
│ https://www.e-crt.org │814 Copyright  2023   by  the Korean Cancer Association
 This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/) 

which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

Original Article

Cancer Res Treat. 2023;55(3):814-831

Purpose  Oligometastatic non–small cell lung cancer (NSCLC) patients have been increasingly regarded as a distinct group that could 
benefit from local treatment to achieve a better clinical outcome. However, current definitions of oligometastasis are solely numerical, 
which are imprecise because of ignoring the biological heterogeneity caused by genomic characteristics. Our study aimed to profile 
the molecular alterations of oligometastatic NSCLC and elucidate its potential difference from polymetastasis.
Materials and Methods  We performed next-generation sequencing to analyze tumors and paired peripheral blood from 77 oligo-
metastatic and 21 polymetastatic NSCLC patients to reveal their genomic characteristics and assess the genetic heterogeneity. 
Results  We found ERBB2, ALK, MLL4, PIK3CB, and TOP2A were mutated at a significantly lower frequency in oligometastasis 
compared with polymetastasis. EGFR and KEAP1 alterations were mutually exclusive in oligometastatic group. More importantly, 
oligometastasis has a unique significant enrichment of apoptosis signaling pathway. In contrast to polymetastasis, a highly enriched 
COSMIC signature 4 and a special mutational process, COSMIC signature 14, were observed in the oligometastatic cohort. Accord-
ing to OncoKB database, 74.03% of oligometastatic NSCLC patients harbored at least one actionable alteration. The median tumor 
mutation burden of oligometastasis was 5.00 mutations/Mb, which was significantly associated with smoking, DNA damage repair 
genes, TP53 mutation, SMARCA4 mutation, LRP1B mutation, ABL1 mutation.
Conclusion  Our results shall help redefine oligometastasis beyond simple lesion enumeration that will ultimately improve the selec-
tion of patients with real oligometastatic state and optimize personalized cancer therapy for oligometastatic NSCLC.
Key words  Non–small cell lung cancer, Oligometastatic, Genomic profiling, High-throughput nucleotide sequencing, Tumor muta-
tional burden
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Introduction

Non–small cell lung cancer (NSCLC) accounts for about 
80% of all lung cancers globally and has the highest mortality 
and morbidity rates of any malignant tumor [1,2]. About 40% 
of patients at presentation have metastatic disease, which is 
traditionally regarded as incurable. With the development of 
highly effective systemic therapies, including targeted thera-
pies and immunotherapy, patients with advanced metastatic 
lung cancer have experienced longer survival times. Regret-
tably, these systemic treatment options are usually not all  
curative. In the end, most cancers progress and become fatal, 
often at sites of known disease [3]. Next to these develop-
ments, an emerging area of interest in improving outcome 
is identification of oligometastatic NSCLC, which has been 
recognized as a distinct tumor entity that is believed to be 

early in its evolution of metastatic potential. The term ‘Oli-
gometastasis’ has first been proposed in 1995 by Hellman 
and Weichselbaum [4], describing a clinically significant 
state with limited metastatic burden in a single or a limited 
number of organs. This stage of the disease seems to have an  
indolent course, better prognosis, and can therefore be con-
sidered for radical multimodality treatment. Current defini-
tions of oligometastasis are defined solely numerical as less 
than three to five metastatic areas in most studies [5], which 
are imprecise because of ignoring the biological heterogene-
ity caused by genomic characteristics. With the widespread 
utilization of more accurate and sensitive staging methods 
such as fluorodeoxyglucose–positron emission tomography–
computed tomography, an increasing number of patients pre-
senting this transitional state between strictly localized and 
widespread systemic disease have been detected. However, 
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there are still no clinically biomarkers or other techniques to 
identify oligometastasis that can distinguish the real oligo-
metastatic state from a rapidly progressing disease and thus 
lead to overtreatment in a subgroup of patients due to the 
direct initiation of local radical treatment. Identification of 
patients truly present with an intermediate metastatic state 
poses clinical diagnostic challenges. Therefore, exploring the 
genomic features of oligometastatic NSCLC and elucidating 
its potential difference from the polymetastasis will enable 
a more thorough selection of patients with a low metastatic 
burden in whom local radical treatment integrated into mul-
timodality regime can be applied to all metastatic sites.

Systemic therapies, including targeted therapies and  
immunotherapy, combined with local treatments such as 
surgery, stereotactic ablative radiotherapy, or thermal abla-
tion can indeed obtain a long-term survival with promising 
progression-free survival or overall survival [6-9] in oligo-
metastatic NSCLC. Previous research on actionable genomic 
alterations for targeted therapies and predictive biomarkers 
of immunotherapy mainly focused on populations of con-
ventional NSCLC. As a result, the frequency and evidence 
of actionability for all identified somatic alterations and pre-
dictor of response to immune checkpoint inhibitors (ICIs) 
in oligometastatic NSCLC remain unclear. In the precision 
medicine era, the present best treatment for tumor is indi-
vidual comprehensive therapy under the guidance of incred-
ible complexity genomics should be realized. Therefore, a 
reassessment on the landscape and clinical significance of 
targetable alterations and predictive biomarkers of immuno-
therapy in patients with oligometastatic NSCLC is important 
to evaluate the application value of tyrosine kinase inhibitors 
(TKIs) and ICIs in this group of patients.

In this study, we characterize the genomic features, action-
able alterations, predictive biomarkers of immunotherapy 
in oligometastatic NSCLC by performing 1021-gene next-
generation sequencing (NGS), including cancer genetic risk 
genes, targeted drugs approved by Food and Drug Admin-
istration (FDA) or clinical trials, chemotherapy-related genes 
and prognosis genes. Our results provide considerations for 
clinical practice and future perspectives that will ultimately 
improve the selection of patients with real oligometastatic 
state and optimize personalized cancer therapy for oligo-
metastatic NSCLC.

Materials and Methods

1. Study population and sample collection
We recruited 77 oligometastatic and 21 polymetastatic 

NSCLC patients from Tumor Center of the Second Affiliated 
Hospital of Chongqing Medical University between Febru-

ary 2017 and November 2020. Recruited oligometastatic 
NSCLC patients met the following criteria: (1) had patho-
logically confirmed NSCLC, (2) had stage IV disease accord-
ing to the eighth edition of the American Joint Committee 
on Cancer staging system, (3) had three or fewer metastases 
within a single organ, not including the primary tumor, and 
(4) maintain oligometastatic status for three or more months. 
Eligible polymetastatic NSCLC patients: meet (1), (2) but 
had more than five metastases in more than three organs. 
Information on clinical and histopathological characteristics 
was obtained through electronic medical records. Chong-
qing Medical University’s ethical committee approved this 
study, and each participant was required to provide written  
approval before enrolling.

2. DNA extraction and target capture sequencing
The Geneplus-Beijing Institute (Beijing, China) sequenced 

tissue samples from all patients using a panel of 1021 cancer-
related genes. The tissue source of oligometastasis were all 
from metastatic lesions, while the tissue source of polym-
etastasis were all from primary tumors. The online S1 Table 
lists these 1021 sequenced genes. QIAamp DNA Formalin-
Fixed and Paraffin-Embedded (FFPE) Tissue & Blood Mini 
Kit (Qiagen, Hilden, Germany) was used to extract genomic 
DNA from FFPE tissue samples and peripheral blood lym-
phocytes (PBL). DNA concentrations in tissue samples were 
measured with a Qubit fluorometer and the Qubit dsDNA 
HS (High Sensitivity) Assay Kit (Invitrogen, Carlsbad, CA), 
while DNA concentrations in PBL were with the Qubit 3.0 
fluorometer and the Qubit dsDNA HS (High Sensitivity)  
Assay Kit (Thermo Fisher Scientific Inc., Carlsbad, CA). 
The custom-designed biotinylated oligonucleotide probes 
(Roche NimbleGen, Madison, WI) covering ~1.4 Mbp coding  
region of genomic sequence of 1021 cancer-related genes (S1 
Table) were designed. A Covaris S2 ultrasonicator (Covaris,  
Woburn, MA) was used to shear 1.0*g of PBL and tissue DNA 
into 300-bp fragments for library construction. KAPA DNA 
Library Preparation Kit (Kapa Biosystems, Wilmington, 
MA) was used to prepare libraries. An Agilent 2100 Bioana-
lyzer and an Applied Biosystems 7500 real-time PCR system 
(Thermo Fisher Scientific Inc.) were used to measure the  
libraries. DNA was sequenced using an Illumina HiSeq3000 
Sequencing System (San Diego, CA) with 2×100 bp paired-
end reads. A total of 56 genes were classified as being related 
to DNA damage repair (DDR), which were grouped into 
functional pathways, based on literature review and expert 
curation (S2 Table).

3. Sequencing data analysis
The raw sequencing data were filtered to remove low-qual-

ity reads and terminal adaptor sequences. BWA (a Burrows-
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Wheeler aligner) was used to align the reads to the human 
genome build GRCh37 [10]. In order to mark PCR dupli-
cates, we used Picard tools (http://broadinstitute.github.
io/picard/). MuTect (ver. 1.1.4) [11] and GATK (ver. 3.4-46-
gbc02625) [12] were used to call single nucleotide variations 
(SNVs) and small insertions and deletions (InDels), respec-
tively. Germline variations were filtered using PBL sequence 
results. The Integrative Genomics Viewer (IGV) [13] was used 
to manually review all candidate somatic mutations identi-
fied by the bioinformatics pipeline by assessing the mapping 
quality of the reads, the overall read depth at each mutation 
site, and the quality of the base calls. In order to identify 
the mutated protein-coding position, ANNOVAR software 
[14] was used to annotate the gene mutations and filter out  
intronic and silent changes. A variant allele fraction (VAF) 
is calculated as follows: sequencing read count of altered  
alleles/(sequencing read count of reference alleles+sequen-
cing read count of altered alleles)×100%. Mutations in tissue 
were detected based on the following standards: VAF ≥ 1.0%, 
and at least five high-quality reads (Phred score ≥ 30, map-
ping quality ≥ 30, and without paired-end reads bias).

4. Mutational signature analysis
Mutation signatures were defined by analyzing synony-

mous and non-synonymous somatic SNVs, including six cat-
egories of base substitutions, namely, C>A, C>G, C>T, T>A, 
T>C, T>G, in each included sample. There are 96 substitu-
tion types based on the 5’ and 3’ flanking nucleotides of a 
particular mutant base. Using the 30 signatures documented 
by Catalogue of Somatic Mutations in Cancer (COSMIC) [15] 
as references, the potential mutational signatures in each 
sample were extracted (R package MutationalPatterns) [16].  
After that, we analyzed and compared the relative contribu-
tion of various signatures in both oligometastatic and poly-
metastatic tumors.

5. Clinical actionability: OncoKB
Events at the individual gene level were classified based 

on their therapeutic implications using a precision oncology 
knowledge database (OncoKB) [17]. This clinical support 
tool extracts information from published literature to pro-
ject drug actionability based on existing clinical evidence. 
It is continuously updated to include emerging biomarker 
data for FDA-approved protocols, but also those that are still  
under clinical investigation. A classification system for 
evidence was established and potentially actionable altera-
tions were classified into one of four levels according to the 
strength of evidence. Level 1 represents an FDA-recognized 
biomarker used to predict response to an FDA-approved 
drug. Level 2 is a standard care biomarker recommended by 
professional guidelines for predicting response to an FDA-

approved drug. Level 3 is compelling clinical evidence sup-
porting the biomarker can predict response to a drug. Level 4 
is compelling biological evidence supporting the biomarker 
can predict response to a drug. “Actionable mutations” were 
defined as having therapeutic implications, which corre-
spond to OncoKB levels of evidence 1 to 4.

6. Assessment of tumor mutation burden
In tumor tissues, tumor mutation burden (TMB) is defined 

as the number of somatic mutations and indels per mega-
byte of coding regions. A TMB score of ≥ 10 mutations/Mb 
has been proposed as a threshold with a high likelihood of 
neoantigen formation [18], this was based on the recent FDA  
approval for pembrolizumab in solid tumors [19]. We  
divided TMB values into two categories: high TMB (TMB-
H), defined as ≥ 10 mutations/Mb; low TMB, defined as < 10 
mutations/Mb.

7. Pathogenicity analysis of mutations in DDR genes
DDR genes (including splice site, frameshift, or nonsense) 

have been classified as deleterious [20]. We used a two-step 
approach to evaluate the pathogenicity of missense muta-
tions. As a first step, we reviewed all missense mutations 
identified in the COSMIC and ClinVar [21] databases. As a 
second step, we used the PolyPhen-2 (Polymorphism Pheno-
typing v2) prediction tool to evaluate the functional signifi-
cance of each missense mutation [22]. A missense mutation 
described as pathogenic by COSMIC and/or ClinVar or with 
a PolyPhen-2 score of ≥ 0.95 (‘probably damaging’) was con-
sidered deleterious. A patient with at least one deleterious 
DDR mutations is defined as DDR mutant, while a patient 
with no deleterious DDR mutations is defined as DDR wild.

8. Statistical analysis
ClusterProfiler package [23] was used to explore the bio-

logical significance of the somatic mutations of all samples 
based on the enrichment analysis of gene ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG). All 
the statistical analyses were performed using SPSS ver. 26.0 
software (IBM Corp., Armonk, NY). The association between 
any two categorical variables was analyzed using Fisher’s 
exact test or chi-square test. Any continuous variables were 
analyzed with the t test, the Mann-Whitney U-tests or the 
Kruskal-Wallis rank-sum tests. Trend analysis was represent-
ed by p-value, and p < 0.05 indicated statistical significance.
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Results

1. Clinical characteristics of patients
Clinical characteristics of 98 lung cancer patients enrolled 

in this study were summarized in Table 1. Among these 
patients, 77 were oligometastatic (including 31 bone-only 
oligometastasis, 28 liver-only oligometastasis, 13 brain-only 
oligometastasis, and 5 adrenal-only oligometastasis) and 21 
were polymetastatic. The median age for all oligometastatic 
patients was 63 years (range, 33 to 87 years), while for poly-
metastatic patients the median age was 57 years (range, 46 
to 76 years). The median number of metastatic lesions was 
one in oligometastasis and seven in polymetastasis. Most oli-
gometastatic NSCLC patients were men (41/77), adenocarci-
noma (74/77), stage IVa (68/77), smokers (19/45), no family 
history (43/51), and N2/N3 lymph nodal status (62/77). The 
echinoderm microtubule-associated protein-like 4 (EML4)–
anaplastic lymphoma kinase (ALK) fusions were less (2/77, 
2.6%) and epidermal growth factor receptor (EGFR) mutation 
(43/77, 55.8%) were more commonly found. The majority of 
patients with polymetastatic NSCLC were female (10/21), 
non-smokers (7/14), no family history (14/15) and N2/N3 
lymph node status (19/21), while all polymetastasis pre-
sented with stage IVb. The EGFR mutation and EML4-ALK  
fusions were 61.9% (13/21) and 9.5% (2/21), respectively.

2. The discrepancy and concordance of the mutational land-
scape between oligometastatic and polymetastatic NSCLC

The mutational landscape of somatic alterations in 77 oli-
gometastatic and 21 polymetastatic NSCLC generated from 
targeted sequencing data is shown in Fig. 1A and B. The most 
frequently mutated genes (> 10%) in oligometastatic NSCLC 
were TP53 (64%), followed by EGFR (56%), cyclin depend-
ent kinase inhibitor 2A (CDKN2A; 22%), RB transcriptional 
corepressor 1 (RB1; 13%), and SWI/SNF related, matrix  
associated, actin dependent regulator of chromatin, subfam-
ily A, member 4 (SMARCA4; 12%). Except for the most prev-
alent tumor suppressor and driver genes (TP53 and EGFR), 
which were relatively consistent between two groups, their 
high-frequency mutation spectrum differed considerably. 
As summarized in S3 Table, among the oligometastatic pa-
tients, 608 genomic alterations were identified in 232 genes. 
The most common mutational type was missense (59.54%), 
followed by amplification (14.14%) and nonsense (7.89%). 
We also detected 186 genomic alterations in 119 genes 
among polymetastatic group. Remarkably, oligometastatic 
tumors had more copy number deletion mutations as com-
pared to polymetastatic tumors (2.96% vs. 0%, p=0.011). We  
observed only 25.4% genetic mutations were shared, sug-
gesting a high intertumor mutational heterogeneity between 
oligometastatic and polymetastatic tumors (S4A Fig.). As a 

result of examining the SNV spectrum, the Ti/Tv ratios of 
oligometastatic and polymetastatic tumors were 0.67 and 
0.88 respectively, with the most frequent base substitution 
bias toward cytosine (C)>thymine (T) transitions followed 
by cytosine (C)>adenine (A) transversions in two cohorts 
(Fig. 1C-E), both of which are associated with exposure to 
cigarette smoking [24].

To identify genes associated with the presence of indolent 
state, we compared the frequencies of genomic alterations 
in oligometastatic and polymetastatic cohorts (S5 Table). 
We observed that Erb-B2 receptor tyrosine kinase 2 (ERBB2; 
3.90% vs. 23.81%, p=0.011), ALK (6.49% vs. 23.81%, p=0.035),  
myeloid/lymphoid or mixed-lineage leukemia 4 (MLL4; 
0.00% vs. 9.52%, p=0.044), phosphatidylinositol-4,5-bispho-
sphate 3-kinase catalytic subunit beta (PIK3CB; 0.00% vs. 
9.52%, p=0.044), and DNA topoisomerase II alpha (TOP2A; 
0.00% vs. 9.52%, p=0.044) were mutated at a significantly 
lower frequency in oligometastatic patients (Fig. 1F). We also 
analyzed the prevalence of copy number variation (CNV) 
alterations and identified 104 and 23 clinically related CNV 
events in oligometastasis and polymetastasis, respectively. 
The most frequently CNV changes in oligometastasis were 
EGFR amplification (23.38%), following by CDKN2A deletion 
(14.29%), MYC amplification (9.09%), and cyclin dependent 
kinase inhibitor 2B (CDKN2B) deletion (9.09%). However, 
the most common CNV gain in polymetastasis were EGFR 
(14.29%), ERBB2 (14.29%), forkhead box A1 (FOXA1; 9.52%), 
and fibroblast growth factor receptor 1 (FGFR1; 9.52%) (S4C 
and S4D Fig.). Meanwhile, we also searched for genes with 
a mutation frequency of at least 5% in oligometastasis but 
extremely low (0%) in polymetastasis and found CDKN2B, 
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic 
subunit alpha (PIK3CA), ABL proto-oncogene 1, non-recep-
tor tyrosine kinase (ABL1), BRCA1 DNA repair associated 
(BRCA1), CREB binding protein (CREBBP), catenin alpha 
1 (CTNNA1), and phosphatidylinositol-4,5-bisphosphate 
3-kinase catalytic subunit gamma (PIK3CG) as mutated in 
approximately 10%, 9%, 6%, 5%, 5%, 5%, and 5% among 
oligometastasis (S5 Table). These low prevalence unique 
mutations may also be involved in constituting important 
features of oligometastasis. In addition to the comparison of 
mutation frequencies, we also analyzed somatic alteration 
interactions. Co-occurrence and mutual exclusivity analysis 
revealed that CDKN2A/CDKN2B, CDKN2A/MYC, CDKN2B/
MYC, PIK3CA/RB1, and SMARCA4/LRP1B were significantly 
co-occurring, but EGFR displayed exclusivity with kelch like 
ECH associated protein 1 (KEAP1) in oligometastatic tumors 
(Fig. 1G). However, we only detected EGFR and BRCA1  
associated RING domain 1 (BARD1) mutations that were 
mutually exclusive in polymetastatic tumors (Fig. 1H).

Inconsistent efficacy to targeted therapies has been obser-
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ved in NSCLC patients with different mutation subtypes 
and treatment strategies remain to be optimized based 
on precisely subtype analysis. We further individually 

analyzed the subtypes of driver gene mutations in oligo-
metastatic NSCLC (S6 Fig.). EGFR p.L858R and exon 19del 
comprised 21.70% and 16.87% of 83 EGFR mutations, respec-

Table 1.  Clinical characteristics 77 oligometastatic and 21 polymetastatic NSCLC patients

 No. of    																																							Lung	cancer,	n	(%)	 	
p-valueClinical characteristic

 patients (%) Oligometastasis Polymetastasis

Total 98 (100) 77 (100) 21 (100)
Sex    
    Male 52 (53.1) 41 (53.2) 11 (52.4) 0.999
    Female 46 (46.9) 36 (46.8) 10 (47.6) 
Age (yr)    
    Median (range) 63 (33-87) 63 (33-87) 57 (46-76) 0.926
Tumor histology    
    Adenocarcinoma 95 (96.9) 74 (96.1) 21 (100) > 0.99
    SCC 3 (3.1) 3 (3.9) 0 ( 
Tissue source    
    Lung 21 (21.4) 0 ( 21 (100) 
    Liver 28 (28.6) 28 (36.4) 0 ( 
    Bone 31 (31.6) 31 (40.3) 0 ( 
    Brain 13 (13.3) 13 (16.8) 0 ( 
    Adrenal 5 (5.1) 5 (6.5) 0 ( 
Metastatic organ numbers    
    1 77 (78.6) 77 (100) 0 ( 
    > 3 21 (21.4) 0 ( 21 (100) 
Metastatic lesion numbers    
    Median (range) 1 (1-9) 1 (1-3) 7 (6-9) 
    1 68 (69.4) 68 (88.3) 0 ( 
    2 6 (6.1) 6 (7.8) 0 ( 
    3 3 (3.1) 3 (3.9) 0 ( 
    > 5 21 (21.4) 0 ( 21 (100) 
AJCC stage    
    IVa 68 (69.4) 68 (88.3) 0 ( 
    IVb 30 (30.6)  9 (11.7) 21 (100) 
Smoking    
    Yes 26 (26.5) 19 (24.7) 7 (33.3) 0.760
    No 33 (33.7) 26 (33.8) 7 (33.3) 
    Unknown 39 (39.8) 32 (41.5) 7 (33.3) 
Family history    
    Yes 9 (9.2)  8 (10.4) 1 (4.8) 0.672
    No 57 (58.2) 43 (55.8) 14 (66.7) 
    Unknown 32 (32.6) 26 (33.8)  6 (28.5) 
Nodal status    
    N0/N1 17 (17.3) 15 (19.5) 2 (9.5) 0.352
    N2/N3 81 (82.7) 62 (80.5) 19 (90.5) 
Mutation type    
    None 38 (38.8) 32 (41.6)   6 (28.6) 
    EGFR 56 (57.1) 43 (55.8)  13 (61.9) 0.804
    EML4-ALK 4 (4.1) 2 (2.6)  2 (9.5) 0.200

AJCC, American Joint Committee on Cancer; EGFR, epidermal growth factor receptor; EML4-ALK, echinoderm microtubule-associated 
protein-like 4-anaplastic lymphoma kinase; NSCLC, non–small cell lung cancer; SCC, squamous cell carcinoma.
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tively. KRAS p.G12V, p.G12V, and p.G12C made up 50.00%, 
25.00%, 25.00% of eight KRAS mutations. The PIK3CA E545K  
mutation associated with EGFR-TKI resistance accounted for 
14.29% of the seven PIK3CA mutations. The most common 

mutant subtype of MET was amplification (4/7, 57.14%).  
Fusion driver genes including EML4-ALK fusions and 
KIF5B-RET fusions were detected in two and one tumor  
respectively, but we didn’t find ROS1 fusion in any patient. 

Fig. 1.  (Continued from the previous page)  Single nucleotide variations (C), Ti/Tv ratios in oligometastasis (D) and polymetastasis (E),  
respectively. Differentially mutated genes between oligometastatic and polymetastatic NSCLC (F). The mutual exclusivity and co-occur-
rence analysis in each group (G, H).
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ERBB2 amplification and BRAF V600E mutation were found 
in one and one tumor, respectively. Considering both groups 
have a large proportion of EGFR-positive patients, we fur-
ther compare the occurrence of EGFR 19del and L858R which 
are canonical targets of EGFR inhibitors. Oligometastatic  
patients tended to have a lower incidence of EGFR 19del, 
with borderline significance (18.18% vs. 38.10%, p=0.054), 
while the missense mutations, EGFR L858R, had a com-
parable incidence between two series (23.38% vs. 19.05%, 
p=0.754) (S4B Fig.).

3. Enrichment of somatic mutations by GO and KEGG 
analysis 

To further determine whether these genomic alteration 
landscapes can lead to difference in cancer-related signaling 
pathways and biological processes, we performed pathway-
level analysis using the KEGG and GO database. For each 
of the two groups, the genes affected by somatic mutations 
and/or CNVs were concatenated and tested the potential 
enrichment against each KEGG pathway. Based on gene 
count and p-value, Fig. 2 showed the top 15 pathways in 
each group enriched by KEGG (Fig. 2A) and GO (Fig. 2B). 
Altered signaling pathways included central carbon metabo-
lism in cancer, phosphoinositide 3-kinase (PI3K)–Akt signal-
ing, FoxO signaling pathway, Rap1 signaling pathway, Ras 
signaling pathway, p53 signaling, ErbB signaling, vascular 
endothelial growth factor signaling, and other well-known 
pathways. We observed both oligometastatic and polym-
etastatic tumors had strikingly significant enrichment of 
pathways associated with cell proliferation, invasion, and 
metastasis, including the PI3K-Akt signaling pathway, Rap1 
signaling pathway, and mammalian target of rapamycin 
signaling pathway, which may be related to the fact that they 
were all advanced metastatic tumors. Remarkably, compared 
with polymetastasis, oligometastasis has a unique significant 
enrichment of apoptosis signaling pathway. Deeply analyze 
the proportion of specific signaling pathways enriched in 
patients, oligometastatic patients were also observed signifi-
cantly harbored hypoxia inducible factor 1 (HIF-1) signaling 
pathway (64.94% vs. 90.48%, p=0.027) (S7 Table) related to 
invasion/metastasis than polymetastasis. Consistent with 
previous results, the differentially mutated genes identi-
fied in two groups, such as ERBB2 and PIK3CB, which were 
substantially more frequent in polymetastasis, participate 
in HIF-1 pathway. Top GO terms showed that the mutated 
genes of two groups might be involved in the following com-
mon functional categories: peptidyl-tyrosine phosphoryla-
tion, protein autophosphorylation, transmembrane receptor 
protein tyrosine kinase signaling pathway, negative/positive 
regulation of transcription from RNA polymerase II promot-
er, cell proliferation, etc. Intriguingly, the cellular behaviors-Fi
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related biological processes, negative regulation of cell pro-
liferation, was robustly activated in oligometastatic NSCLC. 

4. Mutational signature analysis
Mutational signatures are reflections of the mutational 

processes that have been active throughout someone’s life 
[25]. The mutational signature analysis was performed on 
all cases using the non-negative matrix factorization method  
implemented in MutationalPatterns R package [16] to infer the 

underlying mutational processes. Comparing the mutational 
patterns between oligometastatic and polymetastatic NSCLC 
patients, the cosine similarity was only 0.771 which suggest-
ed there were potential differences between two groups (Fig. 
3A). A total of several mutational signatures (correspond-
ing to COSMIC signatures) were extracted from all samples. 
These signatures were further compared with the previously 
defined COSMIC signatures (https://cancer.sanger.ac.uk/
cosmic/signatures_v2) in order to determine the clinical rel-

Fig. 5.  (A) Distribution of tumor mutation burden (TMB) in 42 oligometastatic and nine polymetastatic non–small cell lung cancer patients. 
Non-parametric test of TMB according to metastatic state (B), smoking status (C), DNA damage repair (DDR) genes (D), TP53 genotype 
(E), SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily A, member 4 (SMARCA4) genotype (F), LDL 
receptor related protein 1B (LRP1B) genotype (G), and ABL1 genotype (H).  (Continued to the next page)
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evance of these signatures. Based on the trinucleotide context 
of the substitutions, the resulting signature was decomposed 
into 30 signatures for mutational processes in humans, which 
allows us to evaluate the relative proportion of the mutation-
al processes contributing to the etiology of oligometastatic 
and polymetastatic NSCLC. We found that approximately 
16.61%, 16.50%, 32.40%, 6.48%, 14.19%, 3.94%, and 9.87% of 
the mutational signatures of oligometastatic NSCLC consist-
ed of COSMIC signature 1 (age-related), signature 3 (failure 
of DNA double-strand break-repair by homologous recombi-
nation), signature 4 (exposure to tobacco mutagens), and sig-

nature 6 (DNA mismatch repair defect-related), signature 11 
(alkylating agent-related), signature 14 (unknown etiology), 
and signature 24 (exposure to aflatoxin), respectively, while 
18.92%, 43.86%, 11.28%, 11.49%, 9.64%, and 4.80% of the  
mutational signatures of polymetastatic NSCLC consisted 
of COSMIC signature 1, signature 3, signature 4 and signa-
ture 6, signature 11 and signature 24, respectively (Fig. 3B). 
This indicated that the higher frequency of tobacco mutagens  
exposure appeared to play a strong role in oligometastatic 
cancers. Meanwhile, the significantly reduced capacity of 
DNA double-strand break-repair may indispensably partici-
pate in promoting extensive tumor metastasis. Additionally, 
COSMIC signature 14 was only observed in the oligometa-
static cohort whose etiology remains unknown.

5. Clinical actionability for targeted therapy
With the development of precision medicine, a variety of 

new drugs and new progress in targeted therapy of lung 
cancer emerge in an endless stream, bringing more choices 
for clinical diagnosis and treatment. Considering that not all 
somatic changes can result in targetable mutations, we used 
OncoKB (http://oncokb.org/) to classify mutations of oli-
gometastatic NSCLC patients into different levels based on 
evidence of clinical actionability. Evidence level was defined 
as the highest level among all actionable mutations in each 
patient. Overall, 74.03% of patients had at least one action-
able mutation, and three types of evidence levels, including 
level 1, level 2, and level 4, were identified (Fig. 4A). Accord-
ing to the annotation results, 57.14% tumors harbored level 1 
gene alterations including SNVs of KRAS, EGFR, BRAF, and 
ALK, in-frame shift of EGFR and fusions of RET and ALK. 
Three point nine percentage tumors harbored level 2 gene 
alterations including amplifications of MET and ERBB2,  
fusion of RET, and in-frame shift of ERBB2. Level 4 account-
ed for 12.99%, including SNVs in PTEN, KRAS, CDKN2A, 
and BRAF, frameshift of CDKN2A and deletion of CDKN2A 
(Fig. 4A-C). Of note, the most prevalent genetic changes 
across all targetable somatic changes were EGFR, followed 
were CDKN2A and KRAS mutations, and the distribution of 
actionable mutation spectrum was similar to that in NSCLC 
cohort in some other studies [26,27]. In our oligometastatic 
cohort, all the potential drugs targeting specific genetic  
alterations were also presented in Fig. 4C.

6. TMB and its clinical correlation
In recent years, the treatment and prognosis of NSCLC 

has rapidly benefited from ICI treatment. TMB-H is emerg-
ing as an independent predictor of response to ICIs, such as 
programmed cell death 1 and programmed death-ligand 
1 [28]. In general, low TMB renders response to immuno-
therapy less likely [29]. Previous studies have demonstrated 
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that NGS panels can be a reliable technology to analyze TMB 
[30,31]. Based on measurements of available TMB in 42 oli-
gometastatic and nine polymetastatic cases, the median TMB 
in oligometastatic series was 5.00 mutations/Mb (range, 0.00 
to 72.00 mutations/Mb) and 6.00 mutations/Mb (range, 2.88 
to 19.00 mutations/Mb) for polymetastatic series, with no 
significant difference (Fig. 5B). Further analyzed the oligo-
metastatic NSCLC patients, the 14.29% of cases (6/42) who 
had TMB-H and may benefit from ICI treatment were shown 
in Fig. 5A. Historically, it has been reported that there was 
a strong positive correlation between DDR gene mutations 
and responses to immunotherapy in NSCLC. A defect in 
DNA replication can increase the rate of somatic mutations 
and lead to a higher TMB [31]. As expected, oligometastatic 
lung cancers with somatic mutations in DDR genes got high-
er TMB than wild-type cancers (median value, 5.76 vs. 4.00 
mutations/Mb; p=0.022) (Fig. 5D). Interestingly, we iden-
tified one patient, a current smoker, which showed a high 
TMB of 72 mutations/Mb, significantly deviating from a nor-
mal distribution (Fig. 5A). Many known DDR genes, such as 
ATR, BARD1, BRCA1, CDK12, CUL3, FANCL, MUTYH, TP53, 
and WRN, were among the mutated genes in this sample. 
Furthermore, the median TMB was higher in smokers than 
non-smokers in oligometastasis (median value, 20.16 vs. 4.00 
mutations/Mb; p=0.003) (Fig. 5C). However, there was no 
significant difference between TMB and age, sex and meta-
static site (S8A-C Fig.).

We next investigated the association of high-frequency 
mutated genes with TMB. Patients were divided into wild-
type and mutant groups according to the mutation status 
for specific genes. Particularly, the most common mutation 
in oligometastatic patients is TP53, which may be a useful 
biomarker for predicting the response to immunotherapy 
in different cancer types [32]. The median TMB for TP53-
mutant tumors was 5.76 mutations/Mb, which was sig-
nificantly higher than that for wild-type TP53 tumors (4.00 
mutations/Mb, p=0.033) (Fig. 5E). Previous studies have 
shown that CDKN2A mutation is significantly correlated 
with TMB in lung cancer [33], while EGFR mutation is sig-
nificantly correlated with low TMB [34]. Considering these 
two mutations are both critical top genetic variations of oli-
gometastasis, we further analyzed the relationship between 
these two genes and TMB. However, our cohort showed 
that mutations in EGFR and CDKN2A were not significantly  
associated with TMB in oligometastatic NSCLC patients (S8D 
and S8E Fig.). Also of note, LRP1B and SMARCA4, two other 
high-frequency mutant genes in oligometastatic group, were 
reported to be associated with higher TMB and survival out-
come in NSCLC in the previous study [35,36]. LRP1B-mutant 
and SMARCA4-mutant tumors had higher TMB than those 
with wild type (median value, 20.16 vs. 4.80 mutations/Mb; 

p=0.002 and 20.16 vs. 5.00 mutations/Mb, p=0.018) (Fig. 5F 
and G). In addition, tumors with ABL1 mutations had higher 
TMB levels vs those with wild type (median value, 20.16 vs. 
5.00 mutations/Mb; p=0.049) (Fig. 5H), this was not the case 
for tumors with RB1, CDKN2B, KRAS, PIK3CA, MET, MYC, 
and KEAP1 mutations (S8F-L Fig.).

Discussion

In the European Society of Medical Oncology and the  
National Comprehensive Cancer Network guidelines 
[37,38], oligometastatic NSCLC was recognized as a special 
treatment entity. Though the biology and behavior of ‘inter-
mediate state’ of metastatic disease are not well understood, 
numerous evidences suggested that local radical treatment 
can benefit the subgroup of patients when integrated into 
a multimodal treatment regimen. However, until recently, 
few reports explored genomic characteristics of oligometa-
static disease and there are no biomarkers or biology pro-
cesses that can reliably identify oligometastatic patients with 
truly limited metastatic capacity. Identification of the real 
oligometastatic tumors has become a new challenge to clini-
cal diagnosis in the era of precision medicine. Therefore, we  
investigated genomic profiles of oligometastatic NSCLC 
and explored its differences from polymetastatic NSCLC in  
somatic mutations, pathway-level analysis, mutational sig-
nature, therapeutic targets, and tumor mutational burdens 
by NGS to facilitate precise diagnosis and therapy. Remarka-
bly, we found oligometastatic tumors had more copy number 
deletion mutations than polymetastatic tumors (p=0.011). 
Since CNV is an important manifestation of chromosomal 
instability (CIN) and CIN has been reported to be associated 
with metastasis [39], the important role of CIN in the forma-
tion and process of oligometastasis needs to be rigorously 
investigated. Moreover, we also observed significantly lower 
frequency of mutations in ERBB2, ALK, MLL4, PIK3CB, and 
TOP2A in oligometastatic patients, suggesting patients with 
advanced NSCLC who carry these differentially mutated 
genes are more likely to be polymetastasis than oligometas-
tasis. Specifically, mutations in MLL4 have been reported to 
promote both the initiation and progression of cancer and 
PIK3CB alteration was correlated with increased cancer cell 
proliferation and promotion tumor growth [40,41]. We also 
found oligometastatic patients harbored several somatic 
mutations of certain high-frequency genes including TP53 
(64%), EGFR (56%), CDKN2A (22%), RB1 (13%), KRAS (10%), 
PIK3CA (9%), MET (9%), and NF1 (5%) associated with p53, 
RTK/RAS, PI3K-Akt and cell cycle pathways, which were 
reminiscent of the genomic alterations reported in conven-
tional NSCLC [42,43]. Given the important role of these 
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signaling pathways in the feature of cancer proliferation, 
cell motility, invasion, and cancer metastasis, these variants 
might be relevant to the weak metastatic ability of oligometa-
static NSCLC. Mutual exclusivity and co-occurrence analysis 
showed that EGFR and KEAP1 alterations were mutually 
exclusive in oligometastatic NSCLC, suggesting biologically 
distinct subgroups may frequently be distinguished by these 
genes. Clinical studies have shown that KEAP1 mutations 
in NSCLC are associated with resistance to multiple cancer 
therapies, including chemotherapy, TKI therapy, X-ray irra- 
diation, and shorter overall survival [44,45]. Therefore, 
the mutually exclusive pattern between EGFR and KEAP1  
mutations may accurately stratify oligometastatic NSCLC 
with different prognoses and response to antitumor therapy.

In our study, the collective somatic mutational signature 
was identified based on both the type of substitutions and 
the context of the substitution. Each collective signature of 
NSCLC from oligometastatic or polymetastatic patients  
underlies a mutagenic process. Apart from environmen-
tal factors such as alkylating agents, tobacco smoking, and 
exposure to aflatoxin, intrinsic sources, such as DNA dou-
ble-strand break-repair and DNA repair defects, have been 
described as the main cause of oligometastatic NSCLC. More-
over, since the proportion of signature 3 and 6 is lower than 
that of polymetastasis, oligometastatic NSCLC may have a 
stronger ability to repair DNA damage. Notably, we found 
that the signature 14 whose etiology remains unknown con-
tributes 3.94% to oligometastasis signature, but it was not  
observed in polymetastatic cohort, suggesting that there 
exists a distinctive mutagenic process in oligometastatic 
NSCLC. Future studies linking this signature of unknown 
origin with cancer risk factors may provide insights into 
mechanisms and offer avenues for further research into oli-
gometastatic disease.

As oligometastasis had heterogenous level of SNVs and 
CNVs in comparison to polymetastatic cohort, we further 
analyzed their involvement in cancer-related signaling path-
ways. In particular, we focused on PI3K-Akt signaling path-
way, which plays an important role in carcinogenesis. Over-
all, 85.90% of oligometastatic NSCLC patients (67/78) had 
mutations in the PI3K pathway. This is certainly consistent 
with the situation that multiple PI3K pathway modifier is 
under clinical study and may be a treatment option for these 
patients [46-48]. In contrast to polymetastasis, oligometas-
tasis appeared to have an indolent course characterized by 
“intermediate state of metastasis.” However, the mechanism 
of maintaining tumor dormancy in oligometastatic NSCLC 
has not been well characterized. In the current study, we 
found oligometastatic patients harbored significantly lower 
frequencies of mutations in genes such as ERBB2 or PIK3CB, 
which participates in HIF-1 signaling pathway, compared 

with polymetastatic samples. Downregulation of HIF-1 sign-
aling may be associated with inhibition of distant metastasis, 
proliferation, and invasion of tumors [49]. Moreover, com-
pared with polymetastatic group, oligometastatic disease has 
a unique significant enrichment of apoptosis signaling path-
way. DNA damage checkpoint gene, ATM, which induce cell 
death or senescence in response to DNA damage or DNA 
replication stress [50] and is involved in apoptosis signaling. 
Mutations in ATM occurred less frequently in oligometastat-
ic patients in comparison with polymetastatic patients (4% 
vs. 10%, p=0.291). The lower frequency of ATM mutations 
may promote apoptosis to maintain the indolent state due to 
a stronger ability to repair DNA damage in oligometastasis. 
Together, these results possibly explain the relatively weaker 
state of tumor metastatic potential and possible dormancy 
in oligometastatic NSCLC compared with polymetastasis. 
Further studies are necessary to detail such mechanisms and 
identify targets in these pathways that may control the for-
mation of oligometastasis in NSCLC.

Nowadays, patients with specific molecular changes have 
greatly benefited from targeted therapy. Treatment deci-
sions should be based on molecular changes in a tumor, with 
standardized and easily interpreted annotations. OncoKB 
provides detailed, evidence-based information about indi-
vidual somatic mutations. In this study, we found 74.03% 
of patients with oligometastasis had at least one actionable 
mutation. This percentage was comparable with the 67%  
reported in 1,564 patients with usual advanced NSCLC in the 
previous study [51]. However, there were 49.35% of oligo-
metastatic patients carrying EGFR T790M mutations (15.58%) 
or sensitizing EGFR mutations including 19del (18.18%), 
L858R (23.38%), L861Q (1.30%), and S768I (1.30%), which 
were also higher than the conventional advanced NSCLC 
patients (41.2%) as previously reported [51]. Given the high-
er frequency of EGFR-sensitive driver gene mutations, this 
may partly explain a better prognosis of patients with oligo-
metastatic NSCLC. Besides EGFR mutations, the other most 
common actionable mutations were CDKN2A and KRAS 
mutations, which were the major components of level 3 and 
4 alterations. A level 3 or 4 alteration indicates that there is 
compelling clinical or biological evidence to support the bio-
marker as a predictor of response to an existing drug. Given 
the high frequency and clinical evidence classification of 
CDKN2A and KRAS actionable alterations in oligometastatic 
NSCLC, therapeutic developments in CDKN2A or KRAS  
inhibition would be of great interest. Actually, KRAS muta-
tions have traditionally been considered untargetable until 
the recent development of KRAS G12C inhibitors, which have 
shown promise in the treatment of lung cancers and other 
solid tumors that harbor a KRAS G12C mutation [52,53]. As 
oncology research and drug development advance rapidly, 
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more oligometastatic patients with level 3 or 4 alterations as 
well as those without actionable mutations currently may 
still be of therapeutic value and potentially benefit from tar-
geted therapies in the future. In general, our findings provide 
new insights into patients with oligometastatic NSCLC who 
possess actionable molecular alterations and receive appro-
priately matched therapy, and lay the foundation for future 
prospective clinical trials of oligometastatic NSCLC guided 
by molecular profiling.

Aside from targeted therapy, immunotherapy has also 
expanded the therapeutic repertoire for NSCLC. Recent 
study has identified TMB as a promising biomarker for ICI 
treatment response [28]. We observed the median TMB of 
oligometastatic patients was 5.00 mutations/Mb. Alborelli 
et al. [54] enrolled 76 advanced NSCLC patients who had 
a median TMB of 7.00 (range, 0.00 to 22.00) mutations/Mb, 
which is close to our data in oligometastatic cohort. In this 
research, TP53 mutation, LRP1B mutation, SMARCA4 muta-
tion, DDR genes mutations, and smoking were significantly 
positively correlated with TMB in oligometastatic NSCLC. 
These findings were consistent with previous studies show-
ing that NSCLC patients with these genetic variations or bio-
logical risk factors were positively associated with a higher 
TMB [35,36,55-57]. In particular, this is the first time that 
the ABL1 gene has been found to be associated with higher 
TMB in NSCLC, especially in oligometastatic NSCLC. There-
fore, specific concomitant mutations and distinct biological  
behaviors, such as smoking, may account for the higher TMB 
and help identify oligometastatic patients who benefit from 
immunotherapy, but more clinical studies are needed to 
confirm this relationship. Notably, statistical analysis didn’t  
indicate a significant association between TMB and sex, age, 
metastatic site, and mutations in CDKN2A, EGFR, RB1, CD-
KN2B, KRAS, PIK3CA, MET, MYC, and KEAP1. Actually, 
these clinical characteristics and some of these specific genes 
have been shown to be associated with TMB. For example, 
previous study reported that TMB had a better predictive 
power of immunotherapy response in women and was  
associated with increasing age, CDKN2A and EGFR muta-
tions in lung cancer [31,33,34,58]. Future studies may recruit 
more oligometastatic patients to analyze the relationship  
between TMB and these clinical features or mutations.

To our knowledge, this study is the first to characterize the 
genomic alterations of oligometastatic NSCLC through NGS, 
which sheds light on the molecular characteristics and pro-
vides valuable biological and clinical insights into the inter-
mediate state. We deeply analyzed the differences in somatic 
mutations and gene expression patterns between oligometa-
static and polymetastatic tumors, as well as biological path-
ways that may play an important role in maintenance of oli-
gometastatic status. Our findings may provide new insights 

into personalized treatment for oligometastatic NSCLC  
patients. The limitations of this study are worth mentioning. 
First, as this is a retrospective study, its database limits the 
investigation of other sources of potential bias. Second, in the 
absence of accurate diagnostic criteria, the diagnosis of oli-
gometastasis was based on the current clinical consensus, so 
we may have created a confounding between patients with 
oligometastasis and those with polymetastasis. Thirdly, due 
to the great bias of the survival data in our research, the sur-
vival analysis was not performed. Fourthly, the imbalance of 
sample size between the oligometastatic and polymetastatic 
groups may result in statistical bias. Fifthly, the molecular 
mechanism related to the occurrence and development of 
oligometastasis found in this study is still lacking in further  
exploration and verification. Our findings should be vali-
dated in larger samples in future studies. In conclusion, our 
study comprehensively elucidates the unique mutational 
landscape of oligometastatic NSCLC patients and its dif-
ferience from polymetastatic ones from the perspective of 
genomics, which may improve the selection of patients with 
real oligometastatic state and optimize personalized cancer 
therapy.

Electronic Supplementary Material
Supplementary materials are available at Cancer Research and 
Treatment website (https://www.e-crt.org).

Ethical statement
The study was reviewed and approved by the Ethics Committees 
of the Second Hospital of Chongqing Medical University and the 
approval number is 2021-101. Informed consent was obtained from 
the patient.

Author Contributions
Conceived and designed the analysis: Liao R, Chen K.
Collected the data: Li J, He H, Yi G.
Performed the analysis: Liao R, Chen K, Huang M, Chen R, Shen L.
Wrote the paper: Liao R, Chen K.
Provide critical comments, suggestions, and revised the paper: 
Zhang X, Xu Z, Yang Z, Peng Y.

ORCID iDs
Rongxin Liao  : https://orcid.org/0000-0002-9409-1059
Zhenzhou Yang  : https://orcid.org/0000-0003-2496-1992
Yuan Peng  : https://orcid.org/0000-0001-9563-9568

Conflicts	of	Interest
Conflict of interest relevant to this article was not reported.

Cancer Res Treat. 2023;55(3):814-831

https://orcid.org/0000-0001-9563-9568
https://orcid.org/0000-0003-2496-1992
https://orcid.org/0000-0002-9409-1059


VOLUME 55 NUMBER 3 JULY 2023     829

Acknowledgments 
This work was supported by grants from the Natural Science Foun-
dation of Chongqing (No. cstc2020jcyj-msxmX0208), Kuanren Tal-
ents Program of the Second Affiliated Hospital of Chongqing Medi-

cal University (No. KRYC-YQ-2116) to Yuan Peng and the Project of 
Chongqing Technology Innovation and Application Development 
(No. CSTC2021jscx-gksb-N0022) and Chongqing Talents Program 
(No. CQYC20200303151) to Zhenzhou Yang.

1.  Roach MC, Robinson CG, DeWees TA, Ganachaud J, Przybysz 
D, Drzymala R, et al. Stereotactic body radiation therapy for 
central early-stage NSCLC: results of a prospective phase I/II 
Trial. J Thorac Oncol. 2018;13:1727-32.

2.  Postmus PE, Kerr KM, Oudkerk M, Senan S, Waller DA, Van-
steenkiste J, et al. Early and locally advanced non-small-cell 
lung cancer (NSCLC): ESMO Clinical Practice Guidelines for 
diagnosis, treatment and follow-up. Ann Oncol. 2017;28:iv1-
21.

3.  Rusthoven KE, Hammerman SF, Kavanagh BD, Birtwhistle 
MJ, Stares M, Camidge DR. Is there a role for consolidative 
stereotactic body radiation therapy following first-line sys-
temic therapy for metastatic lung cancer? A patterns-of-fail-
ure analysis. Acta Oncol. 2009;48:578-83.

4.  Hellman S, Weichselbaum RR. Oligometastases. J Clin Oncol. 
1995;13:8-10.

5.  Chang JY, Verma V. Optimize local therapy for oligometastat-
ic and oligoprogressive non-small cell lung cancer to enhance 
survival. J Natl Compr Canc Netw. 2022;20:531-9.

6.  Iyengar P, Wardak Z, Gerber DE, Tumati V, Ahn C, Hughes 
RS, et al. Consolidative radiotherapy for limited metastatic 
non-small-cell lung cancer: a phase 2 randomized clinical 
trial. JAMA Oncol. 2018;4:e173501.

7.   Gomez DR, Tang C, Zhang J, Blumenschein GR Jr, Hernandez 
M, Lee JJ, 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-institu-
tional, phase II, randomized study. J Clin Oncol. 2019;37:1558-
65.

8.  Bauml JM, Mick R, Ciunci C, Aggarwal C, Davis C, Evans T, 
et al. Pembrolizumab after completion of locally ablative ther-
apy for oligometastatic non-small cell lung cancer: a phase 2 
trial. JAMA Oncol. 2019;5:1283-90.

9.  Rim CH, Cho WK, Lee JH, Kim YS, Suh YG, Kim KH, et al. 
Role of local treatment for oligometastasis: a comparability-
based meta-analysis. Cancer Res Treat. 2022;54:953-69.

10.  Li H, Durbin R. Fast and accurate short read alignment with 
Burrows-Wheeler transform. Bioinformatics. 2009;25:1754-60.

11.  Cibulskis K, Lawrence MS, Carter SL, Sivachenko A, Jaffe D, 
Sougnez C, et al. Sensitive detection of somatic point muta-
tions in impure and heterogeneous cancer samples. Nat Bio-
technol. 2013;31:213-9.

12.  McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, 
Kernytsky A, et al. The Genome Analysis Toolkit: a MapRe-
duce framework for analyzing next-generation DNA sequenc-
ing data. Genome Res. 2010;20:1297-303.

13.  Robinson JT, Thorvaldsdottir H, Winckler W, Guttman M, 
Lander ES, Getz G, et al. Integrative genomics viewer. Nat 
Biotechnol. 2011;29:24-6.

14.  Wang K, Li M, Hakonarson H. ANNOVAR: functional anno-
tation of genetic variants from high-throughput sequencing 
data. Nucleic Acids Res. 2010;38:e164.

15.  Forbes SA, Beare D, Boutselakis H, Bamford S, Bindal N, Tate 
J, et al. COSMIC: somatic cancer genetics at high-resolution. 
Nucleic Acids Res. 2017;45:D777-83.

16.  Blokzijl F, Janssen R, van Boxtel R, Cuppen E. MutationalPat-
terns: comprehensive genome-wide analysis of mutational 
processes. Genome Med. 2018;10:33.

17.   Chakravarty D, Gao J, Phillips SM, Kundra R, Zhang H, Wang 
J, et al. OncoKB: a precision oncology knowledge base. JCO 
Precis Oncol. 2017;2017:PO.17.00011.

18.  Schumacher TN, Schreiber RD. Neoantigens in cancer immu-
notherapy. Science. 2015;348:69-74.

19.  Subbiah V, Solit DB, Chan TA, Kurzrock R. The FDA approval 
of pembrolizumab for adult and pediatric patients with tumor 
mutational burden (TMB) ≥10: a decision centered on empow-
ering patients and their physicians. Ann Oncol. 2020;31:1115-8.

20.  Teo MY, Seier K, Ostrovnaya I, Regazzi AM, Kania BE,  
Moran MM, et al. Alterations in DNA damage response and 
repair genes as potential marker of clinical benefit from PD-1/
PD-L1 blockade in advanced urothelial cancers. J Clin Oncol. 
2018;36:1685-94.

21.  Landrum MJ, Lee JM, Benson M, Brown G, Chao C, Chitipi-
ralla S, et al. ClinVar: public archive of interpretations of clini-
cally relevant variants. Nucleic Acids Res. 2016;44:D862-8.

22.  Adzhubei IA, Schmidt S, Peshkin L, Ramensky VE, Gerasi-
mova A, Bork P, et al. A method and server for predicting 
damaging missense mutations. Nat Methods. 2010;7:248-9.

23.  Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R package 
for comparing biological themes among gene clusters. OMICS.  
2012;16:284-7.

24.  Alexandrov LB, Ju YS, Haase K, Van Loo P, Martincorena I, 
Nik-Zainal S, et al. Mutational signatures associated with  
tobacco smoking in human cancer. Science. 2016;354:618-22.

25.  Helleday T, Eshtad S, Nik-Zainal S. Mechanisms underlying  
mutational signatures in human cancers. Nat Rev Genet. 2014; 
15:585-98.

26.  Kim JH, Yoon S, Lee DH, Jang SJ, Chun SM, Kim SW. Real-
world utility of next-generation sequencing for targeted gene 
analysis and its application to treatment in lung adenocarci-
noma. Cancer Med. 2021;10:3197-204.

27.   Huang RS, Harries L, Decker B, Hiemenz MC, Murugesan K, 

References

Rongxin Liao, Genomic Characteristics of Oligometastatic NSCLC



830     CANCER  RESEARCH  AND  TREATMENT

Creeden J, et al. Clinicopathologic and genomic landscape of 
non-small cell lung cancer brain metastases. Oncologist. 2022; 
27:839-48.

28.  Hellmann MD, Ciuleanu TE, Pluzanski A, Lee JS, Otterson 
GA, Audigier-Valette C, et al. Nivolumab plus ipilimumab in 
lung cancer with a high tumor mutational burden. N Engl J 
Med. 2018;378:2093-104.

29.  Chan TA, Yarchoan M, Jaffee E, Swanton C, Quezada SA, 
Stenzinger A, et al. Development of tumor mutation burden 
as an immunotherapy biomarker: utility for the oncology cli-
nic. Ann Oncol. 2019;30:44-56.

30.  Wang Z, Duan J, Cai S, Han M, Dong H, Zhao J, et al.  
Assessment of blood tumor mutational burden as a potential 
biomarker for immunotherapy in patients with non-small cell 
lung cancer with use of a next-generation sequencing cancer 
gene panel. JAMA Oncol. 2019;5:696-702.

31.  Chalmers ZR, Connelly CF, Fabrizio D, Gay L, Ali SM, Ennis 
R, et al. Analysis of 100,000 human cancer genomes reveals 
the landscape of tumor mutational burden. Genome Med. 
2017;9:34.

32.  Cremolini C, Antoniotti C, Rossini D, Lonardi S, Loupakis F, 
Pietrantonio F, et al. Upfront FOLFOXIRI plus bevacizumab 
and reintroduction after progression versus mFOLFOX6 
plus bevacizumab followed by FOLFIRI plus bevacizumab 
in the treatment of patients with metastatic colorectal can-
cer (TRIBE2): a multicentre, open-label, phase 3, randomised, 
controlled trial. Lancet Oncol. 2020;21:497-507.

33.  Chen Z, Guo Y, Zhao D, Zou Q, Yu F, Zhang L, et al. Com-
prehensive analysis revealed that CDKN2A is a biomarker for 
immune infiltrates in multiple cancers. Front Cell Dev Biol. 
2021;9:808208.

34.  Offin M, Rizvi H, Tenet M, Ni A, Sanchez-Vega F, Li BT, et 
al. Tumor mutation burden and efficacy of EGFR-tyrosine  
kinase inhibitors in patients with EGFR-mutant lung cancers. 
Clin Cancer Res. 2019;25:1063-9.

35.  Chen H, Chong W, Wu Q, Yao Y, Mao M, Wang X. Associa-
tion of LRP1B mutation with tumor mutation burden and out-
comes in melanoma and non-small cell lung cancer patients 
treated with immune check-point blockades. Front Immunol. 
2019;10:1113.

36.  Schoenfeld AJ, Bandlamudi C, Lavery JA, Montecalvo J, Nam-
akydoust A, Rizvi H, et al. The genomic landscape of SMAR-
CA4 alterations and associations with outcomes in patients 
with lung cancer. Clin Cancer Res. 2020;26:5701-8.

37.   Ettinger DS, Wood DE, Aisner DL, Akerley W, Bauman JR, 
Bharat A, et al. NCCN guidelines insights: non-small cell lung 
cancer, version 2.2021. J Natl Compr Canc Netw. 2021;19:254-
66.

38.  Planchard D, Popat S, Kerr K, Novello S, Smit EF, Faivre-Finn 
C, et al. Metastatic non-small cell lung cancer: ESMO Clinical 
Practice Guidelines for diagnosis, treatment and follow-up. 
Ann Oncol. 2018;29:iv192-237.

39.  Robinson D, Van Allen EM, Wu YM, Schultz N, Lonigro RJ, 
Mosquera JM, et al. Integrative clinical genomics of advanced 
prostate cancer. Cell. 2015;161:1215-28.

40.  Egolf S, Zou J, Anderson A, Simpson CL, Aubert Y, Prouty S, 

et al. MLL4 mediates differentiation and tumor suppression 
through ferroptosis. Sci Adv. 2021;7:eabj9141.

41.  Whale AD, Colman L, Lensun L, Rogers HL, Shuttleworth 
SJ. Functional characterization of a novel somatic oncogenic  
mutation of PIK3CB. Signal Transduct Target Ther. 2017;2: 
17063.

42.  Cancer Genome Atlas Research Network. Comprehensive 
genomic characterization of squamous cell lung cancers.  
Nature. 2012;489:519-25.

43.  Cancer Genome Atlas Research Network. Comprehensive 
molecular profiling of lung adenocarcinoma. Nature. 2014; 
511:543-50.

44.  Frank R, Scheffler M, Merkelbach-Bruse S, Ihle MA, Kron A, 
Rauer M, et al. Clinical and pathological characteristics of 
KEAP1- and NFE2L2-mutated non-small cell lung carcinoma 
(NSCLC). Clin Cancer Res. 2018;24:3087-96.

45.  Blackford AN, Jackson SP. ATM, ATR, and DNA-PK: the 
trinity at the heart of the DNA damage response. Mol Cell. 
2017;66:801-17.

46.  Mayer IA, Abramson VG, Formisano L, Balko JM, Estrada 
MV, Sanders ME, et al. A phase Ib study of alpelisib (BYL719), 
a PI3Kalpha-specific inhibitor, with letrozole in ER+/HER2- 
metastatic breast cancer. Clin Cancer Res. 2017;23:26-34.

47.   Patnaik A, Appleman LJ, Tolcher AW, Papadopoulos KP, 
Beeram M, Rasco DW, et al. First-in-human phase I study of 
copanlisib (BAY 80-6946), an intravenous pan-class I phos-
phatidylinositol 3-kinase inhibitor, in patients with advanced 
solid tumors and non-Hodgkin’s lymphomas. Ann Oncol. 
2016;27:1928-40.

48.  Powles T, Lackner MR, Oudard S, Escudier B, Ralph C, Brown 
JE, et al. Randomized open-label phase II trial of apitolisib 
(GDC-0980), a novel inhibitor of the PI3K/mammalian target 
of rapamycin pathway, versus everolimus in patients with 
metastatic renal cell carcinoma. J Clin Oncol. 2016;34:1660-8.

49.  Ma Z, Wang LZ, Cheng JT, Lam WST, Ma X, Xiang X, et al. 
Targeting hypoxia-inducible factor-1-mediated metastasis for 
cancer therapy. Antioxid Redox Signal. 2021;34:1484-97.

50.  Negrini S, Gorgoulis VG, Halazonetis TD. Genomic instabil-
ity: an evolving hallmark of cancer. Nat Rev Mol Cell Biol. 
2010;11:220-8.

51.  Zhao S, Zhang Z, Zhan J, Zhao X, Chen X, Xiao L, et al. Utility 
of comprehensive genomic profiling in directing treatment 
and improving patient outcomes in advanced non-small cell 
lung cancer. BMC Med. 2021;19:223.

52.  Hong DS, Fakih MG, Strickler JH, Desai J, Durm GA, Shapiro 
GI, et al. KRAS(G12C) inhibition with sotorasib in advanced 
solid tumors. N Engl J Med. 2020;383:1207-17.

53.  Skoulidis F, Li BT, Dy GK, Price TJ, Falchook GS, Wolf J, et 
al. Sotorasib for lung cancers with KRAS p.G12C mutation. N 
Engl J Med. 2021;384:2371-81.

54.  Alborelli I, Leonards K, Rothschild SI, Leuenberger LP, Savic 
Prince S, Mertz KD, et al. Tumor mutational burden assessed 
by targeted NGS predicts clinical benefit from immune 
checkpoint inhibitors in non-small cell lung cancer. J Pathol. 
2020;250:19-29.

55.  Ricciuti B, Recondo G, Spurr LF, Li YY, Lamberti G, Venkatra-

Cancer Res Treat. 2023;55(3):814-831



VOLUME 55 NUMBER 3 JULY 2023     831

man D, et al. Impact of DNA damage response and repair 
(DDR) gene mutations on efficacy of PD-(L)1 immune check-
point inhibition in non-small cell lung cancer. Clin Cancer 
Res. 2020;26:4135-42.

56.  Dong ZY, Zhong WZ, Zhang XC, Su J, Xie Z, Liu SY, et al. 
Potential predictive value of TP53 and KRAS mutation status 
for response to PD-1 blockade immunotherapy in lung adeno-
carcinoma. Clin Cancer Res. 2017;23:3012-24.

57.   Wang C, Liang H, Lin C, Li F, Xie G, Qiao S, et al. Molecular 
subtyping and prognostic assessment based on tumor muta-
tion burden in patients with lung adenocarcinomas. Int J Mol 
Sci. 2019;20:4251.

58.  Wang S, Zhang J, He Z, Wu K, Liu XS. The predictive power 
of tumor mutational burden in lung cancer immunotherapy 
response is influenced by patients’ sex. Int J Cancer. 2019;145: 
2840-9.

Rongxin Liao, Genomic Characteristics of Oligometastatic NSCLC




