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Abstract
Background  Germline mutations in numerous genes, particularly tumor suppressor genes, markedly heighten 
the risk of various cancers, including lung cancer, which is the leading cause of cancer-related deaths worldwide. 
Despite extensive research on well-known genes like BRCA1, BRCA2, and mismatch repair genes, many genetic factors 
contributing to cancer susceptibility remain unidentified.

Methods  This study reviewed sequencing data from 4,934 Chinese lung cancer patients. Matched white blood cell 
samples were sequenced using WES or gene panels to identify germline mutations. Analysis included statistical tests 
to compare patient demographics, clinical characteristics, and somatic mutation profiles.

Results  Among the cohort, 89 patients carried pathogenic/likely pathogenic (P/LP) germline mutations in 20 known 
cancer susceptibility genes, with ATM, BRCA2, and CHEK2 being the most common. TP53 mutations were linked to 
early-onset lung cancer, while ATM mutations correlated with late-onset and higher PD-L1 expression, suggesting 
immunotherapy benefits. Germline mutations were more prevalent in younger patients and females. Somatic 
mutation profiles showed similarities in common mutations but differences in MTOR (p = 0.044) and MSH6 (p = 0.018) 
mutations in P/LP carriers. GO and KEGG analyses indicated distinct biological processes and pathways in patients 
with P/LP germline mutations. Gene exclusivity analysis revealed correlations and mutual exclusivity between specific 
germline and somatic mutations. Comparative analysis with the gnomAD database showed a higher prevalence 
of these mutations in lung cancer patients compared to the general and East Asian populations, suggesting an 
association with increased lung cancer risk in the Chinese cohort.

Conclusion  This study underscores the prevalence of germline mutations in Chinese lung cancer patients, 
identifying significant associations with clinical characteristics and somatic mutation profiles. The findings highlight 
the importance of considering germline mutations in lung cancer treatment and the potential benefits of 
personalized therapy based on genetic susceptibility.
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Introduction
Germline mutations in over 100 genes, most of which are 
tumor suppressor genes, significantly increase the risk 
of various cancers, including breast, ovarian, colorectal 
cancers, and melanoma [1, 2]. This phenomenon 
is known as genetic susceptibility. For example, 
germline mutations in BRCA1 and BRCA2 genes lead 
to susceptibility to breast and ovarian cancers, while 
mismatch repair (MMR) gene variants are associated 
with Lynch syndrome-related cancers [3, 4]. Patients 
with these mutations may exhibit different biological and 
clinical characteristics and require different treatment 
approaches. However, these well-known genes account 
for only a small portion of the genetic burden of cancer, 
and many genetic alterations that may lead to potential 
hereditary cancer susceptibilities remain largely 
unknown.

Lung cancer, the leading cause of cancer-related 
deaths worldwide, is a multifactorial malignancy driven 
by environmental exposures, genetic polymorphisms, 
and somatic and germline mutations [5, 6]. A family 
history of lung cancer is significantly associated with 
an increased risk of developing lung cancer in both 
smokers and non-smokers, suggesting an underlying 
genetic susceptibility [7–9]. However, well-defined, high-
penetrance hereditary lung cancer syndromes are rare. 
Recent data, mostly from Western populations, indicate 
that 3.5–8.5% of lung cancer patients harbor pathogenic 
germline mutations [10, 11]. In addition to EGFR, 
several well-known susceptibility genes such as ATM, 
BRCA2, TP53, HER2, RET, YAP1, and CHEK2 have been 
reported to be associated with lung cancer risk [12–16]. 
Currently, the standard of care for treating metastatic 
lung cancer is based on identifying actionable somatic 
driver gene mutations [17]. There is limited research on 
the interaction between germline mutations and somatic 
oncogenic alterations, as well as the overall somatic 
mutation landscape in the presence of pathogenic 
germline mutations.

This study aims to assess the prevalence of cancer 
susceptibility gene mutations in Chinese colorectal 
cancer patients, identify differences between Chinese and 
Western patients, and explore the correlation between 
germline and somatic variations. A comprehensive 
evaluation of germline mutations in Chinese lung cancer 
patients could provide evidence to support clinical 
practice, promote primary prevention, and enhance 
health benefits for patients and their families.

Materials and methods
Study samples
We retrospectively reviewed sequencing data from 
4,934 lung cancer patients who received treatment and 
genetic testing selection between January 2023 and 
January 2024. Samples were collected from multiple 
hospitals across China, predominantly from the 
eastern and western regions. The patients included had 
a broad age range of 18 to 94years, with a mean age 
of 64 years. Gender distribution was balanced, with 
approximately 58% male and 42% female participants. 
We aimed to recruit as many lung cancer patients as 
possible to create a comprehensive and diverse dataset. 
The primary inclusion criterion was a diagnosis of lung 
cancer confirmed by institutional records or pathology 
reports. Exclusion Criteria: (1) Patients with insufficient 
or poor-quality DNA samples unsuitable for genomic 
sequencing. (2) Patients with lung cancer who were 
also diagnosed with other types of cancer. (3) Duplicate 
or redundant samples identified during quality control 
processes. The recruited patients provided matched 
white blood cell (WBC) samples for parallel sequencing 
to filter germline mutations. Samples were sequenced 
using WES and capture panels containing 105, 165, 
or 556 tumor-associated genes (provided by Shanghai 
Tongshu BioTech Co., Ltd). Among the 4,934 patients, 
25 were excluded as no germline variants were detected 
in the aforementioned tumor-associated genes. Out of 
the remaining 4,909 patients with germline variants in 
tumor-associated genes, 89 were identified as carrying 
likely pathogenic/pathogenic (LP/P) germline variants.
The results of this study are not returned to participants 
or their clinicians for decision-making. Patient sex, age at 
diagnosis, and pathological characteristics were obtained 
from medical records, and patients were not selected 
based on age, sex, or family cancer history. This study was 
conducted according to the guidelines of the Declaration 
of Helsinki. It was based on retrospective, de-identified 
clinical data and received a waiver of patient consent 
from the Institutional Review Board.

Sequencing analysis and variant annotation
Genomic DNA extracted from formalin-fixed paraffin-
embedded (FFPE) tumor samples or blood samples 
was subjected to NGS using an Illumina NovaSeq 6000 
system (Illumina, San Diego, CA, USA) according to 
the manufacturer’s recommendations. Base calling was 
performed using the Illumina Analysis Pipeline. Low-
quality data were removed, and each barcode dataset 
was separated. Alignment of these sequences to the 
human reference genome GRCh37/hg19 was performed 
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using the Burrows-Wheeler Aligner (BWA). Strelka2 was 
utilized for the detection of single nucleotide variants 
(SNVs), insertions, and deletions (indels) with default 
parameters. Detected genomic alterations included 
SNVs, small indels, copy number variations, and gene 
fusions. According to the guidelines for sequence 
interpretation from the American College of Medical 
Genetics and Genomics (ACMG), the pathogenicity of 
germline mutations was defined and predicted using a 
five-tier classification system. As a result, all germline 
mutations were categorized as pathogenic/likely 
pathogenic (P/LP+) or non-pathogenic (P/LP-). Tumor 
mutational burden (TMB) was defined as the number 
of somatic mutations detected per million bases in the 
coding region of tumor tissue. The upper quartile TMB 
value of tumor tissue samples was used as the threshold 
to distinguish between high and low TMB levels.

Statistical analysis
All statistical analysis was performed using R software. 
Mann–Whitney test was employed to compare age 
between groups. The Chi-square test or Fisher’s exact 
test was performed to test frequency between groups. 
Statistical significance was defined as a two-sided p value 
of < 0.05.

Results
Germline mutation landscape of Chinese lung cancer 
patients
In our cohort of 89 patients, we identified 66 pathogenic/
likely pathogenic (P/LP) germline variants from 20 
known cancer susceptibility genes. Each of the 89 
patients carried only one P/LP germline mutation; no 
patient had two or more P/LP germline mutations. The 
demographics, clinical, and pathological characteristics 
of the patients, as well as the prevalence of germline 
mutations, are shown in Table 1. In this group of Chinese 

lung cancer patients, the most common mutated gene 
was ATM, found in 17 patients, followed by BRCA2 in 
13 patients, CHEK2 in 10 patients, RAD50 in 7 patients, 
BRIP1 in 6 patients, and so on (Fig. 1A).

TP53 P/LP germline mutations linked to early-onset lung 
cancer; ATM to late-onset with potential immunotherapy 
benefit
We then explored whether the clinicopathological 
characteristics of lung cancer differed in patients with P/
LP germline mutations. The results showed that the rates 
of P/LP germline mutations were similar between lung 
adenocarcinoma and squamous cell carcinoma patients 
(Fig.  1B). Interestingly, immunohistochemistry revealed 
significantly higher PD-L1 expression levels in patients 
with ATM germline mutations (TPS, P = 0.06; CPS, 
P = 0.02) (Supplementary Fig.  1), suggesting potential 
immunotherapy benefits. Additionally, germline 
mutations appeared more common in female patients 
across different age groups compared to males (Fig. 1C). 
Overall, P/LP germline mutations were more prevalent 
in younger patients and plateaued after age 55. Among 
our cohort, three patients were identified with TP53 P/
LP germline mutations, with the oldest being 43 years old 
and the other two under 40, significantly younger than 
patients without germline mutations (64 years, p = 0.001) 
or those with other germline mutations (67 years, 
p < 0.001). Patients with BRCA1/2 germline mutations 
were also younger than those without germline mutations 
(median age 58 vs. 64 years, p = 0.147) or those with 
other germline mutations (median age 58 vs. 67 years, 
p = 0.12), although these differences were not statistically 
significant. Conversely, patients with P/LP germline ATM 
(p < 0.001), RAD51D (p = 0.001), and RNF43 (p < 0.001) 
mutations were older than those without germline 
mutations (Fig. 1D).

Somatic characteristics of germline P/LP variants carriers
Next, we investigated whether lung cancer patients with 
P/LP germline mutations exhibited different somatic 
mutation profiles. The most frequently mutated genes 
were EGFR, TP53, and KRAS (Fig. 2A). Patients with and 
without P/LP germline mutations had similar frequencies 
of these common mutations and tumor mutation 
burden (TMB) (Fig.  2B). Interestingly, patients with 
P/LP germline mutations were significantly enriched 
for MTOR (p = 0.044) and MSH6 somatic mutations 
(p = 0.018) (Fig. 2C). Additionally, a multivariable analysis 
adjusting for sex, age, and histology revealed an odds 
ratio of 5.081 (0.782–18.827 [95% CI], p = 0.035) for 
NRAS mutations (Table 2). Other common key targetable 
somatic mutations had similar frequencies between 
patients with and without P/LP germline mutations. 
These data suggest that while common oncogene 

Table 1  Clinical characteristics and prevalence of germline 
mutations
Characteristics P/LP+ P/LP- Prevalence (%)
Number of patients(n) 89 4845 1.804
Age at diagnosis—yrs P = 0.597
Median 67 64
NA(n) 14 661
Gender—n P = 0.914
Female 38 (42.7%) 2027 (41.8%) 1.840
Male 51 (57.3%) 2803 (57.9%) 1.787
NA 0 (0) 15 (0.3%) 0
Histologic diagnosis—n P = 0.382
LUAD 42 (47.2%) 2342 (48.3%) 1.762
LUSC 7 (7.9%) 234 (4.8%) 2.905
NOS/Others 40 (44.9%) 2269 (46.8%) 1.732
P/LP, pathogenic/likely pathogenic; NA, not available; NOS, not otherwise 
specified
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mutations are similar in lung cancers with and without P/
LP germline mutations, there may be genetic constraints 
in some patients with cancer susceptibility germline 
mutations.

To further investigate the differences and mechanisms 
between the P/LP + and P/LP- groups regarding 
somatic mutations, we conducted Gene Ontology (GO, 
standardized vocabulary that describes the functions 
of genes and gene products in any organism, used to 
facilitate the annotation and analysis of genomic data) 
and Kyoto Encyclopaedia of Genes and Genomes 
(KEGG, which represent networks of molecular 
interactions and reactions in cells) cluster analyses 
and compared the results for each group. The KEGG 
results showed that lung cancer patients with P/LP 
germline mutations were significantly enriched in 
“HPV infection,” while patients without P/LP germline 

mutations were significantly enriched in pathways such 
as “focal adhesion,” “proteoglycans in cancer,” and “axon 
guidance” (Supplementary Fig.  2A). The GO results 
indicated that lung cancer patients with P/LP germline 
mutations were significantly enriched in biological 
processes like “reproductive structure development,” 
“reproductive system development,” and “epithelial cell 
proliferation” (Supplementary Fig.  2B). Additionally, we 
analyzed the differences in clinicopathological features 
and somatic mutation characteristics between patients 
with and without germline DNA damage repair (DDR)/
MMR mutations (Supplementary Fig.  3). Patients with 
DDR germline variants also appeared to be associated 
with early-onset lung cancer, as these patients were 
significantly younger (p = 0.007). Possibly due to the 
larger proportion of patients with DDR germline 
variants, the KEGG enrichment results were similar to 

Fig. 1  Distribution of P/LP germline mutations and the age at diagnosis. (A) Bar plot indicated the prevalence of P/LP germline mutation (Green). The 
genes, number of patients, and mutation frequency of each gene are shown in the pie plot. (B) Frequency of pathogenic and likely pathogenic germline 
variants in patients of different ages (n = 4257 patients with information on age of onset). (C) Bar plot and lines shows the frequency of germline variants 
in patients under certain age (bar) and frequency in female and male patients (lines). (D) The panels show the age of onset for patients without germline 
mutations (n = 4182 patients) and patients with different germline genes (n = 75 patients). Horizontal lines indicate median age
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the overall results. However, KEGG analysis showed no 
significant differences between the two groups of patients 
with and without MMR germline variants.

Gene exclusive analysis and potential impact of germline-
somatic mutation interactions on lung cancer mutagenesis
Many oncogenes exhibit strong mutual exclusivity or 
co-occurrence in their mutation patterns, whether 
germline or somatic. We respectively analyzed the 
distribution of the top 10 mutated germline and somatic 
genes among the 89 patients. The results showed mutual 
exclusivity between germline ATM and BRCA2 variants 
(p = 0.057); for somatic mutations, KRAS mutations 
positively correlated with TP53 (p = 0.079), RNF43 

(p = 0.014), and LRP1B (p < 0.001) mutations but were 
mutually exclusive with EGFR mutations (p = 0.034) 
(Fig. 3A). No patient in our cohort had the same germline 
mutations among this set of genes (Fig.  3B). We also 
found some germline-somatic mutation exclusivity or 
co-occurrence, such as a positive correlation between 
germline ATM mutations and somatic KRAS (p = 0.015) 
and MTOR (p = 0.049) mutations, and mutual exclusivity 
between germline RAD50 and somatic EGFR mutations 
(p = 0.025).

We further explored whether germline mutations 
might influence the mutational profile of lung cancer in 
this cohort. Mutational signature (patterns of somatic 
alterations in the genome caused by carcinogenic 

Fig. 2  Common somatic cancer gene mutations in lung cancer patients with and without germline variants. (A) Genomic landscape of somatic mutation 
in patients with P/LP germline mutation. (B) The TMB of patients with and without P/LP germline mutations. (C) Normalized bar plot illustrates the 
frequency of top 10 commonly mutated genes. TMB, tumor mutation burden
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exposures or aberrant cellular processes) analysis 
potentially indicated the contributions of certain genes, 
such as BRCA1/2 and MMR genes, to tumorigenesis. 
However, the number of mutations per cancer gene panel 
sequencing sample was too small for reliable signature 
analysis. Therefore, we compared SNVs of tumors with 
germline DDR/MMR gene mutations to those without 
germline DDR/MMR mutations. We observed that 
COSMIC mutation signature 3 (associated with BRCA 
mutations) accounted for 16.9% of SNVs in the DDR 
group and 4.7% in the MMR group. Similarly, signatures 
6 and 15, associated with MMR defects, contributed 
3.8% and 12.9% of SNVs in the DDR group, respectively, 
while signature 6 contributed 21.1% in the MMR group 
(Supplementary Fig. 4). These data suggest that germline 
mutations might promote tumorigenesis by inducing 
specific mutation types. Comprehensive studies at the 
whole-exome sequencing level are needed to validate 
these findings.

Comparison to population database
To illustrate the potential association of these P/LP 
germline mutations with lung cancer in this cohort, 
we searched the gnomAD database for the prevalence 
of all identified germline mutations in the general 
and East Asian populations (Table  3). We found 24 P/

LP germline mutations among the same 20 cancer 
susceptibility genes in the gnomAD, significantly lower 
than in our lung cancer patient group. By comparing 
the frequency of germline mutations identified in this 
study with the variant prevalence in the general and East 
Asian populations, we calculated the odds ratios (OR) 
for these germline mutations. Nineteen of the 20 genes 
had higher P/LP germline mutation allele frequencies in 
lung cancer patients compared to the general population 
(with five genes significantly higher), and 18 of the 19 
genes had higher frequencies compared to the East 
Asian population, indicating an enrichment of these 
germline mutations in lung cancer patients. These data 
suggest that the P/LP germline mutations identified in 
this study may be associated with an increased risk of 
lung cancer development in the Chinese population. We 
also compared the prevalence of germline mutations in 
Chinese lung cancer patients with that in Western lung 
cancer patients by comparing our results with germline 
mutation data from TCGA lung adenocarcinoma 
(LUAD) and lung squamous cell carcinoma (LUSC) 
cohorts. Overall, the current Chinese lung cancer cohort 
had a significantly lower germline mutation rate than 
the TCGA cohort (Supplementary Table 1), with similar 
results for lung adenocarcinoma, while no significant 

Table 2  Correlation between germline mutation status and somatic mutations
Univariate analysis Multivariate analysis
OR (95%CI) p OR (95%CI) p

EGFR mutation
Age of diagnosis 1.009(1.004–1.014) 0.001 1.018 (1.010–1.026) < 0.001
Gender (Female vs. Male) 0.375(0.330–0.426) < 0.001 0.451 (0.378–0.538) < 0.001
Histology (LUSC vs. LUAD) 0.151(0.095–0.230) < 0.001 0.184 (0.115–0.283) < 0.001
Germline mutation (pos vs. neg) 1.112(0.692–1.766) 0.655 1.124 (0.593–2.106) 0.716
KRAS mutation
Age of diagnosis 1.031(1.022–1.040) < 0.001 1.034 (1.020–1.048) < 0.001
Gender (Female vs. Male) 2.650(2.115–3.349) < 0.001 3.727 (2.705–5.223) < 0.001
Histology (LUSC vs. LUAD) 0.451(0.228–0.802) 0.012 0.257 (0.129–0.462) < 0.001
Germline mutation (pos vs. neg) 1.471(0.729-2.700) 0.243 1.464 (0.574–3.263) 0.383
NRAS mutation
Age of diagnosis 1.032(0.999–1.067) 0.059 1.028 (0.988–1.070) 0.179
Gender (Female vs. Male) 1.627(0.761–3.766) 0.227 2.412 (0.909–7.538) 0.095
Histology (LUSC vs. LUAD) 1.090(0.173–3.811) 0.908 0.694 (0.108–2.537) 0.633
Germline mutation (pos vs. neg) 4.171(0.665–14.276) 0.054 5.081(0.782–18.827) 0.035
TP53 mutation
Age of diagnosis 1.021(1.016–1.026) < 0.001 1.013 (1.005–1.021) 0.002
Gender (Female vs. Male) 2.095(1.839–2.388) < 0.001 1.891 (1.576–2.271) < 0.001
Histology (LUSC vs. LUAD) 4.829(3.563–6.620) < 0.001 3.684 (2.692–5.093) < 0.001
Germline mutation (pos vs. neg) 0.843(0.514–1.351) 0.485 0.700 (0.351–1.337) 0.293
BRAF mutation
Age of diagnosis 1.015(1.001–1.030) 0.036 1.004 (0.984–1.025) 0.699
Gender (Female vs. Male) 1.195(0.862–1.671) 0.290 1.277 (0.798–2.065) 0.311
Histology (LUSC vs. LUAD) 0.823(0.316–1.768) 0.652 0.742 (0.280–1.633) 0.499
Germline mutation (pos vs. neg) 0.349(0.020–1.591) 0.297 0.647 (0.036–3.038) 0.669
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Fig. 3  Mutual exclusive analysis of the selected genes. (A) Mutual exclusive analysis of the top 10 mutated germline and somatic genes. The upper 
right number represents the correlation coefficient (positive numbers represent positive correlation, negative numbers represent negative correlation); 
asterisks represent significance (*, P < 0.1; **, P < 0.05; ***, P < 0.01) (B) Repertoire of P/LP germline genetic alterations of lung cancer in the present cohort
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difference was observed in the lung squamous cell 
carcinoma cohort.

Discussion
Our study provides a comprehensive analysis of the 
germline mutation landscape in Chinese lung cancer 
patients, revealing significant insights into genetic 
susceptibility and the interplay between germline and 
somatic mutations.

Among the 4,934 patients assessed, 89 were found to 
carry P/LP germline variants across 20 known cancer 
susceptibility genes. This prevalence underscores the 
importance of considering genetic predispositions in 
lung cancer, a multifactorial disease driven by both 
environmental and genetic factors. Comparing our cohort 
to the gnomAD database, we found that the prevalence 
of P/LP germline mutations was significantly higher in 
lung cancer patients than in the general and East Asian 
populations. This enrichment underscores the potential 
role of these mutations in increasing lung cancer risk. 
Furthermore, our comparison with Western lung cancer 
cohorts from TCGA revealed a lower overall germline 
mutation rate in the Chinese cohort, particularly for 
lung adenocarcinoma, while no significant difference 
was observed for lung squamous cell carcinoma. This 
suggests potential ethnic and regional variations in 
genetic susceptibility to lung cancer. However, despite 
the lower overall prevalence, the spectrum of mutated 
genes, including ATM, BRCA2, and CHEK2, aligning 
with findings from Western populations [18], highlights 
shared genetic risk factors across different populations.

Our data reveal distinct patterns in the age and 
sex distribution of patients with germline mutations. 
Notably, P/LP germline mutations are more prevalent 
in younger patients, particularly those with TP53 and 
BRCA2 mutations associated with early-onset lung 
cancer [19]. Although there were only three patients 
with TP53 germline variants, their average age was just 
40 years. This finding aligns with previous research 
indicating that TP53 germline mutations are linked to 
early-onset cancers in Li-Fraumeni syndrome patients 
[20, 21]. If validated, these data support the necessity 
for earlier lung cancer screening in similar high-risk 
populations. Conversely, mutations in genes like ATM, 
RAD51D, and RNF43 are more common in older 
patients, suggesting different pathways of carcinogenesis 
influenced by age-related factors. Additionally, patients 
with ATM germline mutations exhibited significantly 
higher PD-L1 expression levels, suggesting potential 
benefits from immunotherapy for this subgroup. This 
aligns with emerging evidence that certain germline 
mutations may influence the tumor microenvironment 
and response to treatment [22, 23].

Our analysis of somatic mutation profiles in patients 
with germline mutations revealed several intriguing 
findings. Previous lung cancer studies have reported 
germline mutations primarily in EGFR, mainly due 
to the close association between TKI use and EGFR 
mutations [12, 24]. However, EGFR mutations are 
not typically associated with hereditary cancer, and 
population studies have shown that EGFR germline 
mutations are uncommon in lung cancer, despite reports 
of EGFR germline mutations at multiple sites [24]. In our 
study, we did not detect any pathogenic EGFR germline 
variants, although EGFR remained the most frequently 
somatic mutated gene. We also found that EGFR somatic 
mutations were mutually exclusive with KRAS mutations, 
consistent with previous reports [25, 26]. Additionally, 
EGFR somatic mutations were found to be mutually 
exclusive with RAD50 germline variants.

While common somatic mutations such as EGFR, 
TP53, and KRAS had similar distributions between 
patients with and without P/LP germline variants, we 
observed a significant enrichment of MTOR and MSH6 
somatic mutations in the germline mutation group. This 
suggests that potential interactions between germline 
and somatic alterations may influence lung cancer 
development and progression. The mutual exclusivity 
and co-occurrence patterns observed between certain 
germline and somatic mutations further highlight the 
complex interplay between germline and somatic genetic 
changes. For example, the positive correlation between 
germline ATM mutations and somatic KRAS and MTOR 
mutations may indicate specific pathways that are 
particularly susceptible to disruption in the presence of 
these germline alterations.

Mutation signature analysis further supports the 
impact of germline mutations on the lung cancer 
mutational landscape. For instance, COSMIC mutation 
signature 3, associated with BRCA mutations, was more 
prevalent in tumors with germline BRCA1/2 mutations, 
while signatures associated with MMR defects 
were more common in tumors with germline MMR 
mutations. These findings suggest that specific germline 
mutations may drive tumorigenesis through distinct 
mutational processes. Although our data are limited 
by the small number of mutations in panel sequencing, 
these association-based studies have already become 
the basis for guideline development and are valuable 
in determining strategies for screening and preventing 
certain cancers. Additionally, the significant enrichment 
of pathways related to reproductive system development 
and epithelial cell proliferation in the germline mutation 
group indicates that these mutations may lead to 
lung cancer through specific biological mechanisms. 
The enrichment of the HPV infection pathway in this 
group also highlights the potential role of viral factors 
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in modulating cancer risk in genetically susceptible 
individuals.

Differences between Chinese and Westerners may 
be influenced not only by genetic factors, but also by 
environmental and lifestyle factors. Higher rates of 
EGFR mutations in Asian lung cancer patients compared 
to Western populations may be partially attributed to 
environmental and lifestyle differences, such as lower 
smoking prevalence among Asian women and higher 
exposure to indoor pollutants [27]. Research indicates 
that air pollution significantly contributes to lung cancer 
incidence in East Asia, potentially amplifying mutation 
rates in individuals with certain genetic susceptibilities 
[28]. Nonsmokers with lung cancer—more common in 
East Asia—tend to show better responses to targeted 
therapies like EGFR-TKIs [29]. These factors underscore 
the need for further research to disentangle the effects of 
genetics, environment, and lifestyle on lung cancer risk 
and treatment outcomes.

Despite the robust findings, our study has other 
limitations. As a retrospective real-world data mining 
study, many patients’ clinical information is missing, 
such as smoking history and environmental exposures, 
which are well-established contributors to lung cancer 
etiology and mutation rates. These limitations prevent us 
from exploring potential interactions between germline 
mutations and these external factors, which could 
provide a more nuanced understanding of lung cancer 
risk. This study maximized inclusivity, however, certain 
underrepresented regions or populations may introduce 
bias in the genetic analysis.

Our study highlights germline mutation profiles 
in Chinese lung cancer patients, providing a basis 
for understanding genetic predispositions. However, 
translating these findings into clinical applications 
was beyond the scope of this work. A key limitation 
is the lack of clinical or treatment-related data, such as 
therapy regimens or response outcomes. For instance, 
while mutations in genes such as ATM or BRCA2 
may suggest sensitivity to DNA-damaging agents or 
immunotherapies, these associations require validation 
in future studies integrating clinical and functional data. 
Future research should incorporate prospective cohorts 
with detailed therapeutic outcomes analyses to explore 
whether germline mutations can guide personalized 
treatments.

Finally, in this study, most patients were tested using 
custom panels. Expanding the scope to include whole 
genome or whole exome sequencing (WES) could 
provide deeper insights into the genetic landscape and 
uncover new susceptibility genes. However, the gene 
panels were carefully designed to include genes with 
strong evidence of association with lung cancer based 
on prior studies and clinical relevance, which prioritize 

genes known to harbor mutations associated with 
lung cancer susceptibility (EGFR, TP53, KRAS) and 
other germline mutations with actionable or predictive 
significance. The targeted panels provide high-depth 
sequencing, which ensures superior sensitivity for 
detecting low-frequency variants compared to WES. The 
high coverage enhances the accuracy of variant detection, 
particularly for rare germline mutations, which is critical 
in the context of our study. Given the large sample size, 
targeted gene panels offer a more practical and cost-
efficient solution than WES. WES would significantly 
increase the computational and financial resources 
required for analysis, which could limit the study’s 
feasibility within a large, diverse cohort. Our primary 
aim was to identify germline mutations in genes known 
to be associated with lung cancer and correlate them 
with cancer risk. A targeted approach aligns directly with 
this objective, allowing us to focus on mutations with 
established clinical or biological significance. While WES 
captures a broader range of genetic variations, it can 
lead to increased noise and challenges in distinguishing 
variants of uncertain significance (VUS) from pathogenic 
mutations. The targeted panel’s focused approach 
minimizes this risk and ensures a clearer interpretation 
of the findings.

All above prevents us from exploring some crucial 
questions, such as the impact of P/LP germline mutations 
on mutation characteristics, treatment response, and 
prognosis. Future research should aim to validate these 
findings through prospective studies and functional 
analyses to elucidate the exact mechanisms by which 
germline mutations promote lung cancer development.

In summary, our study provides a comprehensive 
overview of the germline mutation landscape in Chinese 
lung cancer patients, highlighting significant associations 
with somatic mutations and potential clinical 
implications. These findings emphasize the importance 
of considering germline mutations in lung cancer risk 
assessment and treatment strategies, particularly in 
diverse populations. Further studies are warranted 
to validate these results and explore the underlying 
mechanisms driving these genetic interactions in lung 
cancer.
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