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ABSTRACT

PURPOSE: About one-third of nonsmall cell lung cancer (NSCLC) patients develop brain metastases (BM). However, there is an unmet need
for early diagnosis and treatment of BM. The precise mechanism for BM is still unknown. However, the genetic heterogeneity between pri-
mary tumor and paired BM indicates that sampling from the primary tumor may not be able to fully represent the mutational status in metas-
tases. In this study, the genetic heterogeneity of primary lung adenocarcinoma and paired BM was analyzed.

PATIENTS AND METHODS: A total of 11 paired samples of primary tumors and BM from lung cancer patients were included, in which 7
paired samples of patients were finally analyzed. Samples were sequenced by whole-exome sequencing (WES) to investigate the common
and unique mutations in the primary tumors and BM, and the similarities and differences in copy number variation (CNV).

RESULTS: The consistency of gene mutation between primary lung adenocarcinoma and paired BM was 33% to 86%. FAM129C and
ADAMTSs specifically mutated in BM, along with NKX2-1 high amplification and SAMD2/4 copy number deletion.

CONCLUSION: The consistency of gene mutation between primary lung adenocarcinoma and corresponding BM is relatively high, while
the individual differences were significant. FAM129C and ADAMTSs mutations and high amplification of NKX2-1 may be related to BM of

lung cancer. The loss of copy number of SAMD2/4 may be a potential therapeutic target for BM from lung adenocarcinoma.
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Introduction

Lung cancer is the most common malignant tumor with the
highest morbidity and mortality, of which nonsmall cell lung
cancer (NSCLC) accounts for 80% to 85%.1 However, at least
57% of patients with NSCLC had metastasized at the time of
diagnosis and missed the opportunity for surgery.? Brain
metastases (BM) is a significant cause of death in patients with
advanced malignancies, which occurs in about 20% of lung
cancer.3 Furthermore, most of them are manifested as multiple
metastases.* Brain metastases from lung cancer seriously affect
the prognosis of patients, with average survival period after
BM only 6 to 11months.> Moreover, the efficacy of chemo-
therapy is somehow limited due to their inefficient capabilities
to cross the blood-brain barrier (BBB), leading to poor drug
exposure in the brain.” Targeted therapy based on molecular
typing has achieved great success in NSCLC; especially the
treatment by epidermal growth factor receptor tyrosine kinase
inhibitors (EGFR-TKIs) with EGFR-sensitive mutation since
2015.1 Osimertinib for example, as a third-generation EGFR-
TKI, exhibit improved BBB permeability and more potent
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activities.® Besides, in recent years, immunotherapy, such as
programmed cell death protein 1 (PD-1) or programmed
death-ligand 1 (PD-L1) inhibitors, has also showed significant
efficacy in NSCLC patients with BM.? Of note, different
characteristics of tumor microenvironments between primary
tumor and BM, including tumor mutation burden, certain
genetic variations, or T-cell infiltration, are reported to be asso-
ciated with the efficacy of PD-1 or PD-L1 inhibitors.1%!1
Therefore, it is important to perform genetic testing on the
molecular typing of NSCLC.

All tumors are derived from genetic variation, and the devel-
opment of tumors is a process of constant accumulation of
genetic and epigenetic variation.!? Next-generation sequencing
(NGS) of primary tumor tissue samples is widely accepted as a
practical method to determine genetic variations of lung cancer
patients.!3* However, the potential genetic heterogeneity
between primary tumor and corresponding BM raises the
question whether primary tumor sample can be an alternative
for the detection of genetic variations in BM. As previously
reported, genomic analyses of BM and matching primary
tumor have revealed that BM can harbor unique potentially
actionable driver mutations.!® Herein, this study focused on the
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genetic heterogeneity between primary lung adenocarcinoma

and BM to explore the specific variation of BM.

Patients and Methods
Study population

Patients included in this study were screened from patients
admitted to Daping Hospital affiliated to the Army Medical
University (Chongging, China) from January 2010 to October
2013. All patients were diagnosed as lung adenocarcinoma
with BM. Tumor samples obtained by surgery or puncture were
validated to be lung adenocarcinoma by histopathology, and all
of them were prepared into formalin-fixed paraffin-embedded
(FFPE) tumor samples, meeting the requirements of NGS.

Methods

Ethical statement. This study was approved by the ethics com-
mittee of Daping Hospital affiliated to Army Medical Univer-
sity, Chongging, China (Ethics file no. 202061). The need for
consent was waived by the ethics committee after evaluation of

the study design.

DNA extraction. DNA from FFPE sections was extracted
using QIAamp DNA FFPE Tissue Kit (Qiagen) according to
the standard protocol. Samples satisfied the following tests,
including concentration, sample integrity, and purification,
which were chosen for constructing the exome sequencing

library.

DNA library construction and NGS. For each sample, the
extracted genomic DNA was randomly fragmented by Covaris
to an average size of 200 to 250bp. After end-repaired and
adaptors ligated, these fragments were amplified by polymerase
chain reaction (PCR). Then we used the required amount of
precapture library for whole-exome capture with Agilent Sure-
Select Human All Exon51M following the standard manufac-
turer’s protocol. The final qualified libraries were used to
amplify on cBot to generate the cluster on the flow cell, and the
amplified flow cell was sequenced pair end on HiSeq 2000 Sys-
tem at 90bp read length. The average sequence depth was
157X (range from 118X to 191X).

Bioinformatics analysis

Mapping. After removing reads containing sequencing adapt-
ers and low-quality reads with more than 5 ambiguous, high-
quality reads were aligned to the NCBI human reference
(hg19) using BWA (v 0.5.9) with default parameters, and then

we used Picard to mark duplicates.

Somatic mutation. Somatic point mutations were detected by
VarScan2.2.5. Somatic indels were predicted with GATK
Somatic Indel Detector with default parameters. All high-con-
fident mutations were obtained using an in-house pipeline

coupled with visual inspection and the mutations with variant
frequency smaller than 0.1 were discarded. For the mutation
that was only confidently detected in primary tumor or metas-
tases but not in the other one, Samtools was applied to check if
some reads could support this mutation. For the percent of
support reads reach 2%, the mutation was considered to exist in
both primary tumors and metastases. Then all called mutations
were annotated with ANNOVAR and applied to DAVID

pathway enrichment analysis.

Mutation signatures. To decipher the mutational process in
lung cancer, the somatic mutations of our research was merged
with mutations of 183 lung adenocarcinoma called by Imielin-
ski et al' and delineated their mutational signatures using the
method proposed by Alexandrov et al.'”

Copy number variation. Adjacent healthy tissues were used as a
control for copy number variation (CNV). Copy number anal-
ysis from whole-exome sequencing (WES) data was performed
using ReCapSeg. To identify the difference of significantly
amplified or deleted peaks between primary tumors and BM,
the gistic 2 algorithm was utilized to analyze the segmentation
data produced by ReCapSeg. The peak was determined as
amplified or deleted significantly when ¢ value <.25.The copy
number variants of drug target genes were extracted from the
segment result of ReCapSeg, which provided the judgment of
CNV amplification or deletion levels.

Results

Patient characteristics and tumor specimens

Due to the complicated acquisition of BM specimens, a total of
11 triples of primary tumors, adjacent normal tissues, and cor-
responding BM were collected, which were labeled as 1, 2, 3, 4,
6,8,9,10, 11, 14, and 15 (Table 1). Among them, No. 6 was
confirmed as lung squamous cell carcinoma, while No. 8,9, and
11 only did not show enough mutations that could not be
included in the analysis mainly due to unsatisfied quality of
tumor tissue. Therefore, only 7 triples of detection results were
qualified to be examined in the study.

The mutation landscape of alterations in primary
and corresponding BM tumors

Somatic mutational profiles of 7 lung adenocarcinoma patients
with corresponding BM were aggregated for the WES. These
samples exhibited 3003 somatic alterations in gene regions in
which 1252 were shared by primary and BM tumors. On the
other hand, 113 specific mutations were detected in primary
tumors, while 386 unique mutations were observed in BM. Two
distinct patterns with varying mutation burdens were identified,
with 5 paired samples were regular-mutated (1.73 mutations/
Mb; range, 1.06-2.38), and the remaining 2 paired samples
showed a hyper-mutated pattern (sample 4 and 14, 19.13 muta-
tions/Mb; range, 13.25-21.97; Figure 1A). Comparing somatic
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Table 1. Patient characteristics.

PATIENT  SEX SMOKING  PRIMARY TUMOR T CATEGORY N CATEGORY SYNCHRONOUS TIME TO BRAIN
STATUS HISTOLOGIC TYPE BRAIN METASTASIS METASTASIS
(MONTHS)
1 F 43 No Adenocarcinoma 2 1 No 13
2 M 54 Yes Adenocarcinoma 2 0 No 9
3 F 38 No Adenocarcinoma 2 0 Yes -
4 M 48 No Adenocarcinoma 2 1 No 60
10 M 63 Yes Adenocarcinoma 2 0 Yes -
14 M 51 Yes Adenocarcinoma 3 0 No 8
15 F 54 No Adenocarcinoma 2 2 Yes —
A 8001
W shared mutations [ unique mutations
700 1 ﬁ
12}
S
s
§ Splice site
k] Frame shift
é Inframe indel
2 Missense
Synonymous
Individuals with non-Syn
B A 1TA 2PA 2TA  3PA  3TA 10PA 10TA 15PA 15TA  4PA  4TA  14PA MTA O 1 2 3
TP53 42.9% -_
EGFR 42.9%
EPHAS5 28.6%

NOTCH1 28.6%

ATP2B1 21.4%

FAM129C 14.3%

ADAMTS20 21.4%

ADAMTS6 14.3%

ATRX 14.3%

CDC14B 14.3%
CDH5 14.3%

IGF1R 14.3%

MET 14.3%

POLE 14.3%

POLI 14.3%

LAMA3 7.1%

CTNNB17.1%

Figure 1. An overview of somatic mutations between correspondin

g primary tumors and brain metastases from 7 patients: (A) the correlation of somatic

mutations in corresponding primary tumors and brain metastases and (B) mutations infrequently mutated genes or targetable genes with existing drug
inhibitors—gene selection based on 1. Belong to the gene of the TARGET database, ruled out those only exist in no. 4 and no. 14 samples (EGFR, TP53,
EPHA5, NOTCH1, IGF1R, ATRX, MET, and CTNNB1); 2. Mutated in 2 or more than 2 patients (ATP2B1, FAM129C, ADAMTS20, CDH5, CCDC14B, and

PRKG2); 3. SIFT <.05 (TGFA and LAMAR) was found to be related

to metastases, and the mutation was harmful. ADAMT6 was also selected for being

from the same family as ADAMTS20. The hypermutation-related genes POLE, POLI are also listed separately, as they altered in hyper-mutated sample

no. 4. EGFR indicates epidermal growth factor receptor.

mutations in primary tumors with their corresponding BM, the
concordance rate is relatively high, which ranges from 33% to
86%. Description of alterations in primary and corresponding
BM tumors was shown in Figure 1B. Several genes associated
with DNA damage repair (DDR), were found in hyper-mutated
samples, such as POLE, POLI, and MSHS6, which may result in

the rapidity accumulation of mutations.

TP53 and EGFR mutations were the most frequently
observed alterations (42.9%) harbored by 3 patients. EPHAS
mutations were identified in 2 patients (28.6%). L858R muta-
tion of EGFR, frequently detected in EGFR-mutated lung
cancers,! was found in 2 cases (Patients 3 and 10), while
frameshift alteration of EGFR was found in 1 case (Patient 1).
NOTCH1 mutation, which was known to affect lung cancer



Clinical Medicine Insights: Oncology

Table 2. Pathway analysis results of primary and metastatic samples.

KEGG PATHWAY NO.OF

COEXIST

ATED GENE OF COEXIST

NO. OF SPECIFIC MUTATED GENE OF
IN METASTASIS METASTASIS

KEGG_FOCAL_ADHESION 19 IGF1R,, LAMB2, MYLK, COL11A1,ACTN4, 5 LAMAS, CTNNBT,
RASGRF1,ITGA10,COL6A3,ITGA4,COL4AS, PTEN,, LAMA3
COL4A2,ITGB4,PDGFB, ACTN2, KDR,,
KEGG_WNT_SIGNALING_ 7 PPP3R2, APC2,LEF1,CREBBP, 5 CTBP2, DKK2, BTRC,
PATHWAY DAAM2,VANGL2,TP53 PLCB4,CTNNB1
KEGG_ 5 DGKD, PIKFYVE, ITPR1,PIK3C2G,PIK3C2A 5 PLCB4,,
PHOSPHATIDYLINOSITOL PTEN,PIP4K2 C,PLCGT
SIGNALING_SYSTEM
KEGG_TIGHT_JUNCTION 9 MYH15,, MYH8,MYH11,ACTN2,ACTN4,PPP 4 MYH13, ASH1L,
2R2B,EPB41L2, PARD3 CTNNB1,PTEN
KEGG_PROGESTERONE_ 7 ADCY8, RPS6KAG6,IGF1R,RPS6KA3,KRAS, 3 BRAF, MAD2L1,
MEDIATED_OOCYTE_ HSP90AAT1,CDC27 cbC23
MATURATION
KEGG_REGULATION_OF_ 17 FGD3, TIAM1,KRAS,MYLK,ACTN4,ITGA10,/ 2 PIP4K2C, BRAF
ACTIN_CYTOSKELETON TGAM, ITGAD, ITGA4,APC2,PIKFYVE,
ITGB4,ITGAX,
CYFIP2,PDGFB,ACTN2,EGFR
KEGG_CALCIUM_ 14 PPP3R2, MYLK, GNAS, ATP2B1,GRM5,AD 2 PLCG1, PLCB4
SIGNALING_PATHWAY CY8,RYR1,RYR2,RYR3,GRIN2A,CACNAT C,
EGFR,ITPR1,CACNATI
KEGG_CELL_ADHESION_ 9 CDHS5, ITGAM,ITGA4,CD22,CD4,CNTN1,LT 2 CDH3, NEO1
MOLECULES_CAMS CAM,CNTNAP2,CNTN2
KEGG_GAP_JUNCTION 9 GRMS5, ADCY8,TUBB4B,EGFR,ITPR1,KRA 2 PLCB4, PRKG2
S,GUCY1A2,PDGFB,GNAS
KEGG_LEUKOCYTE _ 8 CDHS5, ITGAM,ITGA4,SIPAT,MMP9,NCF2,A 2 PLCG1, CTNNB1
TRANSENDOTHELIAL _ CTN2,ACTN4
MIGRATION
KEGG_NOTCH_ 6 NOTCH1, CREBBP,JAG2,LFNG, NCSTN, 2 MAML1, CTBP2

SIGNALING_PATHWAY

Abbreviation: KEGG, Kyoto Encyclopedia of Genes and Genomes.

development,’®1® was observed in 2 cases (28.6%). In the
screening of specific mutant genes of BM (Figure 1), samples
no. 4 and no. 14 were excluded since both samples are hyper-
mutated, which exhibited interference to the overall mutation
frequency statistics. Finally, 2 genes, FAM129C and
ADAMTSs, were found specifically correlated with BM.

In pathway enrichment analysis, we observed that focal
adhesion and extracellular matrix (ECM)-receptor interaction
are the top 2 significant signaling pathways, which are essential
for the formation of the BBB. Moreover, most genes belonging
to these 2 pathways were mutated in both primary tumors and
BM. The pathway analysis results of primary tumors and BM
samples were detailed in Table 2. The enriched pathways in pri-
mary tumors and BM samples are similar, but the genes involved
in those pathways are different.

Divergence of mutation signatures of primary and
BM tumors

To gain further insights into the mutations in primary tumors
and BM, we delineated their mutation signatures using the
computational framework proposed by Alexandrov et al.l”

Three mutation signatures, named signatures 1, 2, and 3, were
extracted from the 7 patients in the current and 183 lung ade-
nocarcinoma patients reported by Imielinski et al.1® Each of
them contributed to the different proportions of mutations in
the primary and BM tumors. The mutation signature pattern
was illustrated in Figure 2. Signature 1 is related to guanine’s
benzopyrene adduct, and signature 3 is featured with CG >TG.
It is noted that signature 2, known as APOBEC signature
widespread across multiple cancer types and associated with
carcinogens-induced single-strand DNA breakage,?’ accounts
for 13.59% mutations in the primary tumor while 22.49% in
corresponding BM.

The significant discrepancy in focal copy number
alterations was detected in obtained samples from
the primary and corresponding BM tumors

The genetic divergence of focal copy number between clini-
cally sampled primary tumors and BM were detected to address
their heterogeneity. A description of focal copy number vari-
ants is provided in Figure 3A. Focal amplification peaks of
copy number alterations in primary tumors and BM were
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Figure 2. Mutational signature analysis of primary tumors and brain metastases: (A) identifying 3 mutational signatures from primary tumors,
corresponding brain metastases, and 183 lung adenocarcinomas and (B) the contributions of 3 mutational signatures to 14 samples.
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Figure 3. The characteristic of focal copy number alterations (A). Focal amplification peaks of copy number alterations in primary tumors and brain
metastases; (B) the correlation between NKX2-1 actual copy number changes and expression levels in 514 LUAD samples from the TCGA data set.

TCGA indicates The Cancer Genome Atlas.

different, especially with 2 significant extended peaks at 8q24.3
and 14q11.2 in the primary tumor, and 14q13.3 and 19q13.32
in BM. Of note, 5 reported genes (FOXA [57.1%, 4/7],
NKX2-1 [57.1%, 4/7], RALGAPA1 [57.1%, 4/7], BCL3
[42.9%, 3/7], and CBLC [42.9%, 3/7]) exhibited high altera-

tion prevalence in metastatic cancer. To gain further insights

into the relationship between CNV and expression of NKX2-
1, we obtained NKX2-1 expression profiles of 237 lung adeno-
carcinoma patients and corresponding copy number variants
data from The Cancer Genome Atlas (TCGA) database. The
corresponding expression pattern of NKX2-1 was calculated by
RSEM analysis. We found that the group with NKX2-1
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GENE |10PA |10TA |14PA J14TA |15PA |15TA | 1PA | 1TA | 2PA | 2TA | 3PA | 3TA | 4PA | 4TA |Therapeutic Agents
EGFR * * ! ! * * EGF-family inhibitor
TP53 & & # * * & Diagnostic / Prognostic
ALK # ALK inhibitors

ERBB2 EGF-family inhibitor
ERBB3 EGF-family inhibitor
ERBB4 EGF-family inhibitor
DDR2 Multitargeted tyrosine kinase inhibitor
MAPK3 EGFR Inhibitors
CDK4 - CDK inhibitor
MCL1 CDK inhibitor
MSH6 * * | Diagnostic / Prognostic
XPO1 SINE agents
MYC Diagnostic / Prognostic
NKX2-1 - - Diagnostic / Prognostic
MDM?2 MDM inhibitor
MDM4 @ MDM inhibitor
RNF43 Porcupine inhibitors
NOTCH2 Notch inhibitor
NOTCH1 * * * * | Notch inhibitor
ESR1 - Hormonal therapy
IGF1R * * IFG1-R Inhibitor
ZNRF3 * * Porcupine inhibitors
BCL2 BCL2 inhibitors
SMAD4 Diagnostic / Prognostic
SMAD2 Diagnostic / Prognostic
MAPK1 EGFR Inhibitors

# missense
# synonymous
! frameshift
& nonframeshift

high-level amplification
low-level amplification
high-level deletion
low-level deletion

Figure 4. A landscape of copy number variants and somatic mutations of targetable genes in primary tumors and brain metastases.

amplification has significantly higher expression than the
group with normal NKX2-1 copy numbers (Student #test,
P<.001), indicating that NKX2-1 amplification is more
inclined to high expression.

Next, we compared somatic mutations and CNV of genes
from the TARGET database. It is noted that ERBB2, ERBB3,
and ERBB4 were merely amplified in metastases (Figure 4),
while SMAD2 and SMAD4 showed copy number deletions
both in primary and metastases tumors, which may act as
tumor suppressors.

Discussion
It has been suggested that BM develop in nearly 20% of indi-
viduals with lung cancer.3 Pulmonary blood can flow to the
brain directly, which may be associated with the frequent
occurrence of BM from primary lung cancer.?! Other factors
include the genetic status of the tumor, BBB, tumor immune
microenvironment, as well as immune recognition.?? However,
the specific mechanism of BM is still not fully clear.?! Therefore,
there is an unmet need for investigating mechanisms for BM.
Given the spatial heterogeneity of a tumor, the gene muta-
tion status of a few tumor cells in the primary site may not
represent the mutation status of distant metastases, including

BM.232* Genetic comparison of primary tumor and extracra-
nial metastases with matched intracerebral metastases revealed
potentially targetable mutations in BM which were not present
in extracranial diseases, indicating that these mutations may
not be detected from a single extracranial sample.?>2¢ Indeed,
more than 50% of BM harbor targetable alterations not
detected in the primary tumor.?® Therefore, studies on the het-
erogeneity, especially the genes with specific variations in the
BM, will help clarify the mechanism of BM.

In this study, 7 triples samples of primary tumors, adjacent
normal tissues, and corresponding BM tumors were analyzed.
The analysis mainly focused on single-nucleotide variation
(SNV), insertion, deletion, and CNV. The results show that
the consistency rate between the 2 pairs is relatively high
(33%-86%; Table 3), while the number of mutations is con-
sistent with the consistency rate. Compared with the study
reported by Vignot et al,?” the consistency rate found in our
study is significantly lower, possibly because Vignot et al
adopted the targeted NGS assay method and only detected
the limited range of 3230 exons in 182-cancer-related genes
plus 37 introns from 14 genes. In our study, the WES method
was used to detect more than 20000 exons, which could bet-
ter reflect the differences. In another study reported by Wang
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Table 3. The consistency of gene mutation between primary and BM lesions.

SAMPLE ID NO. OF PRIMARY SHARED

MUTATION MUTATION
1 17 23
2 17 17
3 19 57
4 36 639
10 4 37
14 6 418
15 14 61

Abbreviation: BM, brain metastases.

et al,?® mutations of major drivers, including EGFR, KRAS,
TP53, and ALK, were highly concordant between primary
NSCLC and corresponding BM (>80%).

In this study, 2 genes of FAM129C and ADAMTSs were
found possibly correlated with BM. FAM129C, also known
as BCNP1, was shown to be involved in cancer, in that its
phosphorylation is dependent on PI3K and p38MAPK and
its degradation depending on a proteasome-mediated path-
way.?? ADAMTSs codes for extracellular protease, which can
affect tumor microenvironment through multiple mecha-
nisms and interact with other components or regulatory fac-
tors to affect cell adhesion, migration, proliferation, and
angiogenesis.’® In a study reported by Liao in 2018,3! the
LDHAL®6B, CSH1, PEXS5, and YBX2 genes were found to
be frequently altered in the primary tumors, while SLC16A2,
PLBD2, APC, ALPPL2, SCUBE2, OR8G5, EVPL genes
were only mutated in primary tumors but not in BM. In addi-
tion, we found SAMD?2 and SMAD4 showed copy number
deletions in both primary and metastases tumors. These 2
genes were associated with the tumour growth factor (TGF)-
beta signaling pathway,?> and it has been reported that the
TGF-beta signaling pathway is related to BM.3® Besides,
TP53 and EGFR mutations were observed in both primary
and metastatic lesions, which is consistent with a previous
study.3! In the future, more mutations may be found based on
new techniques, such as ctDNA detection of cerebrospinal
fluid (CSF), which has attracted much attention because it
may also display the genetic information of BM and have
therapeutic indications.3*

This study has several limitations. First, based on limited
samples and clinical information, it is difficult to draw a “cause-
effect” relationship between the new genes found and the risk
of developing BM. In the future, with more samples enrolled, a
logistic regression analysis along with extensive time course
analysis may provide more evidence to determine the risk of
BM development. Second, transgenic mouse model experi-
ments are needed in the future to provide evidence that muta-
tions of specific genes can result in BM.

NO. OF METASTASIS CONCORDANCE
MUTATION RATE (%)

21 37.70492

17 33.33333

19 60

64 86.4682

23 57.8125
229 64.01225

13 69.31818

In conclusion, this study found that the mutation consistency
between the primary tumor tissue and the BM tissue was rela-
tively high, but the differences between individuals were large.
The mutation of FAM129C and ADAMTSs and the high
amplification of NKX2-1 may be related to BM of lung cancer.
The loss of copy number of SAMD2 and SMAD4 may be a
therapeutic target for BM of lung cancer. The mechanism of
BM in lung cancer needs to be elucidated by further

investigation.

Author Contributions

HY conceived and designed the study, HY, Li Li, and LZ
drafted the paper and did the statistical analysis. HR, Li Lin,
WM and HD collected the data.

ORCIDiD
Yong He (2} https://orcid.org/0000-0002-9404-798X

REFERENCES

1. Dong ], Li B, Lin D, Zhou Q_, Huang D. Advances in targeted therapy and
immunotherapy for non-small cell lung cancer based on accurate molecular typ-
ing. Front Pharmacol. 2019;10:230. doi:10.3389/fphar.2019.00230.

2. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA Cancer J Clin.
2020;70:7-30. doi:10.3322/caac.21590.

3. Davis FG, Dolecek TA, McCarthy BJ, Villano JL. Toward determining the life-
time occurrence of metastatic brain tumors estimated from 2007 United States
cancer incidence data. Newuro Oncol. 2012;14:1171-1177. doi:10.1093/neuonc/
nos152.

4. Nieder C, Spanne O, Mehta MP, et al. Presentation, patterns of care, and sur-
vival in patients with brain metastases: what has changed in the last 20 years?
Cancer. 2011;117:2505-2512. doi:10.1002/cner.25707.

5. MaY, Chen K, Yang Z, Guan M. Targeted sequencing reveals distinct patho-
genic variants in Chinese patients with lung adenocarcinoma brain metastases.
Oncol Lett. 2018;15:4503-4510. doi:10.3892/01.2018.7859.

6. Bearz A, Garassino I, Tiseo M, et al. Activity of pemetrexed on brain metastases
from non-small cell lung cancer. Lung Cancer. 2010;68:264-268. doi:10.1016/j.
lungcan.2009.06.018.

7. Cortes ], Rodriguez J, Aramendia JM, et al. Front-line paclitaxel/cisplatin-based
chemotherapy in brain metastases from non-small-cell lung cancer. Oncology.
2003;64:28-35. doi:10.1159/000066520.

8. Erickson AW, Brastianos PK, Das S. Assessment of effectiveness and safety of
osimertinib for patients with intracranial metastatic disease: a systematic review
and meta-analysis. JAMA Netw Open. 2020;3:¢201617. doi:10.1001/jamanet
workopen.2020.1617.


https://orcid.org/0000-0002-9404-798X

Clinical Medicine Insights: Oncology

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Zhang G, Cheng R, Wang H, etal. Comparable outcomes of nivolumab in
patients with advanced NSCLC presenting with or without brain metastases: a
retrospective cohort study. Cancer Immunol Immunother. 2020;69:399-405.
doi:10.1007/s00262-019.

Mansfield AS, Aubry MC, Moser JC, et al. Temporal and spatial discordance of
programmed cell death-ligand 1 expression and lymphocyte tumor infiltration
between paired primary lesions and brain metastases in lung cancer. Ann Oncol.
2016;27:1953-1958. d0i:10.1093/annonc/mdw289.

Mansfield AS, Ren H, Sutor S, et al. Contraction of T cell richness in lung can-
cer brain metastases. Sci Rep. 2018;8:2171. doi:10.1038/541598-018.

Shen H, Laird PW. Interplay between the cancer genome and epigenome. Ce/l.
2013;153:38-55. doi:10.1016/j.cell.2013.03.008.

Zhang Y, Wang DC, Shi L, Zhu B, Min Z, Jin J. Genome analyses identify the
genetic modification of lung cancer subtypes. Semin Cancer Biol. 2017;42:20-30.
doi:10.1016/j.semcancer.2016.11.005.

Vigneswaran J, Tan YH, Murgu SD, et al. Comprehensive genetic testing iden-
tifies targetable genomic alterations in most patients with non-small cell lung
cancer, specifically adenocarcinoma, single institute investigation. Oncotarget.
2016;7:18876-18886. doi:10.18632/oncotarget.7739.

Han CH, Brastianos PK. Genetic characterization of brain metastases in the era
of targeted therapy. Front Oncol. 2017;7:230. doi:10.3389/fonc.2017.00230.
Imielinski M, Berger AH, Hammerman PS, et al. Mapping the hallmarks of
lung adenocarcinoma with massively parallel sequencing. Ce//. 2012;150:1107-
1120. doi:10.1016/j.cell.2012.08.029.

Alexandrov LB, Nik-Zainal S, Wedge DC, et al. Signatures of mutational pro-
cesses in human cancer. Nature. 2013;500:415-421. doi:10.1038/nature12477.
Gao YP, Li Y, Li HJ, Zhao B. LncRNA NBR2 inhibits EMT progression by
regulating Notchl pathway in NSCLC. Eur Rev Med Pharmacol Sci.
2019;23:7950-7958. doi:10.26355/eurrev_201909_19011.

Jiang J, Ren H, Xu Y, et al. TRIM67 promotes the proliferation, migration, and
invasion of non-small-cell lung cancer by positively regulating the notch path-
way. J Cancer. 2020;11:1240-1249. doi:10.7150/jca.38286.

Taylor BJ, Nik-Zainal S, Wu YL, et al. DNA deaminases induce break-associ-
ated mutation showers with implication of APOBEC3B and 3A in breast cancer
kataegis. Elife. 2013;2:¢00534. doi:10.7554/eLife.00534.

Achrol AS, Rennert RC, Anders C, et al. Brain metastases. Naz Rev Dis Primers.
2019;5:5. doi:10.1038/541572-018.

Kudo Y, Haymaker C, Zhang J, et al. Suppressed immune microenviron-
ment and repertoire in brain metastases from patients with resected

23.

24.

25.

26.

27.

28.

30.

31.

32.

33.

34.

non-small-cell lung cancer. 4nn Oncol. 2019;30:1521-1530. doi:10.1093/
annonc/mdz207.

Yuan Y. Spatial heterogeneity in the tumor microenvironment. Cold Spring Harb
Perspect Med. 2016;6: 2026583. doi:10.1101/cshperspect.a026583.

Dagogo-Jack I, Shaw AT. Tumour heterogeneity and resistance to cancer thera-
pies. Nat Rev Clin Oncol. 2018;15:81-94. doi:10.1038/nrclinonc.2017.166.
Brastianos PK, Carter SL, Santagata S, et al. Genomic characterization of brain
metastases reveals branched evolution and potential therapeutic targets. Cancer
Discov. 2015;5:1164-1177. doi:10.1158/2159-8290.CD.

Dagogo-Jack I, Gill CM, Cahill DP, Santagata S, Brastianos PK. Treatment of
brain metastases in the modern genomic era. Pharmacol Ther. 2017;170:64-72.
doi:10.1016/j.pharmthera.2016.10.011.

Vignot S, Frampton GM, Soria JC, et al. Next-generation sequencing reveals
high concordance of recurrent somatic alterations between primary tumor and
metastases from patients with non-small-cell lung cancer. J Clin Oncol.
2013;31:2167-2172. d0i:10.1200/JC0O.2012.47.7737.

Wang H, Ou Q_, Li D, et al. Genes associated with increased brain metastasis risk
in non-small cell lung cancer: comprehensive genomic profiling of 61 resected
brain metastases versus primary non-small cell lung cancer (Guangdong Associa-
tion Study of Thoracic Oncology 1036). Cancer. 2019;125:3535-3544. doi:10.1002/
cncr.32372.

Patel SJ, Trivedi GL, Darie CC, Clarkson BD. The possible roles of B-cell novel
protein-1 (BCNP1) in cellular signalling pathways and in cancer. J Cel/ Mol Med.
2017;21:456-466. doi:10.1111/jcmm.12989.

Cal S, Lopez-Otin C. ADAMTS proteases and cancer. Matrix Biol. 2015;44-
46:77-85. d0i:10.1016/j.matbio.2015.01.013.

Liao L, Ji X, Ge M, et al. Characterization of genetic alterations in brain metas-
tases from non-small cell lung cancer. FEBS Open Bio. 2018;8:1544-1552.
doi:10.1002/2211-5463.12501.

Kretschmer A, Moepert K, Dames S, et al. Differential regulation of TGF-beta
signaling through Smad2, Smad3 and Smad4. Oncogene. 2003;22:6748-6763.
doi:10.1038/sj.0nc.1206791.

Wang HB, Song WG, Liu HQ_, etal. Role of TGFB1 polymorphism in the
development of metastatic brain tumors in non-small cell lung cancer patients.
Genet Mol Res. 2015;14:3545-3550. doi:10.4238/2015. April.17.3.

Ge M, Zhan Q_, Zhang Z, et al. Different next-generation sequencing pipelines
based detection of tumor DNA in cerebrospinal fluid of lung adenocarcinoma
cancer patients with leptomeningeal metastases. BMC Cancer. 2019;19:143.
doi:10.1186/512885-019.





