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ABSTRACT
◥

Brainmetastases (BM) is one of themain reasons for lung cancer-
related deaths but lack predictionmethods.Many patients with BMs
do not benefit from immunotherapy. A comprehensive genomic
analysis of matched primary tumors (PT) and their BM lesions may
provide new insight into the evolutionary and immune character-
istics. To describe evolutionary features and immune characteristic
differences, we analyzedwhole-exome sequencing data for 28 paired
PT and BM samples from 14 patients with non-small cell lung
cancer. In addition, we used another 26 matched PT and BM
samples as a validation cohort. We found that total mutational
signatures were relatively consistent between paired primary and
brain metastatic tumors. Nevertheless, the shared mutations of the
two lesions were fewer than the mutations present in each of the

lesions alone. In the process of BM, driver genes undergo evolu-
tionary branches. Typical driver genes, including EGFR and TP53,
appear relatively conserved throughout evolution; however, specific
signals are enriched in BM lesions. We found several main char-
acteristics of lung cancer BMs that were different from primary
lung cancer, such as genomic instability, novel driver genes, tumor
mutation burden, and BM lesion private neoantigens. In addition,
the estimated timing of dissemination showed that BMs might
occur early in lung cancer.

Implications: Mechanistic insight from this study provides new
insight into the biology of the metastatic brain process and a new
beneficial approach for preventing and treating lung cancer BMs.

Introduction
Brain metastasis (BM) is one of the most common malignancies in

the central nervous system, which is associated with poor survival
outcomes and poses serious clinical challenges. Approximately 30%–
50% of patients with non–small lung cancer (NSCLC), particularly

those with lung adenocarcinoma, would develop BMs during disease
progression (1).

A recent new understanding of the genomic etiology of NSCLC
has contributed to developing personalized therapeutic options
for patients. Unique genomic traits of BM of lung cancer have
also been reported previously (2–8). Gene variations, chromosomal
alterations, mutation spectrum, mutational signature, clonality, evo-
lutionary pattern, metastasis pathways, and tumor mutation burden
(TMB) may exhibit differences between primary lung lesions and
BM of lung cancer. Clinically, these findings suggest that usual
genetic detection of the primary tumor (PT), as in routine clinical
practice, might overlook potential therapeutic targets in BMs.
Moreover, despite their clinical importance, understanding of BMs
of NSCLC is still limited.

To thoroughly investigate the evolutionary characteristics
and immune divergence between primary and BM tumors, we
analyzed whole-exome sequencing (WES) data for paired primary
and metastatic brain samples from 14 patients with NSCLC.
In addition, we used another series of WES data as a validation
set (n ¼ 13).

Materials and Methods
Patient samples and clinical characteristics

We collected 28 paired tumor specimens from 14 patients with
NSCLC at the Cancer Hospital of the Chinese Academy of Medical
Sciences and Peking Union Medical College who underwent sur-
gical resection from 2009 to 2018. The study was approved by the
ethics committee of the Cancer Hospital of the Chinese Academy
of Medical Sciences (no. 21/288-2959). The validation dataset
included 13 patients with NSCLC with paired tumor specimens:
12 patients from a previous study (5) and another patient from the
same institution. The patient’s clinical characteristics were collected
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from medical records, including sex, age, smoking history, and
tumor subtype (according to International Association for the Study
of Lung Cancer/American Thoracic Society/European Respiratory
Society Classification system). WES was performed for all tumor
samples (Shanghai Tongshu Biotechnology Co., Ltd).

DNA extraction, next-generation sequencing, variant calling,
and annotation

DNA from formalin-fixed paraffin-embedded samples was ex-
tracted using DNeasy Blood and Tissue Kit (69504, QIAGEN). Tissue
sections were examined by pathologists and were required to contain
at least 50% tumor cell nuclei with <20% necrosis per The Cancer
Genome Atlas protocol requirements. Sequencing libraries were con-
structed on the basis of the Illumina standard library construction
instructions (Illumina, Inc.).

For WES, DNA-targeted capture pulldown and exon-wide libraries
were generated from native genomic DNA using xGen Exome
Research Panel (Integrated DNA Technologies) and TruePrep DNA
Library Prep Kit V2 of Illumina (#TD501, Vazyme) according to the
manufacturer’s instructions. Paired-end sequencing data were gener-
ated using a NovaSeq6000, with an average sequencing depth of 200�
for tumor tissues. Sequencing reads were mapped to the human
reference genome (GRCh37) using Burrows-Wheeler Aligner (9), and
PCR duplicates were sorted and removed with GATK4.0. Mutation
calling and filtering were performed following protocols described
previously (10).

CNA burden, weighted genome integrity index, intratumor
heterogeneity, and clonal diversity

Copy number alternations (CNAs) were called from aligned
WES data using CNVkit (11). The CNA burden was calculated
as described previously (12). The weighted genome instability
index (wGII) was calculated on the basis of the segment results
from CNVkit (13). Intratumor heterogeneity (ITH) and clonal
diversity (Shannon diversity index, SDI) were evaluated according
to methods described previously (12). A driver gene set was
constructed by combining the two driver gene lists defined in
previous studies (14, 15). Mutations of driver genes were anno-
tated using cosmic89_coding, oncoKB, and other information by
ANNOVAR.

Spectrum and signatures
Non-negative matrix factorization and model selection were

used to identify major mutational signatures (16). In the cohort,
one sample was considered to have a strong association with a
mutational signature if the proportion of the contribution was
>20% with Mutational Patterns (version 1.10; ref. 17) and decon-
structed Sigs (18).

Estimation of the timing of metastatic seeding
Chronologic estimates of seeding time relative to PT diagnosis

and parameter selection were performed following the multicancer
study by Hu and colleagues (19). The tumor expansion age, that is,
the tumor size and doubling time at diagnosis, was determined with
the Gompertzian model (20).

TMB, human leukocyte antigen type, and neoantigen burden
TMB was calculated by the number of nonsynonymous somatic

mutations [single-nucleotide variants (SNV) and small insertions/
deletions] per mega-base in coding regions.We used the NetMHCpan
version 4.0 binding strength predictor and Pickpocket to predict

potential tumor neoantigens (21). According to the recommended
algorithm, HLA typing was performed in silico using HLAscan (22).

Statistical analysis
All tests were performed in the R environment version 3.6.0

(R core team). The comparison between paired lung tumors and
BMs was based on the Wilcoxon sign-rank test. The nonparametric
Wilcoxon rank-sum test was applied to compare wGII, SDI, and
ITH between smoking and no smoking statuses. Associations with
FDR-adjusted P values [P(FDR), also called q values] <0.05 were
considered significant.

Data availability
Raw WES data of the discovery cohort (GSA: HRA003466) re-

ported in this article have been deposited in the Genome Sequence
Archive in National Genomics Data Center, China National Center
for Bioinformation, Chinese Academy of Sciences that are publicly
accessible at https://ngdc.cncb.ac.cn/gsa. Any information required
to reanalyze the data from the discovery cohort reported in this article
is available from Puyuan Xing (xingpuyuan@cicams.ac.cn) upon
request. Professor Deng approved the validation cohort, and most of
the dataset had been published previously.

Results
Overview of Chinese clinical cohorts

We performed WES among 14 patients with pairwise primary
lung tumor and BM. There were 7 males, and the median age was
52 years. WES data for another 13 patients with matched samples
were used as a validation cohort. The clinical characteristics of the
27 patients in the case series are listed in Supplementary Table S1.

Genomic landscape in PTs and paired BMs
Divergence of BMs and primary lung tumors has been sug-

gested by several studies, such as mutation landscape, mutation
driver, pathway alterations, and TMB (2–6, 23). We compared
the mutational discrepancy between PT and BM tumors in our
discovery cohort. The most typically mutated genes were mainly
enriched in two pathways: genome integrity and receptor tyrosine
kinase (RTK) signaling (Fig. 1A). The most frequent driver
alterations involving transcription factors were in the following
genes: WT1 (14%), MYCN (11%), ZFHX3 (11%), and ZNF750
(11%). The most frequent alterations involving genome integrity
were in the following genes: TP53 (71%), ATM (18%), and ATR
(11%). In RTK signaling pathway, most driver alterations were in
EGFR (68%), FLT3 (7%), JAK1 (7%), and RET (7%). We then
calculated cosine similarity between mutational profiles in pri-
mary lesions and their matched BMs. As illustrated in Fig. 1B, we
observed that almost all patients showed high concordance of
mutations between primary and matched BM lesions. Interest-
ingly, we also observed mutational similarity in paired samples
among different patients, except for Patient 3. To investigate ITH,
genetic mutations were classified as private mutations (present
only in the primary or brain metastatic tumors) or shared
mutations (present in both primary and brain metastatic tumors;
ref. 24). We observed significantly higher heterogeneity between
PTs and BMs (Fig. 1C). Shared genetic mutations, with a median
proportion of 4.9% (range, 0.8%–23%), exhibited lower propor-
tions than private mutations, which were present only in the
primary or brain metastatic tumors [respectively, 54.6%, (range,
33.8%–86.7%); 37.9%, (range, 11.2%–56.7%)].
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Figure 1.

Distinct mutational landscape of PTs and matched BMs. A, Comparison of the mutational landscape between primary lesions and matched BMs. The top panel
represents the TMB of each sample. The middle panel represents the matrix of alterations in a selection of frequently mutated genes. Columns represent samples.
Three clinicopathologic characteristics (gender, smoking history, and histology) are presented below.B, The cosine similarity ofmutational profiles in primary lesions
and their matched BMs was calculated. C, Proportions of private and shared alterations of primary and metastatic lesions of patients.
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The landscape of CNAs and increased chromosomal instability
in human BMs

The CNA burden was similar between lesions from an individual
index focus in P1, P6, P7, P11, and P13; the CNA burden of brain
lesions was higher in P2, P3, P4, P5, P8, P9, P10, P12, and P14
(Fig. 2A). The median CNA burden (46.8) in BMs was significantly
higher than that in PTs (9.1; P ¼ 0.0017).

Chromosomal instability (CIN) is associated with tumor evo-
lution and metastases (25). Matched PTs and BMs in our all-
Chinese cohorts were compared, including levels of wGII, ITH
index, and SDI. We applied wGII to evaluate the CIN difference
among the matched samples. The wGII was similar between lesions
for P1, P3, P6, P7, P8, P9, P11, and P13, whereas wGII differed
between lesions for P2, P4, P5, P10, P12, and P14 (Fig. 2B). The
median wGII (0.67) in BMs was significantly higher than that (0.4)
in PTs (P ¼ 0.0031; Fig. 2B). However, there was no significant
difference in wGII between smoking and nonsmoking cases in the
discovery cohort (Fig. 2B). SDI was similar between lesions for P4,
P5, P6, P8, P11, and P14, but it differed between lesions for P1, P2,
P3, P7, P9, P10, P12, and P13 (Fig. 2C). ITH was similar between
lesions for P1, P2, P4, P5, P6, P7, P8, P9, P11, P12, P13, and P14,
but it was different between lesions for P3 and P10 (Fig. 2D). SDI
(P ¼ 0.0017; Fig. 2C) and ITH (P ¼ 0.036; Fig. 2D) of brain
samples were higher than those of primary samples in the discovery
cohort. In short, CIN might increase in BMs more than in PTs of
Chinese patients with NSCLC.

The landscape of mutational signatures
All samples mainly displayed the C>T transition (Fig. 3A). The

median percentages of C>T, C>G, C>A, T>C, T>G, and T>A variants
were 57.1%, 9.2%, 9.0%, 8.3%, 6.1%, and 3.6%, respectively. Discrepant
variant spectra were observed between different lesions in all patients
at the level of substitution composition, and the difference was
statistically significant for P3 and P12 (Fig. 3A).

Mutational signature spectra are presented in Fig. 3B. The com-
position of single base substitution (SBS) signatures showed extensive
heterogeneity between patients and between different lesions of an
individual patient. As shown, SBS87, 6, 1, 10b, 26, 39, 15, and 3 were
dominant in lung samples, with average percentages of 18.4%, 16.4%,
14.9%, 8.6%, 5.4%, 3.1%, 1.8%, and 1.3%, respectively. SBS6, 87, 1, 15,
3, 39, 10b, and 26 were dominant in brain samples, with average
percentages of 11.9%, 11.8%, 9.7%, 8.7%, 6.4%, 6.3%, 4.1%, and 3.7%,
respectively (Fig. 3C). Among the top eight signatures, four showed
significant differences between primary andmetastatic tumors, includ-
ing SBS 15, 87, 1, and 3.

Furthermore, we compared between these four signatures and
previously defined COSMIC signatures, which helps to reveal clinical
significance, such as molecular mechanisms and etiology. SBS15 and
SBS3 were significantly increased in BM tumors (Fig. 3C). SBS15 is
associated with defective DNA mismatch repair and microsatellite
instability (MSI) and is often found with other MSI-associated sig-
natures. SBS3 is strongly related to somatic and germline BRCA1/2
variants and BRCA1 promoter methylation in breast, ovarian, and
pancreatic cancers. SBS3 is also associated with response to platinum
therapy and homologous recombination repair defect therapy, which
is thought to be a predictor of defective homologous recombination–
based repair. Nonetheless, PTs increased significantly with SBS87 and
SBS1. According to COSMIC, SBS87 may be associated with thiopur-
ine chemotherapy treatment, which needs to be experimentally val-
idated. SBS1 is observed in many cancer types, and SBS1 mutations
over time differ markedly among cancer types. These differences

correlate with estimated stem cell division rates in different tissues,
and SBS1may therefore be associated with cell division and/ormitosis.

The timing of dissemination and clonal evolution analysis
between primary and BM tumors

To infer the evolution of NSCLCwith BM, we investigated clonality
discrepancy and timing of dissemination between primary and met-
astatic tumors. According to a previous study, Ts is identified as the
time (in years) from metastatic seeding to PT diagnosis (26). Ts was
estimated for BMs (monoclonal metastases) in our Chinese cancer
cohort (Fig. 4A). According to this method’s average tumor expansion
age (4.3 years), the seeding time estimate relative to the PT’s diagnosis
was 0.68 years. It is worth noting that 4 patients (P6, P10, P11, P13)
may have had metastases before PT diagnosis. Nevertheless, our
clinical data showed that 2 patients (P6 and P8) had BMs when they
were initially diagnosed. This result indicates that BM may occur
before the primary diagnosis and may even not be detected long after
diagnosis.

Then, we further investigated the evolution of driver variants. All 14
patient samples were assessed; results for driving gene mutation
branching were obtained for 9 patients, whereas the other 5 patients
did not show the driving gene branching result. The median percen-
tages of trunk and branch variants in each sample were 2.4% and
97.6%, respectively. Branch variants were dominant in all detected
samples (Fig. 4B). As shown in Fig. 4C, four driver genes were trunk
variants, including two common driver genes, EGFR and TP53.

The immune landscape in PTs and their metastases
Genetic mutations were analyzed to describe TMB, HLA geno-

types, and tumor neoantigens to investigate the immune char-
acteristics of primary and BM lesions. We first calculated each
tumor specimen’s TMB. Heterogeneity existed in every patient’s
pairwise samples (Fig. 5A), even though nearly all histology was
lung adenocarcinoma. The TMB was compared between the
primary and matched BM lesions (Fig. 5A). Moreover, the TMB
of primary lesions was higher than that of BM lesions (P ¼ 0.3).

Next, we examined HLA genotypes and neoantigens of 28 samples
from 14 cases with primary and brain lesions. Neoantigens were
predicted according to the identified somatic mutations in all tumors.
Among them (Fig. 5B), 9 (64%) patients showed neoantigens, 4 (29%)
patients were male, and 2 (14%) had a smoking history. There were
8 patients with primary lung adenocarcinoma and 1 with primary lung
squamous cell carcinoma. All patients displayed consistent pathology
between primary and metastatic tumors. A wide range of tumor
neoantigen burden (TNB) was identified in both PTs (median 6, range
2–95) and BMs (median 12, range 0–111; Fig. 5B). The TNB of PTs
was similar to that of matched BMs (P ¼ 0.406). Moreover, sex and
smoking history had no impact on TNB of primary lesions or
metastases, which might be due to the limited sample number.
To investigate the characteristic discrepancy of PTs and BMs,
neoantigens were classified as private (present only in PTs or
BMs) and shared (present in both), as in previous studies (24, 27).
We observed a relatively low percentage of shared neoantigens,
with a median of 9.1% (range, 0%–25.8%; Fig. 5C). These results
are consistent with those of previous studies (28).

As neoantigens are commonly considered clinically significant in
personalized vaccine therapy, we further examined the distribution of
HLA genotypes and shared neoantigens between PTs and BMs. All 14
patients were included in the analysis. Neoantigen-relevant results
were not obtained for 5 patients. In total, 44 genotypes identified,
including 12 MHC class I (MHC I) molecules and 32 MHC class II
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Figure 2.

Distinct CNA burden, wGII, SDI, ITH of PTs, and matched BMs. A, Comparison of the CNA burden between primary lesions and matched BMs. B, Comparison of wGII
between primary lesions and matched BMs. C, SDI analysis of primary lesions and matched BMs. D, ITH analysis in primary lesions and matched BMs.
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(MHC II) molecules (Fig. 5D). Most of them belong to HLA-B and
HLA-C. Of note, more neoantigens were related to HLA-C�07:02 and
HLA-B�07:05 alleles, especially the HLA-C�07:02 allele, which pre-
dicted 115 neoantigens (Fig. 5E). Intriguingly, the HLA-G�01:01 allele
was found in five cases (55.5%); it is predicted to 34 neoantigens
(Fig. 5E). In addition, several HLA-A alleles were identified, which
could predicted neoantigens (Fig. 5E).

Validation in another Chinese cohort
The WES data were validated in another cohort. We compared the

genomic characteristics of primary and BM tumors in this Chinese
cohort. In accordance with the results of the discovery cohort, we
observed consistency of primary and metastatic tumors (Fig. 6). The
most frequent variants and associated pathway variants are presented
in Fig. 6A. The frequent mutations were mainly enriched in three
pathways: RTK signaling, genome integrity, chromatin and transcrip-
tion factors pathways. The genome integrity and RTK signaling
pathway-related genes were similar to those in the discovery cohort.
Relatively uniform mutations between primary and matched BM
lesions were also observed in this cohort (Fig. 6A). The BM tumor
wGII was also higher than that of lung cancer samples (P ¼ 0.11;
Fig. 6B). In the validation cohort, we further found that the ITH
(Fig. 6C) and SDI (Fig. 6D) of the primary samples were lower than
those of the BM samples (P¼ 0.17 and P¼ 0.13, respectively). Similar

to the discovery cohort, high concordance of mutations between
primary and matched BM lesions was observed for most patients
(Fig. 6E and F). There was no significant difference in wGII and
ITH between smoking and nonsmoking cases in the validation cohort
(P ¼ 0.84 and P ¼ 0.47, respectively), but SDI in smoking cases
was significantly higher than that in nonsmoking cases (P ¼ 0.023).
The CNA burden in BMs was also higher than that in PTs (P¼ 0.056;
Fig. 6G and H). These trends of CNA burden, wGII, ITH, and SDI
between primary and matched BM lesions were consistent with the
discovery cohort results.

In addition, we investigated immune-relevant biomarkers in the
validation cohort. Unlike the discovery cohort results, TMB in BM
samples was higher than that in PT samples in this cohort (P ¼ 0.15;
Supplementary Fig. S1).

Discussion
Despite recent therapeutic progress in lung cancer, metastasis

remains a major challenge for treatment failure, with a dismal
long-term survival. In our discovery cohort, after surgery, 4 (28.6%,
4/14) patients were treated with EGFR-directed therapy, 4 (28.6%,
4/14) were treated with radiotherapy, and 6 (42.9%, 6/14) were treated
with chemotherapy. Ten patients were treated with different kinds of
adjuvant therapies, yet all 10 experienced BM. Increasing evidence

Figure 3.

Thedistinct signature landscapeof PTs andmatchedBMs.A,The fraction of six substitution subtypes SNV in each group.B, Fractions of SBS signatures in each group.
C, The average fraction difference of the top eight signatures in each group.
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shows thatmetastases are, to some extent, a product of the evolution of
PTs (29). Tang and colleagues further suggested that metastatic
seeding occurs approximately 2.74 years before clinical detection, with
the PTs mainly seeding most nonlymph node metastases (30). Metas-
tasis-competent clones may arise at the early and late stages of PT
progression, even before primary diagnosis. Thus, a better under-
standing of the brain metastatic process may identify novel strategies
to prevent and control distant metastases. Furthermore, elucidating
the immune landscape divergence between paired samples might shed
light on the development of a new approach for clinical therapeutics.
Therefore, it is necessary to research a well-defined cohort of paired
PTs andBMs and perform comparative sequencing analyses to explore
these metastasis events. Nevertheless, most patients with BM of lung
cancer are in late stages at diagnosis and are usually treated with
palliative approaches instead of neurosurgical resection. Thus,
researchers rarely have the opportunity to investigate pairwise pri-

mary-metastatic tumors in terms of genomic and immune character-
istics on a large scale (31).

This study collected matched lung lesion and BM samples to
investigate the mutational signature landscape, evolutionary charac-
teristics, and immune characteristic divergence in NSCLC. Recent
reports have found some novel metastasis-related variants that are
potential biomarkers for targeted therapeutics and prognosis (3, 5).
However, genomic landscape results revealed relative consistency
between PTs and BMs in our cohorts. In addition to the typical driving
genes and relevant variants of NSCLC, some uncommon variants were
found. The mutant gene mainly showed enrichment in chromosome
repair, genome stability, RTK signaling, and transcription factor–
related signaling pathways, which might be involved in BM. Despite
few identical variations in PTs and BMs, the overall mutation char-
acteristics were consistent with previous reports (3). However, it is
worth noting that we observed mutational differences in the PT and

Figure 4.

The timing of dissemination and clonal evolution analysis. A, Estimated time of metastatic seeding (Ts) for metastases in each cohort. B, Distribution of trunk and
branch variants in each sample. Trunk variants encompassed those that occurredon the root node and its only child node; all otherswere classified to haveoccurred in
the branch. C, Genes associated with lung cancer in each sample.

Xie et al.
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BMof Patient 3, who had lung neuroendocrine tumors (LNETs) in BM
lesions. Recently, a single-cell RNA-sequencing study found that most
of the same individual lung cancer cells simultaneously express
classical marker genes of more than two histologic subtypes (adeno-
carcinoma; squamous cell carcinoma; neuroendocrine, NET) of
NSCLC (32). Hence, we infer possible higher heterogeneity in the PT

for Patient 3 than in the other patients, with more NET histologic
subtype cells in the PT. In addition, we explored genomic stability–
related indicators of paired primary and BM tumors and validated
them with another dataset. The CNA burden, wGII, ITH, and SDI in
BM lesions were similar to those of a previous study (6) and higher
than in PTs, suggesting more increased genomic instability of BM

Figure 5.

The immune landscape in paired PTs and their metastases. A, The TMB distribution of all 28 primary and metastatic samples. The total TMB (defined as the
number of nonsynonymous mutations) in each group. B, Baseline comparison and characteristics of neoantigen counts in PTs and BMs. TNB, tumor neoantigen
burden; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma. C, Percentage of shared and private neoantigens. D, The distribution of identified
HLA genotype categories in the HLA complex. E, Corresponding HLA genotypes of clonal neoantigens. HLA, human leukocyte antigen.
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Figure 6.

(Continued on the following page.)

Xie et al.

Mol Cancer Res; 21(4) April 2023 MOLECULAR CANCER RESEARCH382



tumors. Interestingly, in Fig. 2C andD, it can be seen that the SDI and
ITH of Patient 3 have the largest changes from PT to BM, and the ITH
and SDI in BMof Patient 3 were higher than those of the other patients
in the discovery cohort. Previous study reported that the clonal
divergence of small cell lung cance ancestors from the NSCLC cells
occurred before the first EGFR tyrosine kinase inhibitors treatments,
and the heterogeneity may be related to apolipoprotein B mRNA

editing enzyme, catalytic polypeptide-like (APOBEC)-induced
hypermutation (33). We therefore speculate that Patient 3 most
likely also underwent this process, resulting in the generation of
additional subclones, some of which progressed to form neuroen-
docrine tumors.

We further analyzed signature differences between the two lesions
to explore the causes of differences in genomic instability. The main

Figure 6.

(Continued. ) Distinct genomic landscape of PTs and matched BMs. A, Comparison of the genomic landscape between primary lesions and their matched
BMs. B, Comparison of wGII between primary lesions and their matched BMs. C, ITH analysis in primary lesions and matched BMs. D, SDI analysis in
primary lesions and matched BMs. E, The cosine similarity of mutational profiles in primary lesions and matched BMs was calculated. F, Proportions of
alterations private to the primary or metastatic lesion or shared by primary and metastatic lesions in each tumor specimen. G–H, Comparison of CNA
burden between primary lesions and matched BMs.
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base-substitution mutation types in both lesions were similar, but the
SBS type with the highest proportion differed slightly. This result
suggests that the difference in SBS might be related to increased
genomic instability of brain lesions. The signature results provide
insight into why genetic mutations associated with genome integrity
are prevalent in BMs. These results suggest that the BM branch
develops along a more heterogeneous and genomic instability path.
In general, higher CIN may be present in BMs. In conclusion, clones
with a preference for increased heterogeneity are more likely to form
metastases, whereas clones with a preference for proliferation remain
in the PT.

In addition to exploring the genomic characteristics of tumors in
different lesions, we noted that patients with lung cancer BM had
different prognoses after surgery. Previous studies have revealed
that PTs likely seed most distant metastases in colorectal cancer but
that pancreatic cancer exhibits highly diversified spread routes
(34, 35). Therefore, we estimated the timing of dissemination of
metastasis transmission and analyzed the evolution of driver gene
branches. The results showed that the predicted metastatic results
for 1 patient (P6) was consistent with our existing clinical follow-
up. Because current clinical information is limited, more detailed
clinical follow-up information is needed to confirm the predicted
results of several other cases (P10, P11, and P13). These Ts results
may predict the relatively poor prognosis for these patients in
advance. The time of BM is estimated to be earlier, and the
prognosis of patients was necessary to pay more attention.
Although BMs and PTs derive from a common ancestor, they may
develop in two different directions early in the evolution of tumor
cells. Hence, it is possible to prevent lung cancer metastases by early
cancer detection or periodic physical examination. Some novel
molecular technologies, such as circulating cell-free DNA screen-
ing (36, 37), may be more sensitive than low-dose CT for detecting
cancer. Sensitive cancer diagnostic methods could be significant in
preventing lung cancer metastases as early as possible. The typical
driver genes in NSCLC may appear in either the trunk or the branch
in branching evolution, which suggests that these driver genes are
relatively conserved in branching evolution. At the same time, we
found some new driver genes present in the branch. These genes
reflect the genetic mutation differences between metastatic and
primary lesions and provide a new possible molecular basis for
therapeutic strategies for patients with NSCLC with BM.

Furthermore, we explored the immunologic characteristics of pri-
mary lesions and BMs. In TMB analysis, our two datasets led to
different results, which may be related to differences in mutation
characteristics of the patients in the two datasets. Neoantigen analysis
showed that the number of neoantigens in BMs was slightly higher
than that in PTs, suggesting differences in immune characteristics
between the two lesions. These immune results should be validated in
larger sample sizes and in multiomics analysis research. The results of
the current study show that patients with lung cancer with BMNSCLC
respond to immunotherapy (38–41).

Increased genomic instability of BM tumors may induce higher
TMB or TNB. Nevertheless, the TMB of BMs was lower than that of
PTs in the discovery cohort, and the shared mutation proportion was
also lower than that of the private mutation of both BMs and PTs.
Hence, BM may have a more diverse immune microenvironment,
which is a better basic condition for effective immunotherapy. In
addition, although the mutation numbers of BMs are lower than those
of PTs, the heterogeneity of BMs is higher. This indicates that BM
lesions may have organ-specific antigens, which may support novel
predictors for lung cancer with BM. A more detailed study of these

differences might further improve the response rate to immunother-
apy in patients with NSCLC with BM. We also explored HLA typing
characteristics to provide theoretical references for developing new
immune drugs.

There are also several limitations to this study. First, this was a
retrospective study, which may lead to some bias. Second, because
paired primary and metastatic samples are not readily available in the
clinic, we further need more large sample size to validate these results.
Third, multiomics analysis is needed to reveal and verify more details
about tumor immune microenvironment divergence of lung and BM
lesions in NSCLC.

In this study, we identified characteristics of lung cancer BMs that
were different from primary lung cancer in four dimensions: genomic
differences, evolutionary features, immune characteristics, and timing
of dissemination, such as higher genomic instability, novel driver
genes, BM lesion private neoantigens, and a more diverse immune
microenvironment. These findings provide new insight into the
biology of the metastatic brain process. Moreover, despite the con-
servation and similarity of driver mutations, specific signals are still
enriched in BM lesions, providing valuable information for developing
novel strategies to prevent and target BMs. In addition, research on the
heterogeneity of PTs in depth may help to distinguish the histologic
transformation ofmetastases early, determine prognosis and provide a
theoretical basis for individualized treatment.
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