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ABSTRACT

Approximately 10%-15% of all lung cancers arise in non-smokers. Although there are no established aetiological factors, non-
smokers with a family history of cancer have an increased risk of lung cancer, implying host genetic factors in lung cancer sus-
ceptibility. We sought to identify, in a cohort of 75 patients recruited before lung lobectomy, germline alterations with a strong
association with lung cancer. Whole-exome sequencing was performed on genomic DNA from peripheral blood. Six resources
were used to select pathogenic germline variants with strong clinical significance. In total, 33 pathogenic or likely pathogenic
variants in 31 genes were identified. Of these, 13 were located in cancer-predisposing genes (nine were lung cancer drivers), most
of which were involved in DNA repair mechanisms and diseases of metabolism. Among DNA repair-related genes, BRCAI and
BRCA2, and ATM have also been identified in other studies on non-smokers. Our results strongly support the hypothesis that a
number of non-smoker lung cancer patients carry germline variants in cancer-predisposing genes, suggesting that lung cancer
patients, particularly non-smokers, should be considered for germline molecular testing.

1 | Introduction lung cancers arise in non-smokers. The rate of lung cancer in

non-smokers is increasing [2] and tends to be more common in
Lung cancer is the most common cancer and the leading cause females [3]. Most of the non-smokers are asymptomatic or have
of cancer-related mortality worldwide [1]. It is generally re- non-specific features, and cancer is diagnosed during cardio-
garded as a smoker's cancer; however, about 10% to 15% of  logical follow-up or surveillance imaging for other previous
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cancers. Although small cell lung cancer (SCLC) is the his-
tological type tightly linked with tobacco consumption [4],
the most frequent type of cancer in non-smokers is non-small
cell lung cancer (NSCLC), predominantly adenocarcinoma
[5]. There are no established aetiological factors associated
with the development of lung cancer in non-smokers; radon
exposure, second-hand smoke, and other environmental risks,
most of which are linked to pollution, may explain some cases,
but the causes of most of these cancers are still unknown (as
reviewed in [5]). Non-smokers with a family history of cancer
also have an increased risk of lung cancer, implicating host
genetic factors in lung cancer susceptibility [5]. Genome-wide
association studies have identified common genetic variations
that modify lung cancer risk, but they explain less than 10% of
the risk contribution to lung cancer [6].

Next-generation sequencing applied to cancer research has
made available a wealth of genome-wide data with which it
has been possible to highlight the presence of clinically rele-
vant germline variants that confer significant risk to different
types of cancer. Indeed, a study of more than 10,000 individu-
als in 33 types of cancer in the TCGA cohort found that 8% of
cases carried pathogenic or likely pathogenic germline vari-
ants [7]. Concerning lung cancer, few studies have examined
the presence of pathogenic germline variants (PGVs) and have
mainly focused on variants in TP53 and EGFR (T790M in par-
ticular) genes, which have been associated with hereditary
predisposition to this tumor type (as reviewed in [8]). Recent
studies, however, suggest that germline pathogenic variants
are present in a high percentage of lung cancer patients, in
particular, if non-smokers [9, 10]. Identifying genetic alter-
ations with a strong association with lung cancer can help to
define population risk and also find patient subpopulations
that can benefit from personalized follow-up programs (e.g.,
CT scan) and therapy.

We studied the landscape of PGVs in lung cancer drivers and in
cancer predisposing genes, which most likely could act as the
genetic counterpart of the cigarette smoke-induced genotoxic
damage, in 75 non-smoker lung cancer patients.

2 | Materials and Methods
2.1 | Patient Series and DNA Samples

The study included 75 non-smoker lung adenocarcinoma
(NSCLC) patients selected from a series of 823 patients with
NSCLC recruited prior to lung lobectomy at hospitals in the
Milan, Italy, area [11]. The main characteristics of the patients
are summarized in Table 1. For this study, we used frozen sam-
ples of genomic DNA previously extracted from the patients' pe-
ripheral blood [12].

Written informed consent was obtained from patients to use
their biological material and data for research purposes, ac-
cording to the European General Data Protection Regulation.
The protocol of this study was approved by the Committee for
Ethics of the Fondazione IRCCS Istituto Nazionale dei Tumori,
Milan (INT 224-17), Fondazione IRCCS Ca’ Granda Ospedale
Maggiore Policlinico, Milan (2022019bis) and Ospedale San

TABLE 1 | Numbers and clinical characteristics of the patients in
the study.

Patient characteristic Number of patients (%)

Sex
Male 24 (32)
Female 51 (68)
Age, median (range) 59 (26-79)
Pathological stage
I 34(45.33)
11 13 (17.33)
II1 16 (21.33)
v 10 (13.33)
Not available 2(2.66)
Status
Alive? 40 (53.3)
Dead® 35(46.7)

a> 3years from surgery [median 563 days, range (87-2572)].
b<7years from surgery [median 2934 days, range (1305-7335)].

Giuseppe, IRCCS Multimedica, Milan (346.2018). The research
was conducted in accordance with the tenets of the Declaration
of Helsinki.

2.2 | Whole-Exome Sequencing (WES)

Two different WES analyses were conducted. A first group of
32 cases (cohort 1, C1) was analyzed at the CRIBI Sequencing
Core of the University of Padua (Padua, Italy). Whole-exome
libraries were prepared from 100ng of genomic DNA using
Ion Ampliseq Exome RDY kits (ThermoFisher Scientific).
Libraries were sequenced on Ion Torrent P1 Chips on an Ion
Proton Sequencer. To identify variants, the AmpliSeq Exome
Panel module with parameters Proton, Germ Line, and
High Stringency, under the Torrent Variant Caller software,
was used.

A second group of 60 cases (cohort 2, C2), including 17 sam-
ples from the first analysis, was analyzed at the Genomic Unit
of Cogentech Ltd. Benefit Corporation with IFOM as a Sole
Shareholder, in Milan, Italy. Indexed fragment libraries were
prepared from 150ng of genomic DNA using Illumina DNA
Prep (S) Tagmentation kit and processed with xGen Exome
Research Panel v2 (IDT) for enrichment of exonic probes to
generate final WES libraries. Sequencing of the libraries was
performed using an Illumina NextSeq550DX instrument in
2x150nt readmode, to generate 50 M paired-end reads per
sample. To identify variants, we used a custom pipeline which
includes: (i) Quality checks on fastq [13] and bam [14] files; (ii)
Pre-processing steps according to the “GATK best practices”
(https://gatk.broadinstitute.org/hc/en-us/articles/3600355359
12-Data-pre-processing-for-variant-discovery); (iii) Two ger-
minal variant callers: Haplotype Caller (https://gatk.broad
institute.org/hc/en-us/articles/360037225632-HaplotypeC
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aller) and Strelka2 [15]; (iv) Union of the good quality variants
(labeled as PASS by each caller); (v) Filtering of variants called
with a coverage (DP) less than 10 or with an allelic fraction
(AF) less than 0.1.

WES generated a median of 33 million paired-end reads per pa-
tient (range, 24 to 51 million reads) resulting in a median cover-
age of 97 (range: 72-149) for the 32 samples included in C1, and
a median of 120 million paired-end reads per patient (range, 80
to 156 million reads) resulting in a median coverage of 276 for
the 60 samples of C2 (range: 184-367). The median percentage of
target covered at 20X was 89.8% (range: 85.4%-94.7%) for C1 and
99.3% for C2 (range: 99%-99.6%) (Figure S1). No samples were
discarded for low coverage (Table S1).

2.3 | Pathogenic Variant Selection (PGV)

Six resources were used (two tools, two scores, two reference
databases) to select PGVs with strong clinical significance
(Tierl) [16]: (i) Cancer Genome Interpreter [17], a classifier
based on heuristic rules that depend on variant consequence,
CADD score, gene category (driver for the tumor or for other
tumors), gene mechanism of action, variant position in a
cluster, position within a domain or within the protein, and
is integrated with BoostDM [18], a gradient boosting classi-
fier trained on more than 28,000 samples but available only
for certain genes. The tool classifies the variants into Driver/
Pathogenic or Passenger/Benign; (ii) Charger [19], which an-
notates and prioritizes variants by adopting the AMP-ACMG
guidelines and defines 12 levels of pathological evidence
and four levels of benign evidence using a variety of data
sets, including EXAC and ClinVar, and computational tools
(SIFT, PolyPhen). Variants in predisposition genes receive a
level of evidence based on variant type and mode of inheri-
tance. Variants are referred to as: P (Pathogenic), LP (Likely
Pathogenic), VUS (Variant of Uncertain Significance), LB
(Likely Benign), and B (Benign); (iii) Ai-Driver [20], a score
combining 23 pathogenicity scores, including VEST 3.0,
Polyphen2, SIFT, FATHMM, and CADD into a single classi-
fier that predicts the possibility of the variant being driver/
pathogenic; (iv) Vest [21], a score using a random forest clas-
sifier that returns a p-value; variants with a p-value <0.05 are
considered pathogenic; (v, vi) Two public archives of reports
of human variant-phenotype relationships, Clinvar [22], and
another developed on TCGA data by the TCGA PanCanAtlas
Germline Working Group [7].

Each variant was assigned a “Pathogenic Number” based on the
number of resources classifying it as pathogenic (Range 0-6).
Variants were defined as Tier1 if one of the following four rules
was valid: (1) Defined by Clinvar as pathogenic and reviewed by
experts; (2) Defined by Cancer Genome Interpreter as known
tumor drivers; (3) Defined by Charger as pathogenic; (4) Variants
with pathogenic number > 3. Variants that were not already clas-
sified as Tier 1 were defined as Tier2 and Tier3, with pathogenic
numbers of 2 and 1, respectively. Finally, all the other variants
were classified as Tier4. In addition, we distinguished variants
affecting lung cancer driver genes (LCDGs) from those in genes
defined as cancer predisposing (CPGs) [17, 23], and manually ex-
amined these variants.

3 | Results
3.1 | Patients’' Characteristics

Genomic DNA for WES analysis was obtained from periph-
eral blood of 75 never-smoking patients with NSCLC with un-
known exposures to lung cancer risk factors. Patients had a
median age of 51years; 68% were women. There was a wide
distribution of pathological stage, with a prevalence of stage
1 (45% of cases). Of them, 53% were alive 3years after surgery
(Table 1).

3.2 | Pathogenic Variants

The median number of variants identified was 36K (range:
35-38K) for cohort 1 and 24K for cohort 2 (range: 23-25K).
The percentage of variant overlap between samples was 60%
(within each cohort), whereas the percentage of variant over-
lap between samples from different cohorts was 30% and 50%
for C1 and C2, respectively, although some samples had a
higher percentage (50% and 75% for C1 and C2, respectively).
The 17 duplicated samples had the highest overlap, ranging
from 50% for C1 to 75% for C2 (Figure S2). During analyses,
variants identified in patients profiled in both cohorts were
merged into a unique profile.

PGVs were selected as described in the Methods section, by
applying very stringent criteria making very likely a true
pathogenetic effect of such variants. A total of 33 pathogenic
or likely pathogenic variants were identified in 31 genes
(Tables 2, 3, S2 and S3). Twenty-seven patients carried at least
one of these variants. Eleven of them were present in dupli-
cate samples in the two cohorts: 10 were found in both exper-
iments and one only in cohort 2. No variants were identified
in nine of the duplicate samples (Table S4). Thirteen variants
were located in genes classified as LCDG or CPG [17, 23], and
mainly involved in DNA repair mechanisms (Tables 2 and
S2). Six of them were found in shared samples from the two
cohorts: five were detected in both experiments (in BRCAI,
FH, KEAPI1, SDHA, and TP53 genes), while the GJB2 mutation
was found only in cohort 2. The 13 genes were mutated only
in one patient. The other 20 identified variants belonged to 18
genes defined as non-LCDG or -CPG (Tables 3 and S3), three
of which (HERC2, NUP93, and TSHR) are known to be asso-
ciated with breast cancer, endometrioid carcinoma, and thy-
roid carcinoma [26]. Three genes (SLC3A1, IVD, and PYGM)
were found mutated in two samples. SLC3A1 carried the same
pathogenic variant in two samples, while two different vari-
ants were identified in IVD (both pathogenic) and PYGM (one
pathogenic, the other likely pathogenic). This set of genes is
mainly involved in diseases of metabolism. One of the two
SLC3A1 variants, the two variants found in IVD, and those
in GALNS, SLC3A1, and TNFRSF13B were detected in both
duplicate samples from the two cohorts (Table S4).

3.3 | Gene Comparison With Literature

Comparison with data on non-smokers from previously pub-
lished papers [27, 28], highlighted a prevalence of germline

30f9


https://gatk.broadinstitute.org/hc/en-us/articles/360037225632-HaplotypeCaller
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/germline

"uopod dois,
1D uo 23ed1dnp 31 Ul punNoy 0N,

D8STYd dNS OSUSSSIA orusdoyied V DOPLSLIL LTIYD T 70 ‘1D SHA SHA £9d.L
oruadoyired

AT8SD dNS OSUSSSIA INEM 18| V OSIVIST SIYd T 70 ‘1D SHA YHdH.LO VHdS

— Tdda uonug oruddoyled V DV 669 1€¢ S TIYD T 0 SHA HYdHLO HALNN

DIEY dNS 9SULSSIA oruadoyied DD 6£9¢669¢ €I1YD T 0 SHA SHA THTN
oruadoyied

19SYIN dNS 9SULSSIA NG| DD I1868%0T 611D T 70 ‘1D ON SHA IdVHN
oruadoyied

d061 dNS OSUISSIA INEM 1| DV IE6810C €TIYD I eCO SHA JdHLO caro
oruadoyred

ATLYV dNS OSUSSSIA INEM 1| V D9v6 L6V T T TIYD T 70 ‘1D SHA SHA HA

0788Y dNS 9SUSSSIA orusgoyied VOvLEYETST TIYD T (40} ON SHA VELNNA
oruagoyied

A98CIV dNS OSUISSIA NG| V DS9% 98106 LTIYD T 0 ON SHA IVITOOD

£S65TO dNS 9SUSSUON oruagoyied LD 8ET6geCE ETIYD I 0 SHA SHA cvodd

SILLLTO SNI WIYS awred orusdoyied DL LT90LSOEY LTIYD T 70 ‘1D SHA YHH.LO IVOdd

DY6esd dNS OSUSSSIA orusdoyied D LPSEESLOVT LIYD I 0 ON SHA HAVId

*eV T dNS 9SUSaSUON oruddoyied LD €ec0ee80T TTIYD T 0 SHA SHA WLV

dSueyd adAT, SSB[O uoneINA [sz] oDV [vz] a1 yuerrep sjuanyed pajenur 3I0Yy0) EVIEY] ad £ x30ued Quan

urdjoIg [enue JO I3quInu [ejo], Sursodsipaad ur AL
Iaoue)

‘sjueLIeA oruagoyed payynyuapt €1 oY) Surkired (9gD) seuad Sursodsipaid 100ued pue (HDT) SOUS JOALIP 190UeD SUN[ Y3 JOISIT | ¢ ATAVL

Genes, Chromosomes and Cancer, 2025

40f9



TABLE 3 | List of genes, classified as non-LCDG or non-CPG, carrying the 20 identified pathogenic variants.
Total number
of mutated Manual Protein
Gene Cohort patients Variant ID [24] ACMG [25] Mutation class Type change
ACADVL C1 1 chrl7 7223152G A Likely Missense SNP R366H
pathogenic
ADA Cc2 1 chr20 Pathogenic Missense SNP H15D
44636279G C
BTD Cc2 1 chr3 15644590G Pathogenic Missense SNP C225Y
A
GAA C2 1 chrl7 Pathogenic Missense SNP D489N
80110754G A
GALNS C1,C2 1 chrl6 Pathogenic Missense SNP RIOW
88841948G A
GYGI C1 1 chr3 148996462G Likely Missense SNP D102H
C pathogenic
HERC2 Cc2 1 chrl5 28142240 Likely Missense SNP E3900K
CT pathogenic
1VD C1,C2 2 (different chrl5 40418190 Pathogenic Missense SNP Y400C
variants) AG
C1,C2 chrl5 40415454 Pathogenic Missense SNP A311V
CT
MMAB C2 1 chr12 109561055 Pathogenic Missense SNP R190H
CT
NUP93 C1 1 chrl6 Pathogenic Missense SNP G591V
56834768GT
PEX1 Cc2 1 chr792501562CT Pathogenic Missense SNP G786D
POLG Cc2 1 chrls Pathogenic Missense SNP P587L
89325639G A
PYGM Cc2 2 (different chrll 64755483 Likely Missense SNP S246P
variants) AG pathogenic
C2 chrll Pathogenic Missense SNP P489S
64753126 G A
RYRI C2 1 chr19 38 543551 Likely Missense SNP Y3933C
AG pathogenic
SLC3A1 C1, C2 2 chr244312653T C Pathogenic Missense SNP M467T
Cc2
TNFRSF13B C1,C2 1 chrl7 16948873 Pathogenic Missense SNP C104R
AG
TSHR C2 1 chri4 Likely Missense SNP AS553T
81143715G A pathogenic
TYR C2 1 chrll 89178342 Likely Missense SNP E130V
AT pathogenic
variants in genes involved in DNA repair, cell cycle regulation, identified in four studies, including ours, and ATM was found

and tumor suppression. The most frequently mutated genes in three studies. Finally, in our study, no association was found
identified in these studies, including ours, were involved in  between the presence of lung-driver or cancer-predisposing
DNA repair mechanisms, and many of them were common to variants and the available clinical characteristics (sex, age, and
multiple studies (Table 4). For example, BRCAI and BRCA2 were survival, data not shown).
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TABLE 4 | Comparison of previously published studies on pathogenic variant carrier genes identified in non-smokers.

Genes with Genes in
germline variants common with
Study Type of data Sample analyzed in non-smokers our study
Zhang et al. 2021 [27] WES 232 non-smokers 83 ATM
BRCA1
GJB2
Liu et al. 2020 [9] NGS of 58 known 1026 (442 non-smokers) 22 ATM
hereditary cancer- BRCAI
related genes BRCA2
Tlemsani et al. 2021 [29] NGS of 607 cancer- 87 (8 non-smokers) 4 BRCA2
related genes
Devarakonda et al. 2021 [28] WES 160 non-smokers 10 BRCA1
BRCA2

4 | Discussion

It is highly plausible that the genetic background has a signifi-
cant impact on the etiology of lung cancer, in particular in non-
smoker subjects. While showing a significant heterogeneity both
in type and function of the underlying potential PGVs, several
studies support this conclusion. The WES analysis we conducted
on 75 non-smoker NSCLC patients showed that 27 of them (36%)
carried PGVs in 33 genes, 13 of which were classified as LCDG or
CPG. PGVs identified in these genes were present in 13 patients
(17.3%). This percentage is higher than that found in a study on
160 lung adenocarcinomas from non-smokers [28] and in a study
on 7788 lung cancer cases who underwent germline genetic test-
ing, mainly for a personal or a family history of cancer, and re-
gardless of smoking status [10]; those studies identified PGVs in
6.9% and 14.9% of the cases, respectively. Zhang et al. [27] an-
alyzed 232 NSCLC from non-smokers, mostly of European an-
cestry, and found a higher percentage of cases (36.6%) carrying
pathogenic variants, but the threshold they set for pathogenic
variant detection was lower. They identified 83 genes harbor-
ing PGVs in at least one sample and, among them, three were
in common with our study (BRCA1, GJB2, and ATM). Regarding
the study from Devarakonda and colleagues [28] on 160 lung ad-
enocarcinomas from non-smoker patients, pathogenic variants
were found in 10 genes, seven of which were involved in DNA
repair: BRCA1, BRCA2, FANCG, FANCM, HMBS, MSH6, NF1,
POLDI1, TMEM127, and WRN genes. Two other genes, one of
which, RAD5IC1, was also involved in DNA repair, and MPL,
were shared with smoker cases. Among these genes, BRCAI and
BRCA2 were in common with our study. Another study, dealing
with an analysis focused on 58 known hereditary cancer-related
genes, in 1026 NSCLCs collected at several hospitals in China (in-
cluding 442 non-smoker cases), identified germline variants, eight
pathogenic and 14 likely pathogenic, in 22 non-smoker patients
[9]. No significant differences among smokers and non-smokers
were identified. Interestingly, in non-smoker cases, genes over-
lapping those identified in our study were BRCA2, ATM, and
BRCAI. BRCA2 was the most common mutated gene (6/22 cases).
In addition, a WES analysis of germline DNA of 87 patients (77
SCLC and 10 extrapulmonary small cell cancers) considering a
total of 607 genes (including genes associated with hereditary
cancers, cancer-associated genes, those with recurrent somatic

mutation in lung cancers or curated from previously published
studies on cancer predisposition genes) identified 35 genes mu-
tated in at least one sample. Seven of them were also identified
in our study (MUTYH, BRCA2, BRCA1, DNMT3A, GJB2, MLH],
and TP53). The cohort analyzed included eight never-smoking
patients, four of whom were carrying PGVs, one in the BRCA2
gene [29] Finally, in a very recent study that analyzed rare PGVs
in 67 DDR genes in 3.040 cases of lung cancer and controls, vari-
ants in MUTYH, a gene historically associated with colorectal
cancer and other gastrointestinal cancers, were also significantly
associated with lung adenocarcinoma (the most common type in
non-smokers) and the absence of smoking history [30].

Seven of the genes we identified (54%) are involved in DNA
repair (ATM, BRCA1, BRCA2, FH, MLH1, MUTYH, and TP53)
[26] suggesting that variants in this pathway may cause de-
regulation of DNA repair and cell cycle and increase cancer
risk. The fact that even among the genes classified as LCDG or
CPG, there were genes involved in DNA repair (ADA, HERC2,
and POLG) highlights the importance of this pathway in lung
cancer development in non-smokers. Indeed, also the other
studies have identified pathogenic variants in DNA repair
genes. Moreover, in the study on 7788 lung cancers, 61.3%
of the identified PGVs were related to DNA damage-repair
(DDR)/homologous recombination-repair (HRR) genes [10].
This retrospective study was conducted on data derived from
germline genetic testing of lung cancer patients, performed
mostly for a personal or family history of cancer; this may
have increased the presence of germline pathogenic variants.
However, the prevalence of germline pathogenic variants in
DNA repair genes (mainly BRCA2, ATM, CHEK2, and TP53)
was confirmed in patients with a personal history of lung
cancer (2247 subjects) and also in the subgroup with only a
physician-reported personal history of lung cancer and no re-
ported family history. The association with lung cancer risk
of PGVs in ATM and BRCA2 genes was also observed in genes
mapping at loci found in GWAS studies on selected high-risk
LC cases, for example, with an early or family history of LC
[31-33].

Environmental and occupational insults that can induce DNA
damage have been identified as potential causes of lung cancer
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[34]. In the context of defective DNA repair, environmental in-
sults like cigarette smoking are highly mutagenic and, not sur-
prisingly, PGVs in genes involved in DNA repair pathways have
also been identified in smoking patients [35]. Germline variants
in DNA repair genes are common also to other types of cancers
[36] and, most importantly, are clinically actionable. A further
consideration relies on the concept that these genes belong to the
class of tumor suppressor genes (TSGs) and behave, in principle,
as recessive genes. Indeed, in some instances, it has been pos-
sible to sequence also the tumor sample derived from a patient
with a pathogenic heterozygous germline mutation in one TSG,
finding evidence of a second inactivating hit [29]. However, a
role in the pathogenic process of germline mutations, even in
heterozygosity, in the TSG cannot be ruled out on the basis of a
gene dosage effect.

We have further identified other genes carrying PGVs known to
be associated with NSCLC, such as BRAF, SDHA, and KEAPI
[26]. In this case, their role in carcinogenesis is more compli-
cated to define. Regarding the 18 genes carrying PGVs classi-
fied as non-LCDG or CPG, many are related to metabolism [26].
Altered metabolism is a hallmark of cancer [37] and variants in
genes involved in metabolic pathways have been found to play
a role in tumor development [38]. Other relevant biological pro-
cesses identified are DNA repair and base excision repair (three
genes: ADA, HERC2, and POLG), confirming the importance
of this mechanism in lung cancer development. Expression of
ADA (adenosine deaminase), which converts deoxyadenosine
to deoxyinosine generated by DNA damage, is altered in sev-
eral cancer types, including lung cancer [39], while mutations
in the ADA gene cause severe combined immunodeficiency
disease (SCID) [40]. HERC2 modulates p53-dependent gene ex-
pression during the ATM and ATR induced DNA double-strand
break repair response [41]. POLG encodes the catalytic subunit
of DNA polymerase y, responsible for mitochondrial DNA repli-
cation, and has been related to cancer initiation, development,
and prognosis [42]. Missense mutations in POLG have been
correlated with breast cancer risk in patients with an indication
of hereditary disease susceptibility [43]. Three genes, SLC3A1,
IVD, and PYGM, have been found mutated in two patients. The
pathogenic variant in SLC3A1, whose product is a dibasic amino
acid transporter protein involved in the pathogenesis of cystin-
uria, was the same in the two patients and is the most common
in the Italian population. The region including SLC3A1I (chro-
mosome 2p21) has been found gained in lung adenocarcino-
mas of non-smokers PEVuZE5vdGU [44]. The product of IVD
(Isovaleryl-CoA dehydrogenase) is involved in leucine catabo-
lism. Mutations in IVD are associated with isovaleric acidemia.
Interestingly, a genetic variant in this gene has been associated
with idiopathic pulmonary fibrosis, a progressive lung fibrotic
condition that increases a patient's risk of developing lung can-
cer [45]. PYGM is a muscle glycogen phosphorylase implicated
in several pathological states, including cancer. An analysis of
genetic alterations in 60 NSCLC patients found the PYGM locus
altered in 14.8% of the samples [46]. In addition, PYGM protein
has been found up-regulated in lung cancer [47].

Reduced DNA repair capacity has been linked to an increased
risk of lung cancer, as epithelial cells may be more susceptible to
genotoxic damage [48]. However, the lack of information on ex-
posure to environmental carcinogens and on the family history

of patients prevented us from proposing a direct role of the iden-
tified PGVs in tumor development. Furthermore, we could not
verify the inactivation of the normal allele at the tumor tissue
level, confirming the second hit on the involved tumor suppres-
sor gene, which could demonstrate a causal link between the
germline mutation and the carcinogenic process.

Overall, our results strongly support the concept that non-
smokers lung cancer patients carry PGVs in cancer predisposing
genes, especially in lung cancer driver genes, and are directly
and/or indirectly involved in cancer development. PGVs are,
therefore, a genetic risk factor for lung cancer, suggesting that
patients diagnosed with lung cancer, especially non-smokers,
should be considered for germline molecular testing. In addi-
tion to patients, their family members may also benefit from rec-
ommended measures to prevent and diagnose early cancers for
which these variants confer increased risk.
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