versus 43 mutations, respectively)15. The ratio of silent to non-silent 
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mutations was comparable for light smokers (0.32) and never smokers (0.35), suggesting 
that selective pressure on somatic mutations was comparable between both. Notably, we 
also did not observe a significant difference in tumour mutation burden between never 
smokers and former light smokers in FIELT-2 (p-value = 0.7, Student’s t-test, 
Supplementary Figure 2A), supporting the fact that we can consider both our cohorts as 
one entity. 
 
Somatic mutation patterns in NSCLC in never smokers 
Next, we assessed whether the tumour mutation landscape differed between never smokers 
and smoke-induced lung cancer. Hereto, we classified somatic mutations based on six 
subtypes of substitutions (i.e., A:T>G:C, G:C>A:T, A:T>T:A, G:C>C:G, G:C>T:A and 
A:T>C:G) for each sample (Figure 1B). We found that 40.1% of all mutations occurring 
in never smokers represented G:C>A:T transitions. On the contrary, G:C>T:A 
transversions, which we observed in 21.8% of the never smokers, are relatively more 
abundant in lung tumours of smokers. Indeed, in current smokers selected from the TCGA 
G:C>T:A transversions were more frequent, i.e. , 41.5% in LUAD and 33.0% in LUSC. 
G:C>T:A mutations are known to be induced by tobacco smoke. Unsupervised clustering 
(Figure 1C) of NSCLC tumours included in the FIELT-2 cohort, the Asian never smokers 
study, as well as both TCGA-based LUSC and LUAD cohorts confirmed existence of 
distinct subgroups that are determined by their smoking status. Obviously, unsupervised 
clustering differentiated smokers from never smokers (Fisher’s exact test, p-value <2.2x10-

16). The classification based on 6 mutation subtypes also revealed that former light smokers 
clustered together with the never smokers as both are dominated by G:C>A:T transitions 
(Supplementary Figure 2B; Fisher’s exact test, p-value <2.2x10-16).     
We then analysed the trinucleotide context around each substitution to reveal the aetiology 
of the somatic mutations accumulating in tumours from never smokers22. This 96-
substitution classification was developed for WGS data but can also be used for exonic 
variants after correction for the nucleotide content of the exome. However, since the 
tumour mutation burden in our cohort of never smokers is rather low, we combined all 
mutations detected in all 45 tumours from never smokers (Figure 2A) and did not analyse 
them on a per patient basis. The resulting never smoker signature based on the trinucleotide 
context of the substitutions was decomposed into the 30 signatures of mutational processes 
in human processes, allowing us to estimate the relative abundance of the mutational 
processes contributing to the aetiology of NSCLC in never smokers. (Figure 2B). We 
observed that signature 4, which is dominantly present in the signatures of LUSC (27%) 
and LUAD (50%) tumours from smokers is absent in NSCLC tumours of never smokers. 
Indeed, this mutational signature is related to exposure to tobacco mutagens and is 
associated with smoking. Notably, signature 4 was absent in tumours from never smokers 
from FIELT-2. Interestingly, this absence suggests that tumorigenesis of NSCLC in never 
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smokers is not due to second-hand smoking23. Furthermore, it suggests that the aetiology 
of lung cancer in former light smokers is unrelated to their past tobacco exposure.  
Instead, the mutational signature of lung tumours from FIELT-2 never smokers was 
composed of signature 16 (31%), 3 (14%), 1 (11%), 13 (11%), 2 (9%) and 8 (8%; Figure 
2B). These signatures are also observed in NSCLC tumours from smokers that were 
sequenced by TCGA, with the exception of signature 1 and 2. Notably, signature 16 (31%) 
is the most abundant contributor to tumours of never smokers and is much less abundant 
in lung cancer of smokers, i.e. 7% (LUAD) and 15% (LUSC). This signature is mainly 
characterized by T>C mutations in an ApTpN context, occurring almost exclusively on the 
transcribed strand. The aetiology underlying this mutation is however still unknown. 
Signature 3, contributing to 14% of the observed never smoker signature in this study is 
associated with failure of DNA double-strand break repair by homologous recombination. 
DNA damage due to HR repair deficiency in our tumour samples is also supported by the 
presence of somatic mutations in ATM (n=2, 4% of the tumours), MRE11A (n=2, 4%), 
BRCA1 (n=1, 2%) and BRCA2 (n=1, 2%) and significant focal deletions of 13q12.12 
(GISTIC q-value = 0.01) containing BRCA2 (n=26, 57%), and 16q24.1 (GISTIC q-value 
= 0.003) containing FANCA (n=24, 52%). Overall, a somatic mutation or a focal deletion 
in HR genes is observed in 34 patients (74%). Signature 1 (11%) correlates with aging and 
is dominated by C>T transitions, which are initiated by spontaneous deamination of 5-
methylcytosine. Because the smoking signature in tumours from smokers is abundant, 
signature 1 might not be detectable as its frequency will be quite low. In addition, the mean 
age of our cohort of never smokers is 67 [46-86], which is significantly (p-value = 0.026, 
Student’s t-test) higher compared to the smokers in the TCGA cohort with a mean age of 
63 [33-90] years, which might possibly contribute to the absence of signature 1. Signature 
13 (11%), consisting mainly of mainly C>G substitutions, is assigned to the activity of 
AID/APOBEC cytidine deaminases, which convert cytidine into uracil. Some hypothesize 
that the activation of these cytidine deaminases is caused by viral infection, retrotransposon 
activity or inflammation. Signature 13 often co-occurs with signature 2, which contributes 
9% to the never smokers signature. Signature 2 is not observed in smokers with LUSC and 
LUAD and is also linked to cytidine deaminases by AID/APOBEC activity. Signature 8 
(8%) contributes less than 10% to the signature of lung cancer in never smokers and has 
an unknown aetiology. The other mutational processes that contribute to the spectrum of 
never smokers also seem to be present in strictly smokers, despite the large difference in 
G:C>T:A substitutions. 
The mutational signature of Asian never smokers also lacks smoking signature 4, and it 
displays the same features as the never smoker signature observed in FIELT-2. The strong 
enrichment for signature 5 (61%) in the Asian never smokers, can be explained by its high 
similarity to signature 16 (observed FIELT-2), since both are dominated by T>C 
substitutions in an ApTpN context meaning that the aetiology of NSCLC in Asian and 
Caucasian never smokers is similar. Finally, unsupervised clustering based on the 96-
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substitution signature deconstruction also revealed distinct cluster patterns between never 
smokers and smokers with lung cancer (Figure 2C).  
 
EGFR and TP53 mutations are most common in never smokers with NSCLC 
In FIELT-2, EGFR was by far the most frequently mutated gene (Supplementary Table 5). 
Particularly, we observed 21 EGFR mutations in 18 patients (18/45= 40%). The frequency 
of EGFR mutations in never smokers is considerably higher compared to the lung cancer 
TCGA24,25 cohort (10.2%) or compared to smokers in either the LUSC (8%) or LUAD 
(8%) TCGA sub-cohorts. The higher incidence of EGFR mutations in never smokers was 
also observed in BioCast (61%)26, Asian (67%)15 and TCGA (39%) never smokers. This 
increase has clinical implications since these patients can be treated with EGFR tyrosine-
kinase inhibitors (TKI). The most frequent EGFR mutation (Supplementary Figure 3A) is 
a deletion in exon 19 that was detected in 10 out of 45 patients (22%), which again 
represents a considerable increase compared to the pan-lung cancer analysis of TCGA 
detecting this deletion only in 3.5% (41 out of 1144) of patients. We observe three different 
non-frameshift deletions: p.745_750del (n=7, 16%), p.746_748del (n=2, 4.5%) and 
p.746_750del (n=1, 2.3%). The most abundant point mutation L858R was observed in 7 
(16%) never smokers, which interestingly also represents the most abundant point mutation 
in the pan-lung cancer dataset (n= 28 out of 1144; 2.4%).  
Interestingly, TP53 ranks as the second most significantly mutated gene. Particularly, we 
observed TP53 mutations in 12 patients (27%), which is in accordance with the Asian 
never-smoker cohort (20%)15, as well as the TCGA never smoker cohort, in which we 
observed a 29% and 56% mutation rate for LUSC and LUAD, respectively. Notably, these 
rates are considerably lower than the 69% (LUSC) and 82% (LUAD) mutation rates 
observed in smokers from TCGA24. 
 
Identifying new driver genes active in NSCLC 
The search for novel driver mutations active in NSCLC is complicated by the fact that 
smoke-induce lung cancer is characterized by a high tumour mutation burden, which 
obviously includes a large number of passenger mutations. Since the tumour mutation 
burden is lower in NSCLC of never smokers, which should enable the identification of 
novel driver mutations in NCCLC, we applied several pipelines dedicated to identify novel 
driver mutations. Particularly, we used GenomeMuSiC27 and MutSigCV28 (Supplementary 
Table 6). Next to the recurrently mutated genes EGFR and TP53, we also identified 
TSC22D1 as a potential driver gene in NSCLC (Supplementary Figure 3C). Particularly, 
we observed three patients with a deletion in TSC22D1 and one with a nonsynonymous 
substitution. Interestingly, TSC22D1 was the third most significantly-mutated gene in 
GenomeMuSiC (q= 0.0057, Supplementary Table 6). and represents a putative tumour 
suppressor that inhibits Ras/Raf signalling29 and that is co-expressed with ACSL1 which 
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has a potential tumour supressing role in lung cancer30 and previously has been linked to 
the development of pulmonary adenoma in mice31.  
We then assessed whether TSC22D1 was also mutated in other cohorts. The Asian study 
was too small (n=16) to really explore this, while TSC22D1 was not included in the gene 
panel of the BioCast study. However, in the TCGA cohort of never smokers, 6 (2%) 
patients harbored a TSC22D1 mutation, which is slightly higher than in TCGA smokers. 
Indeed, although TCGA tumours from smokers are hypermutated, we observed TSC22D1 
mutations in only 1.32% of patients. In none of the cohorts, mutations and copy number 
alterations affecting TSC22D1 were prognostic (Logrank test p-value = 0.9, Supplementary 
Figure 4). When assessing other cancer types (n=10,953 via the cBioPortal), TSC22D1 was 
mutated in 147 (1.34%) of cases (Supplementary Figure 5). At the level of copy number 
alterations, TSC22D1 was altered in 307 patients (2.80%).  
We observed ERBB2 mutations in 3 out of 45 (7%) patients. Similar frequencies were 
observed in the Asian15 (7%), BioCast26 (3%) and TCGA (1%) lung cancer cohorts of never 
smokers, and were higher compared to smoke-induced lung cancer cohorts, where it was 
observed in 2-4% of patients32–35. ERBB2 mutations may be more relevant in lung 
carcinogenesis compared to ERBB2 amplifications, as several kinase inhibitors such as 
afatinib have already shown considerable activity in ERBB2 mutant lung cancer36,37. 
Interestingly, also RBM10, which represents a potential driver of lung adenocarcinoma, 
was found to be mutated in 2 out of 45 samples (7%)16. Interestingly, strict mutual 
exclusivity was found for driver mutations in EGFR, KRAS, BRAF and MET, with 26 out 
of 45 tumours harbouring a mutation in one of these genes (Figure 3). 

Copy Number Alterations (CNAs) in NSCLC of never smokers  
To also define the role of chromosomal alterations in NSCLC in never smokers, we 
successfully performed low-coverage WGS on 45 tumour samples (Supplementary Table 
7). We observed somatic copy number alterations (sCNAs) in most tumour samples and 
assessed whether the number of sCNA in never smokers is lower than in smokers, similar 
to what is observed for mutations. Hereto, we calculated the number of breakpoints and the 
aberrant fraction of the genome, the latter is defined by the fraction of the genome that is 
amplified or deleted (Materials and Methods, Supplementary Table 8). Interestingly, the 
number of breakpoints observed in never smokers was on average 33±45 [0-277], while in 
current smokers this was 83±66 [0-444]. This difference was significant (p-value = 4.12 
x10-8, Student’s t-test; Figure 4A) and was observed both for LUSC and LUAD (82±56 [2-
294] and 84±77 [0-444]; Student’s t-test p-value = 7.36x10-8 and 5.04x10-7, respectively).  
The aberrant fraction of the genome was 6.0±6.1% [0-31%] for never smokers and 
8.6±6.5% [0-34%] for smokers, confirming a significant increase in sCNAs in the latter 
(Student’s t-test, p-value= 0.011; Figure 4B). More in detail, the average aberrant fraction 
of the genome was 7.9±6.8% [0-30%] in LUAD (Student’s t-test, p-value= 0.11) and 
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9.3±6.1% [0-34%] in LUSC (Student’s t-test, p-value= 0.0038). These results indicate that 
the genomic profile of never smokers is not only characterized by fewer somatic mutations 
but also by a reduced number of sCNAs.  
To identify which focal and whole-arm or whole-chromosome sCNAs were enriched for 
in NSCLC, a GISTIC analysis was performed (Figure 4C, 4D, Supplementary Table 9, 10 
and 11). One of the most significant focal amplifications that we observed affected EGFR 
(69% of the cases, Supplementary Table 10). In addition, other significantly amplified 
regions that contained oncogenes involved chromosome 5p15.33 (TERT, 69%), 5p13.2 
(IL7R, 71%), 8q24.21 (MYC, 58%) and 7q31.2 (MET, 38%). Amplifications of 19q12 
(22%) and 3q26.2 (44%) including respectively CCNE1 and MECOM were also observed. 
Remarkably, focal amplifications of 7q31.2 (containing MET) were not frequently found 
in the pan-lung cancer TCGA cohort, suggesting this is characteristic of NSCLC in never 
smokers. The large abundance of MET amplifications in our cohort (38%) can have 
therapeutic implications, since it has been reported that NSCLC patients with a MET 
amplified tumour respond to crizotinib, an inhibitor of MET and ALK38. In a phase I trial, 
a 33% response rate to crizotinib was reported in a cohort of 12 MET-amplified NSCLC 
tumours39. Interestingly, focal MET amplification have also been observed in NSCLC (5-
22%) with acquired resistance to EGFR inhibitors in patients with EGFR-mutated tumours, 
due to the activation of ERBB3 signaling.40,41  
Besides these focal amplifications, several focal deletions were also observed. The most 
significant focal deletions were in 9q21.3, which contains the tumour suppressor genes 
CDKN2A and CDKN2B (67%), 8p23.3 (CSMD1, 71%) and 12q.24.33 (POLE, 62%). The 
former two regions are also observed in the pan-lung cancer tumours of TCGA. Expression 
of the tumour suppressor gene CDKN2A is also often silenced by promotor methylation 
which is known to occur more often in smokers compared to never smokers42,43. Since we 
observe a focal deletion of CDKN2A in 67% of our cases, the high frequency of this 
deletion may compensate for the reduced promotor methylation reported in never smokers. 
Other focal deletions that we also detected involved the following chromosomal regions: 
15q12, 10q26.3 and 8p12 (FGFR1, WHSC1L1), which are not observed in the pan-lung 
cancer dataset of TCGA. Focal deletions of 13q12.12 and 16q24.1 containing respectively 
BRCA2 and FANCA, both involved in the HR pathway, were also often observed.  
Interestingly, all except 3 tumours (FLT050, FLT052 and FLT032) had an amplification 
or mutation in EGFR or MYC, suggesting that these genes play an important role driving 
NSCLC in never smokers. This might have future therapeutic implications as MYC is also 
an emerging therapeutic target in cancer44. 
In addition to the quantitative differences in sCNAs (i.e. number of breakpoints and 
fraction sCNA), we assessed whether recurrent amplified or deleted regions observed in 
our non-smoker cohort are characteristic for never smokers. Therefore, we performed 
unsupervised clustering on the recurrent focal alterations defined in never smokers on our 
cohort of never smokers and the current smokers of the TCGA cohort. Statistical analysis 
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revealed two distinct clusters (Figure 4E), one containing mainly never smokers and 
another one containing mainly smokers (Fisher’s exact test, p= 1.3x10-6).  
 
Integration of mutation and copy number data 
Finally, we integrated sCNA and mutation data to reveal which pathways were affected. 
Hereto, Ingenuity Pathway Analysis (IPA) was performed on the significantly affected 
focal regions containing less than 50 genes as well as on all recurrently mutated genes. 
Results and p-values of both analyses were integrated by Fisher’s method. Interestingly, 
the 10 most significant affected pathways (Figure 5, Supplementary Table 12) were all 
related to cancer, epithelial cell adhesion and HER signaling.  
 
 
DISCUSSION 
 
During the past decade, knowledge about the genomic landscape of different tumour types 
including lung carcinoma has emerged. Since tobacco smoking is the major cause of lung 
carcinoma, one of the limitations of these studies is that most of the reported cohorts 
contain a vast majority of smokers. To specifically elucidate the genomic landscape and 
features of NSCLC in never smokers, we prospectively selected a cohort of 46 never 
smoking lung cancer patients and performed an integrative WES and low-coverage WGS 
study. This led to several interesting findings. 
 
First of all, we observed quantitative differences between the NSCLC genome in never 
smokers compared to smokers. We could not only confirm that the number of somatic 
mutations is strongly reduced in never smokers compared to current smokers, but we also 
identified that the number of chromosomal breakpoints and the fraction of the genome with 
an aberrant copy-number was significantly reduced in never smokers. Classification of 
somatic mutations into the six substitution type patterns indicated that the mutational 
pattern in NSCLC of never smokers is dominated by G:C>A:T mutations, which is in 
contrast to the pattern observed in smokers and which is dominated by G:C>T:A mutations 
or more in general, the dominant substitutions are transitions in never smokers and 
transversions in smokers. Unsupervised clustering of a cohort of NSCLC on these somatic 
mutational patterns results in a cluster with smokers and a cluster with never smokers.  
 
Next, we identified the collective somatic mutational signature which is not only based on 
the type of substitutions but also on the sequence context for each substitution. This 
collective signature of NSCLC from never smokers is composed out of six mutational 
signatures, each underlying a mutagenic process. Among these contributing signatures, 
signature 3 is contributing 14% to the collective signature and is related to perturbation in 
the mechanism of DNA repair by HR. This is further supported by detection of somatic 
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mutations in HR genes such as ATM, BRCA1/2 and MRE11A, and also focal deletions of 
BRCA2 and FANCA. In our entire cohort, we observe 34 patients (74%) with an alteration 
in the HR genes. We also observe a frequent focal deletion (n=28, 62%) of POLE, which 
is involved in DNA synthesis and base excision repair. Both observations stress the 
importance of damaged DNA repair mechanisms in the carcinogenesis of lung cancer in 
non-smokers. Interestingly, unsupervised clustering of a cohort of NSCLC based on 
somatic mutational signatures, distinguishes between smokers and never smokers 
demonstrating a different aetiology in these groups. While the aetiology of NSCLC in 
smokers is due to tobacco smoke, our results indicate that NSCLC in never smokers is not 
due to passive smoking as the smoking signature (signature 4) is not observed in these 
patients. 
  
The higher prevalence of women in our (59%) and other never smoker lung cancer cohorts 
(TCGA LUAD 73%, Asian 62%) has not yet been explained. A strong candidate causal 
factor for such imbalance could be estrogen exposure, either through its tumour-promoting 
effects or the genotoxic effects of certain estrogen adduct forming genotoxic catabolites45. 
However, neither the Estrogen-Dependent Breast Cancer Signaling pathway nor the 
Estrogen receptor pathway were enriched for somatic mutations. We also did not observe 
mutational hallmarks reflecting the effect of estrogen catabolites in never smokers. We 
therefore failed to confirm a potential etiologic role for estrogens in lung cancer 
development of never smokers. 
 
Previously observed driver mutations in lung cancer including but not limited to EGFR, 
TP53 and ERBB2 are also recurrently mutated in our and other cohorts of never smokers 
but interestingly at a different frequency. The frequency of EGFR and ERBB2, two targets 
in personalized medicine is higher in never smokers while the frequency of TP53, a 
negative prognostic factor is reduced. Like EGFR, MET is also significantly focally 
amplified in never smokers, which is not observed in NSCLC of smokers and uncommon 
in untreated patients. Patients with a MET amplification respond to crizotinib. These 
observations might give rise to a more favourable disease progression in never smokers.  
 
One of the advantages of our cohort composed of never smokers, is that the amount of 
passenger mutations is strongly reduced, which makes the identification of less abundant 
driver mutations less cumbersome. We could identify TSC22D1 as a potential driver gene 
in NSCLC. This gene is significantly mutated in NSCLC in never smokers and is known 
to be involved in the development of pulmonary adenoma in mice.  
In conclusion, our unique prospectively selected cohort of NSCLC in never smokers 
revealed (1) significantly less mutations, breakpoints and copy-number instability in never 
smokers compared to smokers, (2) a different six-substitution type pattern and 96-
substitution type signature both discriminating between smokers and never smokers and 

This article is protected by copyright. All rights reserved.



  

indicating a different aetiology of NSCLC, (3) well-known clinically relevant mutations in 
genes such as EGFR, TP53 and ERBB2 are observed at different more beneficial, mutation 
rates in NSCLC in never smokers compared to smokers and (4) TSC22D1 can be 
considered as a new driver mutation in NSCLC from non-smokers. 
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Figure captions 
Figure 1. Mutation characteristics in never smokers and strictly smokers: FIELT-2 never 
smokers, Asian never smokers, TCGA data of strictly smokers with lung squamous cell 
carcinoma (LUSC) and lung adenocarcinoma (LUAD). (A) Number of mutations; (B) Six 
substitution types; (C) Unsupervised clustering of the six substitution types for strictly 
smokers and never smokers reveals two distinct clusters.  
  
Figure 2. (A) Ninety-six subtype classification of the mutational signature of NSCLC in 
never smokers. (B) Contributions of the established COSMIC somatic signatures to the 96-
subtype classification of the FIELT-2 and Asian never smokers and smokers of the lung 
squamous cell carcinoma (LUSC) and lung adenocarcinoma (LUAD) TCGA datasets. (C) 
Unsupervised clustering of the signature contributions. 
 
Figure 3. Oncoprint of NSCLC in never smokers for 45 patients with mutation data and 
45 patients with copy-number data. The percentages represent the affected patients. The 
samples without mutation data (°) and copy-number data (*) are indicated. The percentage 
of affected samples in the FIELT-2 cohort (n=45) is shown at the left, while the percentage 
of affected samples in never smokers of the TCGA cohort (including n=93 strict never 
smokers and n=220 former light-smokers that stopped smoking >15 years ago) is presented 
at the right. 
 
Figure 4. Barplots comparing never smokers and smokers: (A) the number of breakpoints 
and (B) the fraction of sCNA. Significant (C) focal and (D) broad amplification and 
deletions identified by GISTIC in NSCLC of never smokers (q-value <0.25). (E) 
Unsupervised clustering of significantly altered focal peaks by GISTIC on never smokers 
and smokers. 
 
Figure 5. Integrated Ingenuity Pathway Analysis on focal copy-number alterations and 
recurrent mutated genes, q-values of the top 10 pathways are shown. 
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