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Characterization of the genomic landscape =
in liver oligometastatic NSCLC
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Abstract

Objectives Emerging data have shown that local treatment could provide clinical benefit for non-small cell lung
cancer (NSCLC) patients with oligometastasis. Liver metastases have the worst prognosis in advanced NSCLC, but the
genomic characteristics of liver oligometastasis remain unclear. The aim of our study was to elucidate the molecular
features of liver oligometastatic NSCLC.

Methods Paired liver metastatic tissue samples and peripheral blood from 32 liver oligometastatic NSCLC patients
were concurrently collected for comprehensive genomic analysis using next-generation sequencing.

Results A total of 206 mutated genes in 32 patients were detected, with a median of 4 mutations per sample. The
most frequent alterations (> 10%) in liver oligometastasis were TP53 (72%), EGFR (50%), RB1 (19%) and SMARCA4
(12%). The co-occurrence rate of TP53 and RB1 in our cohort was significantly higher than that in the TCGA-

LUAD cohort. Age, APOBEC, homologous recombination deficiency (HRD) and deficient mismatch repair (dMMR)
established the mutational signature of liver oligometastatic NSCLC. The median tumor mutation burden (TMB) was
4.8 mutations/Mb. A total of 78.12% patients harbored at least one potentially actionable molecular alteration that
may guide further targeted therapy according to the OncoKB evidence.

Conclusions Our study comprehensively delineated the genomic characteristics of liver oligometastatic NSCLC -
such findings were helpful to better understand the distinct clinic-biological features of oligometastasis and optimize
personalized treatment of this population.

Keywords NSCLC, Liver oligometastasis, Genomic profiling, Next-generation sequencing, Tumor mutational burden

“Rongxin Liao and Guangming Yi contributed equally to this article. “Chongging Clinical Research Center for Geriatrics and Gerontology,
Chongging, China

*Correspondence: 3Geneplus-Beijing, Beijing, China

Zhenzhou Yang “Guchengtai Community Health Center of Chengxi District Xining, Xining,

yangzz@cgmu.edu.cn Qinghai, China

Yuan Peng Department of Oncology, The Third Hospital of Mianyang (Sichuan

pengyuan1127@cgmu.edu.cn Mental Health Center), Mianyang, Sichuan, China

'Department of Cancer Center, Second Affiliated Hospital, Chongging ®Department of Cancer Center, The Second Affiliated Hospital,

Medical University, Chongging, China Chongqing Medical University, Chongging 400010, China

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12885-025-13478-5&domain=pdf&date_stamp=2025-1-13

Liao et al. BMC Cancer (2025) 25:93

Introduction

Lung cancer has the highest cancer mortality and inci-
dence in the world [1, 2]. Approximately two-thirds of
non-small cell lung cancer (NSCLC) patients present
with metastatic disease at diagnosis. Liver is one of the
most frequent sites of tumor metastases in advanced
NSCLC patients, together with a poor overall survival
(OS) [3]. It is also considered an organ of immune toler-
ance, characterized by immuno- suppressive signals and
T-cell anergy. With improved understanding of tumor
biology, the oligometastatic state has been regarded as
a unique subgroup. Liver oligometastasis refers to the
metastases confined to the liver with a limited number of
metastatic lesions as detected by computed tomography,
magnetic resonance imaging and/or positron emission
tomography-CT. Emerging evidence have demonstrated
that local treatment, such as surgery or radiotherapy,
could provide clinical benefit for NSCLC patients with
oligometastasis [4—6]. However, little is known about the
genomic characteristics of liver oligometastatic NSCLC.
Since liver metastases remain the worst prognosis in
advanced NSCLC, it is therefore important to investigate
the molecular features of liver oligometastatic NSCLC,
which will provide a better understanding basis for the
biology of this distinct lung cancer subtype.

The outcomes of NSCLC patients have been prolonged
with the development of targeted therapies and immune
checkpoint inhibitors (ICIs). Targetable mutant genes
were often used to guide individualized targeted thera-
pies under the tumor genome sequencing for primary
lung cancer in the current age of precision medicine.
However, the frequency and evidence level for actionable
mutations in liver oligometastasis remains largely unclear
since previous researches on targeted therapy have
mostly focused on patients with conventional NSCLC.
Moreover, tumor mutation burden (TMB) serves as a
predictive biomarker for immunotherapy of multiple
tumors [7], but the TMB expression pattern in liver
oligometastasis is still unknown. Thus, a re-evaluation on
the actionability of targetable alterations and exploration
of the predictive biomarkers of immunotherapy in liver
oligometastasis could provide new insights into the clini-
cal application of targeted therapy and ICIs among this
patient population.

In the present study, we report the unique genomic
features of liver oligometastatic NSCLC and reveal its
potential clinical significance in guiding therapeutic
strategies to help clinicians in personalized cancer treat-
ment selection.

Method and material

Study population and sample collection

We enrolled 32 liver oligometastatic NSCLC patients in
the Oncology Center of the Second Affiliated Hospital
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of Chongqing Medical University between February
2017 and September 2022. The major inclusion criteria
for this study were: pathologically confirmed NSCLC,
stage IV disease based on the 8th edition of the Ameri-
can Joint Committee on Cancer staging system, with
only one metastasis confined to liver for three months or
longer to ensure the true oligometastatic state. Involved
regional lymph nodes were classified as the primary
tumors and were not counted as metastatic lesions. Asso-
ciated clinical and histopathological data were obtained
from electronic medical records. The study was approved
by the ethical committee of Chongqing Medical Univer-
sity. Written informed consent was obtained from each
patient before inclusion.

DNA extraction and target capture sequencing

Tissue specimens from 32 patients were sequenced by a
1021 gene panel in the Geneplus-Beijing Institute (Bei-
jing, China) and were all taken from metastatic lesions.
Gene lists of targeted sequencing panel may be found
in supplementary Table 1. Genomic DNA was extracted
from formalin-fixed and paraffin-embedded (FFPE)
tumor tissues and matched peripheral blood using the
QIAamp DNA FFPE tissue kit (Qiagen, Hilden, Ger-
many). Then, the Qubit dsDNA BR assay (Life Technolo-
gies, USA) was used to quantify the extracted DNA. The
custom-designed probes covering~1.4 Mb of genomic
sequences for 1021 cancer-related genes (Supplemen-
tary Table 1) were used to capture DNA. To construct
the library, 1.0 pg of tissue DNA and matched peripheral
blood were sheared into 300-bp fragments using a Cova-
ris S2 ultrasonicator. Libraries were constructed using
the KAPA DNA Library Preparation Kit. An Applied Bio-
systems 7500 real-time PCR system and an Agilent 2100
Bioanalyzer were used to measure the captured librar-
ies. DNA sequencing was performed on the HiSeq3000
Sequencing System using 2 x 100 bp paired-end reads.

Sequencing data analysis

From the raw sequencing data, adaptor sequences
and low-quality reads were first removed. The human
GRCh37 reference genome was used to perform the
alignment using BWA (a Burrows-Wheeler aligner) [8].
PCR duplicates were marked by Picard tools (http://br
oadinstitute.github.io/picard/). Variations were called
by GATK (version 3.4-46-gbc02625) or MuTect (ver-
sion 1.1.4) [9, 10]. Germline mutations were filtered
out by PBL sequencing. All candidate mutations were
then reviewed manually with the Integrated Genome
Viewer (IGV) [11]. Variation sites were annotated with
ANNOVAR software [12].
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Analysis of mutational signature

Mutation signatures were characterized according to the
six substitution patterns (T>A, T>C, and T>G, C>A,
C>G, C>T) and 3'- and 5’- flanking nucleotides. The
Catalogue of Somatic Mutations in Cancer (COSMIC)
[13] mutation signature was used as a reference to extract
potential mutational signatures (R package Mutational-
Patterns) [14]. Subsequently, the relative contribution of
different mutational signatures in liver oligometastasis
has been analyzed.

Clinical actionability based on OncoKB

The Precision Oncology Knowledge Database (OncoKB)
[15] predicts drug actionability according to available
clinical evidence, including regimens approved by Food
and Drug Administration (FDA) and those still in clinical
trials. This clinical support tool established an evidence
classification system that could categorize potentially
actionable mutations into different levels based on the
evidence strength. Alterations with level 1-2 are FDA-
approved or considered biomarkers that can predict the
response to FDA-approved drugs. Level 3—4 alterations
signify compelling clinical or biological evidence that
can predict the response to an existing drug. “Action-
able mutations” are defined as genomic alterations cor-
responding to evidence level 1-4 in OncoKB that have
therapeutic implications. Annotation of the genomic
mutations using the OncoKB database was performed on
January 29th, 2023.

Table 1 Clinical characteristics of 32 liver-only oligometastatic
NSCLC patients
Characteristics

No. Of patients (%)

Total 32(100.0)
Gender

Male 15(46.9)

Female 17(53.1)
Age (years)

Median (range) 65(34-88)
Tumor histology

Adenocarcinoma 32(100)

Squamous cell carcinoma 0(0.0)
Smoking

Yes 13(40.6)

No 19(59.4)
Family history

Yes 5(15.6)

No 27(84.4)
Type of liver oligometastasis

Synchronous 24(75.0)

Metachronous 8(25.0)
Nodal status

NO-1 9(28.1)

N2-3 23(71.9)

Page 3 of 11

Statistical analysis

The analyses of Kyoto Encyclopedia of Genes and
Genomes (KEGG) and Gene Ontology (GO) enrichment
were performed for all somatic mutations by the Clus-
terProfiler package [16]. SPSS 26.0 software was used for
statistical analysis. Categorical variables were compared
by the Fisher’s exact or Chi-square test, while continu-
ous data were compared by the Mann—Whitney U test or
two-sample t test. Results were recognized as statistically
significant when the two-sided p-value was less than 0.05.

Results

Patient characteristics

Table 1 presented the clinical characteristics of the 32
liver oligometastatic NSCLC patients included in this
study. Histologically, lung adenocarcinoma was diag-
nosed in all oligometastatic patients, and less than half
of them were male (15/32, 46.9%). The median age of all
included patients was 65 years (range, 34 to 88 years).
The majority of patients were non-smokers (19/32,
59.4%), without a family history (27/32, 84.4%), with syn-
chronous liver oligometastasis (24/32, 75.0%) and with a
lymph nodal status of N2-N3 (23/32, 71.9%).

Genomic characteristics of liver oligometastatic NSCLC

The landscape of genomic mutations in 32 liver oligomet-
astatic NSCLC is shown in Fig. 1A. The most frequent
alterations (>10%) in liver oligometastasis were TP53
(72%), EGFR (50%), RB1 (19%) and SMARCA4 (12%). A
total of 206 mutated genes in 32 patients were detected
by targeted sequencing, with a median of 4 mutations per
sample (range, 0-24) (Fig. 1A). Among them, missense
mutations were the most common type of mutation, fol-
lowed by nonsense and frame shift deletions (Fig. 1B),
while insertions and deletions occurred less frequently
than single nucleotide polymorphisms (Supplementary
Fig. 1A). We also described the CNV landscape of our
cohort and found that the most frequent CNV changes
were EGFR amplification (25.00%), followed by CDKN2A
deletion (9.38%), CDKN2B deletion (9.38%), CDK4%
amplification (6.25%) and MYC amplification (6.25%)
(Supplementary Fig. 1B). For each sample, we counted
and calculated the proportion of six-base substitution
for the single nucleotide variation (SNV) spectrum (Sup-
plementary Fig. 1D), and found that C>A transversion
accounted for the most common substitution type in our
patients (Fig. 1C), with a Ti/Tv ratio of 1.13 (Supplemen-
tary Fig. 1C).

Considering that all liver oligometastatic tumors in
our cohort were lung adenocarcinoma (LUAD), we fur-
ther compared the high-frequency mutated genes in our
study with mutations in East Asian LUAD in Singapore
Oncology Data Portal (OncoSG) cohort, Chinese LUAD
cohort and TCGA LUAD cohort (Fig. 1E). The frequency
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Fig. 1 (A) Mutation landscape of 32 liver oligometastatic NSCLC patients. The heatmap shows the top 20 genes across all samples, with genes ranked
by mutation frequency. Top bar summarizes the total number of alterations in each patient (columns), and the dashed line indicates the median number
of alterations. Side bar (rows) summarizes the percentage of tumors with mutation in each gene and mutation composition for each gene in the entire
cohort. Bottom heatmap, smoking, gender and age information. Different colors denote different types of mutations and different clinical features. (B)
Variant classification, (C) single nucleotide variations, (D) mutual exclusivity and co-occurrence analysis, (E) Comparison of the frequency of 20 high-
frequency mutations identified in liver oligometastatic LUAD with that in the East Asian and TCGA LUAD. TCGA, The Cancer Genome Atlas. *p <0.05, and

5 <001, **p <0001

of alterations in TP53 and MLL3 in the liver oligometa-
static group was found to be significantly higher than
that reported in East Asian and TCGA LUAD. Notably,
RB1 mutations were more frequent in patients with liver
oligometastasis compared to all other cohorts (Fig. 1E).
Because TP53 and EGFR were the most frequently muta-
tions in this cohort and the subtypes of the two genes
were strongly correlated with response to therapy and
treatment option, they were analyzed separately to reveal
the heterogeneity and mapped to corresponding protein
sequences by MutationMapper. We found that the most
frequently mutated sites of TP53 and EGFR were Q331
and T790M (Supplementary Fig. 2A and B), respectively.
And the mutation sites of the other top 20 highly mutated
genes were also displayed in supplementary Fig. 2C to T.
TP53 was the most common mutation in our cohort. A
total of 25 mutations in TP53 were identified among 72%
(23/32) of the patients, and 44% of the alterations were
truncated mutations leading to TP53 inactivation. Fur-
thermore, we observed 16 patients (16/32=50%) har-
bored 41 EGFR mutations, of which EGFR p.L858R and
exon 19del comprised 14.63% and 17.07%, respectively
(Supplementary Fig. 1E). EGFR/TP53 co-alterations are
correlated with shortened response to EGER tyrosine
kinase inhibitors (TKIs) and poor survival outcomes in
EGFR-mutant NSCLC patients [17-19]. It is worth not-
ing that the co-occurrence of EGFR and TP53 mutations
accounted for 81.25% of EGFR-mutant oligometastatic

tumors (Supplementary Fig. 1F). Previous studies have
shown that the inactivation of both TP53 and RB1 was
associated with the histologic transformation of LUAD
into small-cell lung cancer (SCLC). Of note, we found
that that 5 (15.63%) of the 32 patients with oligometa-
static LUAD had mutations in both TP53 and RB1, which
was significantly higher than that in the TCGA-LUAD
cohort (15.63% vs. 4.81%, p=0.026) (Supplementary
Fig. 1G). Finally, we further performed the somatic inter-
action analysis to show the mutual exclusivity and co-
occurrence of genetic alterations in liver oligometastasis.
Mutations in KEL/GRIN2A, KEL/KEAP1, KEL/LRP1B,
MLL3/PIK3CG, PTCH2/PIK3CG and PTCH2/MLL3
were significantly co-occurring (p<0.01), but mutu-
ally exclusive mutations were not found in our research
(Fig. 1D).

KEGG and GO pathway enrichment analysis

In order to disclose the significance and biological feature
of mutated genes in liver oligometastasis, the enrichment
analysis of KEGG and GO were conducted. Both somatic
mutations and/or copy number alterations were analyzed
for KEGG and GO pathway enrichment. The results were
ranked based on the p value, and the top 20 enriched
KEGG pathways (Fig. 2A) and GO (Fig. 2B) terms
were presented in Fig. 2. Significantly altered pathways
included central carbon metabolism in cancer, EGFR
tyrosine kinase inhibitor resistance, PI3K-Akt signaling,
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Fig. 2 Top 20 enriched pathways by (A) KEGG and functional terms by (B) GO enrichment of somatic mutations in liver oligometastasis. Count: the num-

ber of mutations enriched in this signaling pathway or functional term

ErbB signaling, FoxO signaling, Ras signaling, JAK-STAT
signaling and other well-known pathways. Based upon
these findings, we focused on the PI3K-AKT signaling
because activation of this pathway may predict a higher
risk of histologic transformation of LUAD to small cell
lung cancer (SCLC) [20]. A total of 90.6% (1 =29) of the
patients carried alterations in genes of the PI3K-AKT
pathway. In addition, we observed that the JAK-STAT
signaling was significantly enriched in our cohort, which
could alter the fibrotic and immune microenviron-
ment of the liver to establish a pre-metastatic niche and
strongly suppressed the antitumour immune response
[21]. 71.9% (n=23) of liver oligometastatic patients har-
bored 54 genomic mutations in the JAK-STAT pathway.
GO analysis revealed enrichment of genes were mainly
related to kinase activity, phosphorylation and reproduc-
tive development.

Analysis of mutational signature and TMB

In addition to genetic mutations and signaling path-
ways, the profile of mutational signature can help to bet-
ter understand the specific mutagenesis process of liver
oligometastatic tumors. To extract the potential muta-
tional signatures from our tumor samples, we used the
non-negative matrix factorization (NMF) approach to
identify etiological mutational processes by decomposing
the base substitution matrix. We found that the muta-
tional signatures of oligometastasis included signature
1 A (40.0%), signature 2 (27.4%), signature 20 (9.2%), sig-
nature 3 (16.6%) and unknown (4.8%) (Fig. 3A). Signa-
ture 1 A characterized by C>T transitions contributed
most to the mutational process in our cohort, which
was proposed to be caused by an endogenous muta-
tional process initiated by spontaneous deamination

of 5-methylcytosine and correlated with the age at can-
cer diagnosis. The particular feature of patients in this
research whose median age was relatively old (median 65,
range 34 to 88 years) may account for the abundance of
signature 1 A. Signature 2 was related to APOBEC cyti-
dine deaminase activity making up 27.4% of the observed
signatures. Previous studies have demonstrated that the
enrichment of APOBEC signatures in adenocarcinomas
that may contribute to the transformation process of
LUAD to SCLC [22, 23]. Signature 20 was associated with
defective DNA mismatch repair (AIMMR), an abnormal
DNA repair mechanism that ultimately lead to frequent
genomic mutations and instability. Signature 3 contribut-
ing to 16.6% of the total signatures in our study was rel-
evant to homologous recombination deficiency (HRD).
The presence of multiple somatic mutations in our tumor
samples, including BRCA2 (n=2, 6.3%) and RAD51C
(n=1, 3.1%), could support the DNA damage caused by
HRD. The etiology of the remaining mutational signature
(4.8%) in oligometastasis still remains unclear. In sum-
mary, age, APOBEC, HRD and dMMR established the
mutational signature of liver oligometastatic NSCLC.
TMB has been identified as a prognostic and predic-
tive biomarker for immunotherapy in a variety of solid
tumors. In our study, the median TMB of liver oligome-
tastasis was 4.8 mutations/Mb (range 0—24.96 mutations/
Mb). The density plot in Fig. 3B shows the TMB distri-
bution of all oligometastatic patients. Notably, we found
that one patient had 24.96 mutations/Mb, significantly
deviating from a normal distribution. Multiple altera-
tions relevant to defective DNA repair genes, such as
ATR, ERCC5, RECQL4 and TP53, were present in this
sample. The median TMB in females was slightly higher
than that in males (7.68 versus 3.84 mutations/Mb,
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p=0.72) (Fig. 3 C). Meanwhile, for smoking patients, the
median TMB was 7.68 mutations/Mb, which was higher
than that in non-smoking patients (3.84 mutations/Mb,
p=0.29) (Fig. 3D). Since TP53 (72%), EGFR (50%), RB1
(19%) and SMARCA4 (12%) were the most common
alterations (>10%) in liver oligometastasis, we further
analysed the underlying relationship between these high-
frequency mutations and TMB level. Tumors with muta-
tions in TP53, EGFR, or RB1 had higher median TMB
than those with wild type (5.28 versus 1.86 mutations/
Mb, p=0.13; 4.8 versus 4.32 mutations/Mb, p=0.82; 5.76
versus 3.84 mutations/Mb, p=0.51) (Fig. 3E, F and G). In
addition, the median TMB of SMARCA4-mutant tumors
was significantly higher than that of SMARCA4 wild-
type tumors (17.28 versus 3.84 mutations/Mb, p=0.04)
(Fig. 3H).

Clinical actionability for targetable genes

With the rapid development of targeted drugs and can-
cer genomics, a clinical re-evaluation on the significance
of comprehensive genomic profiles for targeted therapy
in patients with liver oligometastasis according to the
actionability of specific genetic mutations categorized
by the OncoKB database is warranted (Supplementary
Fig. 3). A total of 78.12% patients harbored at least one
potentially actionable molecular alteration that may
guide further therapeutic strategy. Furthermore, 56.25%
tumors carried mutations ranked as level 1 including
missense mutations of ALK, BRAF, EGFR, ERBB2 ampli-
fication, ALK fusion and in-frame deletion of EGFR.
The final evidence level for each sample was defined as
the highest level of all alterations detected in the patient.
Thus, patients were not assigned to level 2 and 3 because
these patients would all have higher-level targets. Level
2 mutations include missense mutations of FGFR and
ERBB2 amplification. Level 3 actionable alterations were
SNVs of EGFR and amplification of ERBB2. Level 4 muta-
tions accounted for 21.88% including SNVs of BRAF,
KRAS, PIK3CA and STK11, amplification of FGFR1 and
deletion of CDKN2A (Fig. 4A, C, D). Drugs that target
particular genomic mutations in our liver oligometastatic
tumors were also presented in Fig. 4C. Given that better
clinical outcomes can be achieved by combinations of
various targeted drugs, we further profiled the distribu-
tion of patients carrying multiple actionable alterations.
In general, 34.38% of liver oligometastatic patients har-
bored one actionable mutation, while 34.38% and 9.36%
of those harbored two or more actionable mutations,
respectively (Fig. 4B).

Discussion

NSCLC has historically been considered as a hetero-
geneous entity with a high degree of genomic diver-
sity, resulting in variable responses to therapy and
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clinical outcomes [24]. Oligometastasis was recognized
as a unique clinical disease with distinct molecular and
clinic-biological features compared to widely metastatic
disease, such as an indolent disease state that could ben-
efit from local treatment. Liver metastases are common
in advanced NSCLC patients, which could cultivate an
immune desert that lead to inferior response to immu-
notherapy and shorter OS [25]. Emerging evidence has
demonstrated that NSCLC patients with liver oligome-
tastasis could benefit from local treatment and achieve
better progression-free survival or overall survival [26,
27]. Until recently, current research has not reached a
consensus on the exact number of metastases that define
oligometastasis [28]. Considering that most clinical stud-
ies enrolled oligometastatic patients with all metastatic
lesions adding up to five or less [29], we applied stricter
inclusion criteria to include patients with only one dis-
tant metastasis confined to liver for three months or
longer to ensure the true oligometastatic state. Com-
prehensive molecular profiling of cancers by next-gen-
eration sequencing methods is increasingly being used
for therapeutic management decisions in oncology.
Although rapid advances in local treatment have revolu-
tionized cancer therapy in oligometastasis, little is known
about the genomic characteristics of liver oligometasta-
sis. Therefore, it is necessary to have a comprehensive
and deeper understanding of molecular features of such
patients to provide better insights into the underlying
clinical and biological features of this disease.

In our research, we found that the co-occurrence rate
of TP53 and RB1 in liver oligometastasis was significantly
higher than that in the TCGA-LUAD cohort (15.63% vs.
4.81%, p=0.026) (Supplementary Fig. 1G). The increase
has profound clinical implications because previous stud-
ies have shown that the inactivation of both TP53 and
RB1 may facilitate the histologic transformation of LUAD
into SCLC, with an approximately 43-fold increase in
the risk of promoting transformation [22]. In particular,
the prognosis of transformed SCLC is significantly poor,
even worse than de novo SCLC [30]. We also noticed
that PIK3CA (9%) was one of the high-frequency muta-
tions and 90.6% (n=29) of the patients carried genomic
alterations in the PI3K-AKT pathway. Emerging data
also support that upregulation of PIK3CA gene muta-
tion and PI3K/AKT signaling occurred earlier during the
neuroendocrine transformation [20]. In addition, muta-
tional signature 2 related to APOBEC (27.4%) as one of
the dominant signatures in our cohort may promote
the transformation process and drive drug resistance to
EGFR TKIs [31]. These suggest that small cell histologic
transformation occurs frequently in liver oligometasta-
sis with a worse prognosis. Therefore, patients at the ini-
tial diagnosis of liver oligometastasis should be advised
to undergo comprehensive genetic testing to clarify the
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presence of concurrent RB1 and TP53 alterations in order
to provide guidance for future tumor evolution. Tumor
tissues should also be retaken for pathology in time at the
early stage of disease progression to determine whether
the histological transformation occurs. Alpelisib, a PI3K-
AKT inhibitor that significantly inhibits both TP53/RB1
expression in patient-derived cell model [32], can delay
tumor growth in NSCLC undergoing histologic transfor-
mation. It may be a potential treatment option for liver
oligometastatic NSCLC in future. However, these effects
are currently the results of preclinical studies, and addi-
tional clinical trials are needed to validate the efficacy
and safety of Alpelisib in inhibiting SCLC transformation
in the real world.

TP53 was the most frequently mutated gene in our
study and might have negative prognostic effects for
NSCLC [33]. It co-occurred with EGFR mutations to
reduce responsiveness to EGFR TKIs and was associated
with poor survival outcomes [17-19]. The incidence of
concurrent TP53/EGEFR in liver oligometastasis (81.25%)
was higher than that of EGFR-mutated NSCLC (55-65%)
in other researches. Given the high ratio of concur-
rent TP53/EGER, a role for APOBEC mutagenesis in
the development of resistance to targeted therapies and
the enrichment of EGFR tyrosine kinase inhibitor resis-
tance signaling pathway, EGFR TKIs might have low effi-
ciency in this particular population. However, preclinical
studies indicate that inhibiting APOBEC mutagenesis
through gene deletion or RNA interference could delay
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resistance to targeted therapies in lung cancer cell lines
[34]. Although direct inhibitors of APOBEC activity are
currently unavailable, prior research has suggested a
potential role for ataxia telangiectasia and Rad3-related
(ATR) and PARP inhibitors [35, 36]. Specifically, stud-
ies have shown that activation of APOBEC may sensitize
tumor cells to inhibitors of the DNA damage response
pathway, such as ATR and PARP inhibitors. In vitro stud-
ies have demonstrated that ATR inhibition can effectively
overcome EGFR-TKIs resistance [37]. Therefore, these
findings suggest that DNA damage repair inhibitors in
combination with EGFR-TKIs may hold promise for
overcoming resistance and enhancing therapeutic effi-
cacy in liver oligometastatic patients.

Patients with liver metastases have a lower response
rate to immunotherapy and shorter survival time than
those with metastases to other organs in lung cancer
[25]. Of all the pathways enriched in oligometastasis, we
focused on the JAK-STAT signaling signaling because
activation of this pathway could alter the fibrotic and
immune microenvironment of the liver to establish a pre-
metastatic niche and lead to a highly immunosuppressive
tumour microenvironment that severely hindered anti-
tumour immunity [21]. Recent studies have shown that
blockade or genetic ablation of components of JAK-STAT
signaling could prevent establishment of a pre-metastatic
niche and inhibit liver metastasis [21]. However, the PI3K
pathway promotes tumour progression and growth inde-
pendently of JAK-STAT3. Inhibitors of JAK-STAT3 sig-
naling may not be effective as monotherapy in tumours
with already activated PI3K pathway. Therefore, JAK-
STAT3 inhibitors combined with PI3K signaling pathway
inhibitors will be an effective therapeutic regimen for
liver oligometastasis.

TMB is a potential biomarker used to predict treat-
ment response to ICIs in NSCLC. Tumours with liver
oligometastasis in our study had a lower median TMB
(4.8 mutations/Mb) compared with previously reported
brain oligometastatic NSCLC (8.7 mutations/Mb). This
finding is consistent with previous study that TMB is
a site-specific biomarker correlated with tissue loca-
tion and brain metastases have the highest TMB values
compared to metastases in other organs in NSCLC [38].
Furthermore, SMARCA4 mutation was significantly
positively associated with TMB in our cohort, similar to
other study in conventional NSCLC [39]. Previous stud-
ies have shown that SMARCA4-mutant NSCLC tend
to derive significant benefit from ICI treatment [39].
Although liver metastasis systemically restrains immu-
notherapy efficacy and remains an independent pre-
dictor of poor response to PD-(L)1 blockade, our study
suggests that SMARCA4-mutant patients, an important
subgroup of liver oligometastasis, may be more sensi-
tive to and benefit well from immunotherapy compared
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with the overall population. Several researches have
suggested SMARCA4 mutations were potential targets
for lung cancer, but there are currently no effective tar-
geted therapies for SMARCA4-mutant NSCLC. How-
ever, CDK4/6 inhibitors have recently been reported to
show antitumor activity in SMARCA4 deficient tumors,
so palbociclib (CDK4/6 inhibition) could be a promising
option for the treatment of oligometastasis [40]. Nota-
bly, preclinical data suggest that increased ERK-driven
mTOR pathway signalling is associated with resistance to
palbociclib in lung cancer cell lines and upstream inhibi-
tion with a ERK inhibitor plus palbociclib increases cell
apoptosis [41]. Based on these promising preclinical data,
clinical trials are currently ongoing in advanced NSCLC
investigating CDK4/6 inhibitors in combination with
ERK inhibitors (NCT02857270, NCT03454035). Concur-
rent CDK4/6 and ERK inhibition may be more efficacious
than CDK4/6 inhibitor monotherapy, which may be a
better treatment option for liver oligometastatic patients.

With the discovery of novel targetable driver genes and
the emergence of matched new targeted drugs, the clini-
cal prognosis of lung cancer patients with specific gene
mutations has been greatly improved. In the present
study, we detected a total of 78.12% liver oligometastatic
patients carried at least one potentially actionable altera-
tion that may guide further treatment strategy based on
OncoKB evidence. This proportion was higher than the
67% reported in a previous study that included 1564
conventional advanced NSCLC patients [42], indicating
genomic mutations in liver oligometastasis are highly
targetable. Targeted therapy matching level 1-2 genetic
alterations could significantly extend progression-free
survival and OS in NSCLC, but marked clinical advan-
tage was not observed in patients with level 3—4 altera-
tions [42]. The percentage of patients with level 1-2 and
3—4 mutations as their highest actionable targets was
comparable to usual advanced NSCLC patients, respec-
tively (56.25% vs. 57.1%; 21.88% vs. 19.2%).

In conclusion, our study comprehensively delineated
the genomic characteristics of liver oligometastatic
NSCLC - such findings were helpful to better under-
stand the distinct clinic-biological features of these
patients. We have also discussed promising and suitable
therapeutic strategies for liver oligometastasis to opti-
mize individualized treatment of this population. Finally,
there are some limitations that require mentioning. First,
we diagnosed oligometastasis in the absence of a precise
diagnostic standard, so we might include polymetastatic
patients. Second, the inclusion criteria for liver oligo-
metastatic samples were more stringent than in other
clinical studies, resulting in a limited sample size (n=32).
Third, this research was a retrospective study with risks
of selection bias. Fourth, TMB was calculated using panel
sequencing, which might be less accurate compared
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with whole-exome sequencing. Fifth, while 1021-panel
sequencing covers a large number of genes, targeted pan-
els can still miss certain alterations due to technical limi-
tations. In contrast, whole exome sequencing or whole
genome sequencing would allow for more comprehensive
analysis to further improve the accuracy and applicability
of the results.

Abbreviations

NSCLC Non-small cell lung cancer

LUAD Lung adenocarcinoma

SCLC Small-cell lung cancer

oS Overall survival

T™MB Tumor mutation burden

FDA Food and Drug Administration

FFPE Formalin-fixed and paraffin-embedded
OncoKB  Precision Oncology Knowledge Database
SNV Single nucleotide variation

GO Gene Ontology

KEGG Kyoto Encyclopedia of Genes and Genomes
IClI Immune checkpoint inhibitor

TKls Tyrosine kinase inhibitors

HRD Homologous recombination deficiency
dMMR Deficient mismatch repair

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/512885-025-13478-5.

Supplementary Material 1: Supplementary Fig. 1. (A) variant type, (B)
prevalence of CNV alterations, (C) Ti/Tv ratios, (D) Mutational fraction of the
six-base substitution for each sample, (E) Frequency distributions of EGFR,
(F) Frequency of concurrent EGFR/TP53 mutations, (G) Frequency of con-
current RB1/TP53 mutations in liver oligometastasis. Supplementary Fig. 2.
The mutated sites of genes with high mutation frequency, including TP53
(A), EGFR (B), RB1 (C), SMARCA4 (D), BRAF (E), GRIN2A (F), KEAP1 (G), LRP1B
(H), PIK3CA (1), PIK3CG (J), RBM10 (K), BRCA2 (L), CDKN2A (M), KEL (N), KRAS
(0), MLL3 (P), MSH6 (Q), PTCH2 (R), SETD2 (S), SMADA4 (T). Supplementary
Fig. 3. Clinical evidence based on OncoKB was used to define alterations

Supplementary Material 2: Supplementary Table 1. Gene list of the
1021-gene panel

Acknowledgements

We would like to express our deepest gratitude to the patients who
contributed tumor samples for this study. Their participation and generosity in
providing these valuable samples were essential for our research.

Author contributions

Rongxin Liao and Guangming Yi planned and carried out the majority of
experiments, designed the figures, collected the clinical data and wrote the
manuscript. Lu Shen and Xiao Xiao performed the targeted sequencing of all
included samples. Chuan Zeng, Liangzhong Liu, Hongjun Tang and Shunping
Huang did the statistical analysis. Xiaoyue Zhang, Zaicheng Xu, Yuan Peng
and Zhenzhou Yang provided critical comments, suggestions, and revised the
manuscript. All authors read and approved the final version of the manuscript.

Funding

This work was supported by grants from the China Postdoctoral Science
Foundation (N0.2022M710555), Program for Youth Innovation in Future
Medicine of Chongging Medical University (No. W0172) to Yuan Peng, Science
and Technology Innovation Medical Development Foundation of Beijing (No.
KC2021-JX-0186-61) to Zhenzhou Yang and the Chongqging Municipal Health
Commission Foundation(No. 2023WSJK043)to Chuan Zeng.

Data availability
The variation data reported in this paper have been deposited in the Genome
Variation Map (GVM) in National Genomics Data Center, Beijing Institute

Page 10 of 11

of Genomics, Chinese Academy of Sciences and China National Center for
Bioinformation, under accession number GYM000844 that can be publicly
accessible at https://bigd.big.ac.cn/gvm/getProjectDetail?Project=GYMO0008
44,

Declarations

Ethics approval and consent to participate

The ethical committee of Chongging Medical University approved the
study and all methods were also performed in accordance with the relevant
guidelines and regulations under the committee supervision. Written
informed consent was obtained from each participant prior to enrollment.
Clinical trial number: not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 28 August 2024 / Accepted: 8 January 2025
Published online: 16 January 2025

References

1. Roach MC, et al. Stereotactic body Radiation Therapy for Central Early-Stage
NSCLC: results of a prospective phase I/l trial. J Thorac Oncology: Official
Publication Int Association Study Lung Cancer. 2018;13:1727-32. https://doi.o
r9/10.1016/jjth0.2018.07.017.

2. Postmus PE, et al. Early and locally advanced non-small-cell lung cancer
(NSCLC): ESMO Clinical Practice guidelines for diagnosis, treatment and
follow-up. Annals Oncology: Official J Eur Soc Med Oncol. 2017;28:iv1-21.
https://doi.org/10.1093/annonc/mdx222.

3. Riihiméki M, et al. Metastatic sites and survival in lung cancer. Lung cancer
(Amsterdam Netherlands). 2014;86:78-84. https://doi.org/10.1016/j.lungcan.2
014.07.020.

4. lyengar P et al. Consolidative Radiotherapy for Limited Metastatic Non-
small-cell Lung Cancer: a phase 2 Randomized Clinical Trial. JAMA Oncol.
2018;4:¢173501. https://doi.org/10.1001/jamaoncol.2017.3501.

5. Gomez DR, et al. Local consolidative therapy Vs. maintenance Therapy or
Observation for patients with Oligometastatic Non-small-cell Lung Cancer:
long-term results of a multi-institutional, phase II, Randomized Study. J Clin
Oncology: Official J Am Soc Clin Oncol. 2019;37:1558-65. https://doi.org/10.1
200/jco.19.00201.

6. BaumlJM, et al. Pembrolizumab after Completion of locally ablative therapy
for Oligometastatic Non-small Cell Lung Cancer: a phase 2 trial. JAMA Oncol.
2019;5:1283-90. https://doi.org/10.1001/jamaoncol.2019.1449.

7. ShaD, etal. Tumor Mutational Burden as a predictive biomarker in solid
tumors. Cancer Discov. 2020;10:1808-25. https://doi.org/10.1158/2159-8290.
Cd-20-0522.

8. LiH, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler
transform. Bioinf (Oxford England). 2009;,25:1754-60. https://doi.org/10.1093/
bioinformatics/btp324.

9. Cibulskis K, et al. Sensitive detection of somatic point mutations in impure
and heterogeneous cancer samples. Nat Biotechnol. 2013;31:213-9. https.//d
0i.0rg/10.1038/nbt.2514.

10.  McKenna A, et al. The genome analysis Toolkit: a MapReduce frame-
work for analyzing next-generation DNA sequencing data. Genome Res.
2010;20:1297-303. https://doi.org/10.1101/gr.107524.110.

11. Robinson JT, et al. Integrative genomics viewer. Nat Biotechnol. 2011,29:24-6.
https://doi.org/10.1038/nbt.1754.

12. Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of genetic
variants from high-throughput sequencing data. Nucleic Acids Res.
2010;38:¢164. https://doi.org/10.1093/nar/gkq603.

13.  Forbes SA, et al. COSMIC: somatic cancer genetics at high-resolution. Nucleic
Acids Res. 2017;45:D777-83. https://doi.org/10.1093/nar/gkw1121.

14.  Blokzijl F, Janssen R, van Boxtel R, Cuppen E. MutationalPatterns: comprehen-
sive genome-wide analysis of mutational processes. Genome Med. 2018;10.
https://doi.org/10.1186/513073-018-0539-0.


https://doi.org/10.1186/s12885-025-13478-5
https://doi.org/10.1186/s12885-025-13478-5
https://bigd.big.ac.cn/gvm/getProjectDetail?Project=GVM000844
https://bigd.big.ac.cn/gvm/getProjectDetail?Project=GVM000844
https://doi.org/10.1016/j.jtho.2018.07.017
https://doi.org/10.1016/j.jtho.2018.07.017
https://doi.org/10.1093/annonc/mdx222
https://doi.org/10.1016/j.lungcan.2014.07.020
https://doi.org/10.1016/j.lungcan.2014.07.020
https://doi.org/10.1001/jamaoncol.2017.3501
https://doi.org/10.1200/jco.19.00201
https://doi.org/10.1200/jco.19.00201
https://doi.org/10.1001/jamaoncol.2019.1449
https://doi.org/10.1158/2159-8290.Cd-20-0522
https://doi.org/10.1158/2159-8290.Cd-20-0522
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1038/nbt.2514
https://doi.org/10.1038/nbt.2514
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1038/nbt.1754
https://doi.org/10.1093/nar/gkq603
https://doi.org/10.1093/nar/gkw1121
https://doi.org/10.1186/s13073-018-0539-0

Liao et al. BMC Cancer

20.

22.

23.

24.

25,

26.

27.

28.

29.

(2025) 25:93

Chakravarty D et al. OncoKB: A Precision Oncology Knowledge Base. JCO
precision oncology 2017, https://doi.org/10.1200/p0.17.00011 (2017).

Yu G, Wang LG, Han'Y, He QY. clusterProfiler: an R package for comparing
biological themes among gene clusters. OMICS. 2012;16:284-7. https://doi.or
9/10.1089/0mi.2011.0118.

Canale M, et al. Impact of TP53 mutations on Outcome in EGFR-Mutated
patients treated with first-line tyrosine kinase inhibitors. Clin cancer Research:
Official J Am Association Cancer Res. 2017;23:2195-202. https://doi.org/10.11
58/1078-0432.Ccr-16-0966.

Kim'Y, et al. Concurrent genetic alterations predict the progression to Target
Therapy in EGFR-Mutated Advanced NSCLC. J Thorac Oncology: Official
Publication Int Association Study Lung Cancer. 2019;14:193-202. https://doi.o
r9/10.1016/}jth0.2018.10.150.

Labbé C, et al. Prognostic and predictive effects of TP53 co-mutation in
patients with EGFR-mutated non-small cell lung cancer (NSCLC). Lung cancer
(Amsterdam Netherlands). 2017;111:23-9. https://doi.org/10.1016/jlungcan.2
017.06.014.

Quintanal-Villalonga A, et al. Multiomic analysis of lung tumors defines
pathways activated in Neuroendocrine Transformation. Cancer Discov.
2021;11:3028-47. https://doi.org/10.1158/2159-8290.Cd-20-1863.

Lee JW, et al. Hepatocytes direct the formation of a pro-metastatic niche in
the liver. Nature. 2019;567:249-52. https://doi.org/10.1038/541586-019-100
4y,

Lee JK, et al. Clonal history and genetic predictors of Transformation Into
Small-Cell Carcinomas from Lung Adenocarcinomas. J Clin Oncology: Official
JAm Soc Clin Oncol. 2017;35:3065-74. https://doi.org/10.1200/jc0.2016.71.90
96.

Offin M, et al. Concurrent RB1 and TP53 alterations define a subset of EGFR-
Mutant Lung cancers at risk for histologic Transformation and Inferior Clinical
outcomes. J Thorac Oncology: Official Publication Int Association Study Lung
Cancer. 2019;14:1784-93. https://doi.org/10.1016/},jth0.2019.06.002.

Chen Z, Fillmore CM, Hammerman PS, Kim CF, Wong KK. Non-small-cell lung
cancers: a heterogeneous set of diseases. Nat Rev Cancer. 2014;14:535-46.
https://doi.org/10.1038/nrc3775.

Yu J, et al. Liver metastasis restrains immunotherapy efficacy via macro-
phage-mediated T cell elimination. Nat Med. 2021;27:152-64. https://doi.org/
10.1038/541591-020-1131-x.

Jiang T, et al. EGFR-TKIs plus local therapy demonstrated survival benefit than
EGFR-TKIs alone in EGFR-mutant NSCLC patients with oligometastatic or
oligoprogressive liver metastases. Int J Cancer. 2019;144:2605-12. https://doi.
0rg/10.1002/ijc.31962.

ZhaoY, et al. Systemic therapy plus thermal ablation Versus systemic therapy
alone for Oligometastatic Liver metastases from Non-small Cell Lung Cancer.
Cardiovasc Interv Radiol. 2020;43:1285-93. https://doi.org/10.1007/500270-02
0-02456-y.

Giaj-Levra N, et al. Defining Synchronous Oligometastatic Non-small Cell
Lung Cancer: a systematic review. J Thorac Oncology: Official Publication Int
Association Study Lung Cancer. 2019;14:2053-61. https://doi.org/10.1016/j.jt
h0.2019.05.037.

Chang JY, Verma V. Optimize local therapy for Oligometastatic and Oligopro-
gressive Non-small Cell Lung Cancer to Enhance Survival. J Natl Compr Can-
cer Network: JNCCN. 2022;20:531-9. https://doi.org/10.6004/jnccn.2021.7117.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 11 of 11

Quintanal-Villalonga A, et al. Lineage plasticity in cancer: a shared pathway of
therapeutic resistance. Nat Rev Clin Oncol. 2020;17:360-71. https://doi.org/10
.1038/541571-020-0340-z.

Selenica P, et al. APOBEC mutagenesis, kataegis, chromothripsis in EGFR-
mutant osimertinib-resistant lung adenocarcinomas. Annals Oncology:
Official J Eur Soc Med Oncol. 2022;33:1284-95. https://doi.org/10.1016/j.anno
nc.2022.09.151.

Yu N, et al. Patient-derived cell-based pharmacogenomic assessment

to unveil underlying resistance mechanisms and novel therapeutics for
advanced lung cancer. J Experimental Clin cancer Research: CR. 2023;42:37.
https://doi.org/10.1186/513046-023-02606-3.

Ma X, et al. Prognostic and predictive effect of TP53 mutations in patients
with Non-small Cell Lung Cancer from Adjuvant Cisplatin-based therapy
randomized trials: a LACE-Bio pooled analysis. J Thorac Oncology: Official
Publication Int Association Study Lung Cancer. 2016;11:850-61. https://doi.or
9/10.1016/}.jth0.2016.02.002.

Isozaki H, et al. Therapy-induced APOBEC3A drives evolution of persistent
cancer cells. Nature. 2023;620:393-401. https://doi.org/10.1038/541586-023-0
6303-1.

Green AM, et al. Cytosine deaminase APOBEC3A sensitizes leukemia cells to
inhibition of the DNA replication checkpoint. Cancer Res. 2017;77:4579-88.
https://doi.org/10.1158/0008-5472.Can-16-3394.

Buisson R, Lawrence MS, Benes CH, Zou L. APOBEC3A and APOBEC3B
activities render Cancer cells susceptible to ATR inhibition. Cancer Res.
2017;77:4567-78. https.//doi.org/10.1158/0008-5472.Can-16-3389.

Tanaka K, et al. Targeting Aurora B kinase prevents and overcomes resistance
to EGFR inhibitors in lung cancer by enhancing BIM- and PUMA-mediated
apoptosis. Cancer Cell. 2021;39:1245-e12611246. https://doi.org/10.1016/j.cc
€ll.2021.07.006.

Stein MK, et al. Tumor Mutational Burden is Site Specific in Non-small-cell
Lung Cancer and is highest in Lung Adenocarcinoma Brain metastases. JCO
Precision Oncol. 2019;3:1-13. https://doi.org/10.1200/p0.18.00376.
Schoenfeld AJ, et al. The genomic Landscape of SMARCA4 alterations and
associations with outcomes in patients with Lung Cancer. Clin cancer
Research: Official J Am Association Cancer Res. 2020;26:5701-8. https://doi.or
9/10.1158/1078-0432.Ccr-20-1825.

Helming KC, Wang X, Roberts CWM. Vulnerabilities of mutant SWI/SNF com-
plexes in cancer. Cancer Cell. 2014;26:309-17. https://doi.org/10.1016/j.ccr.20
14.07.018.

Haines E, et al. Palbociclib resistance confers dependence on an FGFR-MAP
kinase-mTOR-driven pathway in KRAS-mutant non-small cell lung cancer.
Oncotarget. 2018;9:31572-89. https://doi.org/10.18632/oncotarget.25803.
Zhao S, et al. Utility of comprehensive genomic profiling in directing treat-
ment and improving patient outcomes in advanced non-small cell lung
cancer. BMC Med. 2021;19:223. https://doi.org/10.1186/512916-021-02089-z.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1200/po.17.00011
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1158/1078-0432.Ccr-16-0966
https://doi.org/10.1158/1078-0432.Ccr-16-0966
https://doi.org/10.1016/j.jtho.2018.10.150
https://doi.org/10.1016/j.jtho.2018.10.150
https://doi.org/10.1016/j.lungcan.2017.06.014
https://doi.org/10.1016/j.lungcan.2017.06.014
https://doi.org/10.1158/2159-8290.Cd-20-1863
https://doi.org/10.1038/s41586-019-1004-y
https://doi.org/10.1038/s41586-019-1004-y
https://doi.org/10.1200/jco.2016.71.9096
https://doi.org/10.1200/jco.2016.71.9096
https://doi.org/10.1016/j.jtho.2019.06.002
https://doi.org/10.1038/nrc3775
https://doi.org/10.1038/s41591-020-1131-x
https://doi.org/10.1038/s41591-020-1131-x
https://doi.org/10.1002/ijc.31962
https://doi.org/10.1002/ijc.31962
https://doi.org/10.1007/s00270-020-02456-y
https://doi.org/10.1007/s00270-020-02456-y
https://doi.org/10.1016/j.jtho.2019.05.037
https://doi.org/10.1016/j.jtho.2019.05.037
https://doi.org/10.6004/jnccn.2021.7117
https://doi.org/10.1038/s41571-020-0340-z
https://doi.org/10.1038/s41571-020-0340-z
https://doi.org/10.1016/j.annonc.2022.09.151
https://doi.org/10.1016/j.annonc.2022.09.151
https://doi.org/10.1186/s13046-023-02606-3
https://doi.org/10.1016/j.jtho.2016.02.002
https://doi.org/10.1016/j.jtho.2016.02.002
https://doi.org/10.1038/s41586-023-06303-1
https://doi.org/10.1038/s41586-023-06303-1
https://doi.org/10.1158/0008-5472.Can-16-3394
https://doi.org/10.1158/0008-5472.Can-16-3389
https://doi.org/10.1016/j.ccell.2021.07.006
https://doi.org/10.1016/j.ccell.2021.07.006
https://doi.org/10.1200/po.18.00376
https://doi.org/10.1158/1078-0432.Ccr-20-1825
https://doi.org/10.1158/1078-0432.Ccr-20-1825
https://doi.org/10.1016/j.ccr.2014.07.018
https://doi.org/10.1016/j.ccr.2014.07.018
https://doi.org/10.18632/oncotarget.25803
https://doi.org/10.1186/s12916-021-02089-z

	﻿Characterization of the genomic landscape in liver oligometastatic NSCLC
	﻿Abstract
	﻿Introduction
	﻿Method and material
	﻿Study population and sample collection
	﻿DNA extraction and target capture sequencing
	﻿Sequencing data analysis
	﻿Analysis of mutational signature
	﻿Clinical actionability based on OncoKB
	﻿Statistical analysis

	﻿Results
	﻿Patient characteristics
	﻿Genomic characteristics of liver oligometastatic NSCLC
	﻿KEGG and GO pathway enrichment analysis
	﻿Analysis of mutational signature and TMB
	﻿Clinical actionability for targetable genes

	﻿Discussion
	﻿References


