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various types of cancer [1, 2]. BRG1 deficient case accounts 
for ~ 10% of non-small cell lung cancer (NSCLC) patients 
and associates with NSCLC progression and poor prognosis 
[3]. Recently, several newly published studies have dem-
onstrated the direct impact of SMARCA4 deficiency on 
SWI/SNF complex function and chromatin regulation that 
induces aggressive malignancy during lung cancer develop-
ment [3]. Likewise, SMARCA4 is also involved in regu-
lating cytoskeletal function [2]. Non-small cell lung cancer 
studies based on previously published data have shown that 
SMARCA4-deficient NSCLC has highly aggressive behav-
ior with vascular invasion and pleural metastasis [4, 5]. A 
subset of SMARCA4-deficient transformed cells impaired 
the function of the SWI/SNF complex and reduced the chro-
matin accessibility of lung-specific transcription factors, 
which induced specific lung stem cells to undergo malignant 

Introduction

BRG1, encoded by the SMARCA4 gene, is one of the most 
common anomalous ATP-dependent catalytic subunits of the 
SWI/SNF chromatin-remodeling complexes, participating 
in the activation or repression of transcriptional processes in 
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Abstract
BRG1 deficiency in patients with lung adenocarcinoma that has metastasized to the brain, termed BRG1-deficient brain 
metastasis lung adenocarcinoma, is an uncommon event. Prior to this study, these patients had not undergone extensive 
molecular and (epi)genetic analysis. We report a comprehensive clinical, histopathologic, and molecular assessment of 
9 BRG1-deficient brain metastasis lung adenocarcinoma cohort (BRG1-deficient BM cohort) in comparison with a 16 
BRG1-retained brain metastasis lung adenocarcinoma cohort (BRG1-retained BM cohort). Patients with BRG1-deficient 
BM exhibited a significantly increased risk of mortality. Molecular analysis revealed a high prevalence of mutations in 
SMARCA4 and TP53 genes within this group. DNA methylation molecular diagnostics showed a high rate of genomic 
instability and a markedly lower DNA methylation age in these patients. Functional enrichment analysis of differentially 
methylated genes suggested that hypomethylation genes were primarily associated with the negative regulation of neuron 
differentiation, G protein-coupled receptor signaling pathways, and cell differentiation. Conversely, hypermethylation was 
linked to the regulation of small GTPase mediated signal transduction, Rho protein signal transduction, DNA damage 
response, and apoptotic processes. This study investigated a rare subgroup of lung adenocarcinoma patients with brain 
metastasis characterized by BRG1 deficiency and a poor prognosis. Our study not only provides a comprehensive multi-
omic data resource but also provides valuable biological insights into patients. The findings may serve as a valuable refer-
ence for the future pathological diagnosis of BRG1-deficient brain metastasis in lung adenocarcinoma patients.
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Brain metastases lung adenocarcinoma patients with BRG1 loss have 
a grim prognosis, featuring unique morphological and methylation 
characteristics
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transformation, resulting in an advanced dedifferentiated 
tumor state as well as tumor progression and metastasis. 
A study of TCGA data further confirmed that SMARCA4-
mutant lung adenocarcinoma (LUAD) also exhibits a highly 
dedifferentiated state like relevant mouse models [6].

Brain metastases from primary solid organ cancers are 
the most common central nervous system (CNS) tumors [7]. 
Of these, the most common primary tumor is lung cancer 
[8]. Unfortunately, treatment options for LUAD-BM are 
limited and generally less effective than those for primary 
LUAD patients [9]. Morphologic features and molecular 
mechanism of BRG1 deficiency in LUAD with brain metas-
tases have rarely been reported. Accurate diagnosis and 
treatment options for BRG1 deficiency LUAD with brain 
metastases are few and limited in their efficacy.

DNA methylation profile has emerged as a diagnostic and 
prognostic assay for molecular classification of solid can-
cers including brain tumors [10], sarcomas [11], meningio-
mas, and sinonasal carcinomas [12]. Previous studies have 
compared DNA methylation signatures to categorize clini-
cally relevant subgroups in NSCLC [13], and DNA meth-
ylation has been proposed as a prognostic tool to predict 
early recurrence in stage I LUAD tumors [14, 15]. However, 
methylation typing diagnosis for brain metastases from lung 
adenocarcinoma is currently unexplored.

We conducted an in-depth investigation of 25 cases of 
lung adenocarcinoma brain metastasis based on the status of 
the BRG1 protein. For the first time, we identified a subset 
of lung adenocarcinoma brain metastasis with significant 
poor prognosis characterized by BRG1 deficiency. On the 
basis of clinical pathological diagnosis and DNA meth-
ylation molecular diagnosis, these patients had a high fre-
quency of genomic instability and significantly lower DNA 
methylation age. Further analysis of the molecular charac-
teristics of this group of patients also indicated that they had 
a high frequency of mutations in the SMARCA4 and TP53 
genes, and shared similar genomic mutation characteristics 
of malignant tumors as SMARCA4 deficiency NSCLC.

Materials and methods

Patient cohort

Nine patients diagnosed with lung adenocarcinoma brain 
metastases with BRG1 deficiency were included in this 
study, of which eight were collected from Sanbo Brain 
Hospital, Capital Medical University and one from Beijing 
Neurosurgical Institute, Capital Medical University. All 
cases had a clear BRG1 staining result and a history of lung 
occupancy or lung cancer. All of LUAD-BM cases with-
out BRG1 deficiency (N = 16) and non-tumor brain tissues 

(N = 7) for comparing were collected at Sanbo Brain Hospi-
tal, Capital Medical University. The non-tumor brain tissues 
were collected from patients with traumatic brain injury 
who underwent microsurgery, including: fetal hypoxia, 
neonatal cerebral infarction, viral encephalitis, trauma from 
falling, cerebral hemorrhage, trauma from falling, and brain 
tissue scars after trauma. The pathology staining slides were 
evaluated by two independent neuropathologists. Clinical 
data were obtained from medical records.

Histology and immunohistochemical staining

Four- to five-µm sections were cutting from formalin-fixed 
paraffin-embedded (FFPE) tissue specimens for hematox-
ylin and eosin (H&E) and immunohistochemistry (IHC) 
according to manufactures´ instructions of the respective 
reagents. The staining results were independently reviewed 
by two neuropathologists. Immunohistochemical stain-
ing was performed on FFPE sections with the primary 
antibodies described below and the respective secondary 
antibodies matching the primary antibodies. The immuno-
histochemical staining makers included: (i) markers local-
ized to the nucleus: BRG1 (ZSGB-BIO, ZA-0673), TTF1 
(ZSGB-BIO, ZM-0250), Ki-67 (ZSGB-BIO, ZM-0167); (ii) 
markers localized to the cytoplasm: NapsinA (ZSGB-BIO, 
ZM-0417), Cytokeratin (CK) (JIN QIAO YA TU, GC-0343), 
Cytokeratin 7 (CK7) (ZSGB-BIO, ZM-0071), Cytokeratin 
19 (CK19) (ZSGB-BIO, ZM-0074). All reagents purchased 
were in working solution concentrations.

DNA sequence analysis

For the formalin-fixed paraffin-embedded samples, ten 
5 μm tumor slices were used for DNA extraction using the 
QIAamp DNA FFPE Kit (QIAGEN, Valencia, CA, USA) 
following the manufacturer’s instructions. DNA quality was 
assessed by spectrophotometry with absorbance at 230,260, 
and 280  nm, and quantified by Qubit 2.0. Libraries were 
prepared as previously reported [16]. Briefly, 1 µg of frag-
mented genomic DNA underwent t end-repairing, a-tailing, 
and ligation with indexed adapters sequentially, followed by 
size selection using Agencourt AMPure XP beads (Beckman 
Coulter). Hybridization-based target enrichment was carried 
out with GeneseeqOne™ pan-cancer gene panel (494-can-
cer-relevant genes, Nanjing Geneseeq Technology Inc.) 
(Table S4), only one sample with 139-lung-cancer-relevant 
gene panel (Nanjing Geneseeq Technology Inc.). Captured 
libraries by Dynabeads M-270 (Life Technologies) were 
amplified in KAPA HiFi HotStart ReadyMix (KAPA Bio-
systems) and quantified by qPCR using the KAPA Library 
Quantification kit (KAPA Biosystems). Target-enriched 
libraries were sequenced on the HiSeq4000 platform 
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(Illumina) with 2 × 150 bp pair-end reads. Sequencing data 
were demultiplexed by bcl2fastq (v2.19), analyzed by Trim-
momatic [17] to remove low-quality (quality < 15) or N 
bases, and mapped to the reference hg19 genome (Human 
Genome version 19) using the Burrows-Wheeler Aligner 
[18]. PCR duplicates were removed by Picard (available at: ​
h​t​t​p​​s​:​/​​/​b​r​o​​a​d​​i​n​s​​t​i​t​u​​t​e​.​​g​i​t​​h​u​b​.​i​o​/​p​i​c​a​r​d​/). The Genome ​A​n​a​l​y​
s​i​s Toolkit (GATK) [19] was used to perform local realign-
ments around indels and base quality reassurance. SNPs and 
indels were called by VarScan220 and HaplotypeCaller/Uni-
fiedGenotyper in GATK, with the mutant allele frequency 
(MAF) cutoff as 0.5% for tissue samples and a minimum of 
three unique mutant reads. Common variants were removed 
using dbSNP and the 1000 Genome project. Gene fusions 
were identified by FACTERA [21] and allele-specific CNVs 
were analyzed by FACETS [22] with a 0.2 drift cut-off for 
unstable joint segments.

DNA methylation profiling preprocess

To explore the DNA methylation profiles of LUAD-BM 
tumors, DNA methylation was assessed using the Illu-
mina Infinium Human Methylation 850 (850k) BeadChip 
(Illumina, San Diego, USA). The cohort included nine 
BRG1-deficient BM cohort samples and eight samples of 
BRG1-retained BM cohort. The samples with available 
methylation sequencing data were detailed in Supplemen-
tal Table S1. First, DNA was extracted from FFPE samples 
using ReliaPrep FFPE gDNA Miniprep Kit (Promega, WI, 
Germany), and then restored using Illumina HD FFPE Res-
toration Kit (Illumina, CA, USA) according to the manu-
facturer’s instructions. Second, DNA underwent bisulfite 
conversion, amplification, fragmentation, and hybridization 
to the 850 K BeadChip (Illumina, CA, USA) following the 
manufacturer’s protocols. The raw data preprocessing and 
normalization were performed using the minfi package [23], 
and samples with a detection ratio of CpG sites (detection 
p-value < 0.05) greater than 95% were used for subsequent 
analysis. Exclusion of probes according to previous report-
ing criteria [24]. beta and M values were calculated. Then, 
MethylCIBERSORT and Epidish [25, 26] were applied to 
predict the tumor purity. The sample with an average purity 
of less than 0.3 from the results of the two algorithms will 
be excluded in following analysis. As a result, four samples 
were excluded due to low tumor purity.

Unsupervised clustering analysis

Unsupervised hierarchical clustering in our cohort using the 
10,000 most variably methylation probes, were performed 
and visualized using R package pheatmap (v1.0.12), and the 
Pearson correlation coefficient was the distance measure. 

The t-stochastic neighbor embedding (t-SNE) analysis was 
performed with the Rtsne package (v0.17) in R 4.0 with 
default parameters.

DNAm age analysis

DNAm age was calculated using the Horvath clock, which 
is a multi-tissue age predictor that estimates DNAm age by 
automatically selecting a set of 353 CpG probes by an elastic 
net regression model [27]. Beta values for our cohort were 
obtained from the raw IDATs, and quantile normalization 
was applied. Sex probes were removed. SNPs were filtered 
using using the dropLociWithSnps function from the minfi 
package. The final matrix of beta values for all the samples 
was passed as input for the Horvath clock to generate the 
DNAm age for each sample.

Identification of differentially methylated positions

The differentially methylated positions (DMPs) were 
predicted using the R package ChAMP (v.2.24) [28]. 
Only probes with Benjamini-Hochberg adjusted P < 0.01 
and|deltaBeta| >0.2 would be identified as DMPs. The 
DMPs mapped at promoter regions (including TSS1500, 
TSS200, 5’UTR, and 1st exon) were kept in gene ontology 
(GO) analysis. The GO functional annotation analysis was 
performed using the DAVID website ​(​​​h​t​t​p​s​:​/​/​d​a​v​i​d​.​n​c​i​f​c​r​f​.​
g​o​v​/​​​​​)​​2​9​​.​​

Copy number variation analysis

Genome-wide DNA methylation array data was also used to 
assess copy number variation (CNVs). The non-tumor brain 
tissue (NTB) samples were used as a control. The raw inten-
sities (idat files) of every single sample were first analyzed 
separately with the “conumee” R package (v.1.32.0) (​h​t​t​p​​:​/​
/​​b​i​o​c​​o​n​​d​u​c​​t​o​r​.​​o​r​g​​/​p​a​​c​k​a​g​e​s​/​c​o​n​u​m​e​e​/) [30] by default ​p​a​r​a​
m​e​t​e​r​s​, the segment files were generated. To obtain cumu-
lated CNVs per group, the R package GenVisR (v.1.31.1) 
[31] was used to process segment files, which can generate 
plots displaying the proportion of copy number losses/gains 
at a group level.

Statistical significance analysis

Statistical analyses were conducted using IBM SPSS Statis-
tics 19 (http://esd2.spss.com). Chi [2] test and ​M​a​n​n​-​W​h​i​t​
n​e​y test were used to find associations between clinical and 
molecular data. For survival analysis, we used the Kaplan-
Meier method, overall survival (OS) was calculated from 
the date of surgical resection to the date of death or the date 
of last follow-up. In the significant difference analysis, ns. 
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long duration of illness ranging from 0.25 to 120 months 
(median 19.77 months) (Table  1). In the BRG1-deficient 
BM cohort, patients’ symptoms started with intracranial 
symptoms, including dizziness, headache, limb weakness, 
blurred vision, and slurred speech. In the BRG1-retained 
BM cohort, patients started with pulmonary symptoms, 
including chest tightness, cough, and sputum (Supplemental 
Table S1). Thus, these two groups of patients show different 
clinical characteristics.

Different histologic pattern and IHC makers 
expression between BRG1-deficient BM cohort and 
BRG1-retained BM cohort

On histologic evaluation of the BRG1-deficient BM cohort, 
tumor cells were often arranged in solid, nested clusters or 
sheets. These structures were formed by segmenting vascu-
lar fibers and were characterized by cells that were obese, 
round, or cuboidal. However, glandular, tubular, or trabec-
ular structures were rare. The cytoplasm of the cells was 
abundant and stained reddish, similar to the appearance of 
rhabdomyosarcoma. The nuclei were rounded or irregular 
with fine chromatin. The majority of samples exhibited large 
eosinophilic nuclei, and in some cases, scattered multinu-
cleated or megakaryocytic cells were observed. (Fig. 1A). 
In the BRG1-retained BM cohort, the tumor cells were pre-
dominantly arranged in a ductal, papillary, or micropapillary 
pattern (Fig. 1E). These results indicate significant morpho-
logical variations between the two groups. Compared to 
BRG1-retained BM cohort, tumor cells in BRG1-deficient 
BM cohort exhibit more malignant characteristics.

The staining results of diagnosis-related markers play 
an important role in the diagnosis of pathology. All cases 
of BRG1-deficient BM group showed BRG1, TTF-1, and 
NapsinA immunohistochemical profiles of significant dif-
ferences from the BRG1-retained BM cohort. In the BRG1-
deficient BM group, immunohistochemical staining shows 
that BRG1 is absent along with the deletion of TTF1 and 
NapsinA (Fig. 1B-D; Table 2). In the other group, immu-
nohistochemistry showed positive expression of TTF1, 
NapsinA, and no deletion of BRG1 (Fig.  1F-H; Table 2). 
The CK, CK7, and CK19 assays showed no significant dif-
ferences between the two groups (Supplemental Fig. S1 
and Table 2). CK7 reactivity was identified in 67% (6/9) of 
BRG1-deficient BM cohort and 100% (16/16) in the BRG1-
retained BM cohort (Table  2). These results suggest that 
there was significant variability in the immunohistochemi-
cal profile of TTF-1, NapsinA, and BRG1 between the two 
groups of samples.

presented not significant, * presented p < 0.05, ** presented 
p < 0.01, *** presented p < 0.001.

Results

The clinical characteristics of brain-metastatic lung 
adenocarcinoma with BRG1 deficiency

Due to the low frequency of BRG1-deficiency, we only col-
lected 9 samples of BRG1-deficient brain metastases (BM) 
from lung adenocarcinoma in our routine pathology bank, 
named BRG1-deficient BM cohort for convenience. To bet-
ter distinguish the clinical features of BRG1-deficient brain 
metastases from lung adenocarcinoma, we also collected the 
samples of BRG1-retained brain metastases from lung ade-
nocarcinoma, including 16 patients, named BRG1-retained 
BM cohort. In the BRG1-deficient BM cohort, patients’ ages 
ranged from 37 to 73 years, with a median age of 60.8 years 
and a male-to-female ratio of 8:1. (Table 1 and Supplemen-
tal Table S1). However, in BRG1-retained BM cohort, there 
were 6 men and 10 women, ranging in age from 48 to 79 
years (median age, 61.1 years) (Table 1 and Supplemental 
Table S1). 55.6% of BRG1-deficient BM cohort had a sig-
nificant smoking history of > 15 pack-years. The smoking 
status of only 2 patient was unknown. In the BRG1-retained 
BM cohort, only 25% of the patients had a history of smok-
ing more than 15 pack-years (Table 1). BRG1-deficient BM 
cohort was significantly associated with male sex and smok-
ing history. Patients tend to exhibit symptoms that are pre-
dominantly associated with a single lesion. The duration of 
disease in this group is relatively short, ranging from 0.5 to 
13 months (median 2.78 months). However, in the BRG1-
retained BM cohort, this group of patients had a relatively 

Table 1  Clinical features of BRG1-deficient BM cohort and BRG1-
retained BM cohort
Variables BRG1-deficient 

BM cohort 
(N = 9)

BRG1-retained 
BM cohort 
(N = 16)

P 
value

Age at diagnosis 0.44
Averge (min, Max) 60.8 (37–73) 61.1 (48–79)
Sex number 0.02*

Female (%) 1 (11.1%) 10 (62.5%)
Male (%) 8 (88.9%) 6 (37.5%)
Smoking status 0.04*

Never smoker (%) 2 (22.2%) 12 (75%)
> 15 Pack-years (%) 5 (55.6%) 4 (25%)
Missing (%) 2 (22.2%) 0
Foci of disease 0.37
Unifocal (%) 6 (66.7%) 9 (56.3%)
Multifocality (%) 3 (33.3%) 7 (43.7%)
Course of disease 0.44
Average (min, Max) 2.78 (0.5–13) 19.77 (0.25–120)
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site mutation (n = 2, 25%), missense & splice site mutation 
(n = 1, 12.5%). Truncating mutation (i.e., frameshift muta-
tions) constituted 37.5% of SMARCA4 mutations. The 
protein alterations include R192P, P222L, P311A, P305R, 
R414S and K587N (Fig. 2B).

We also found that all samples had TP53 mutation. The 
mutation types were missense mutation (n = 6, 75%) and 
frameshift mutation (n = 1, 12.5%). There was also one 
sample with copy number variations (Fig. 2A). The protein 
alterations include P72R, R110L, P151R, V157F, Y163C, 
and Y220C (Fig. 2C).

Co-mutations were also identified in other pan-cancer 
genes: LPR1B (62.5%), ROS1 (50%), PKHD1 (37.5%), 
NOTCH2 (37.5%), NCOR2 (37.5%), KMCT2D (37.5%), 
FAT1 (37.5%), CDKN2A (37.5%), ARID2 (37.5%) (Fig. 2A 
and Supplemental Table S2).

Using TCGA cohort, we also found three patients with 
lung adenocarcinoma brain metastasis who have SMARCA4 
mutations. Two types of SAMRCA4 mutation were also 
found including a splice site mutation and a missense muta-
tion (Supplemental Fig. S2A). TP53, STK11, KRAS, and 
CDKN2A mutations were also found in two samples (Sup-
plemental Fig. S2B and Supplemental Table S2).

All the results illustrated that in the BRG1-deficient 
BM cohort, samples had high frequencies of mutations in 
SMARCA4 and TP53. These results indicate that the BRG1 
deficiency malignant brain metastasis lung adenocarcinoma 
group also possesses the typical molecular characteristics of 
lung adenocarcinoma tumors.

BRG1-deficient BM cohort still with high frequency 
of SMARCA4 and TP53 mutation

The deletion of BRG1 expression was correlated with 
SMARCA4 mutation in NSCLC [32, 33]. Recent stud-
ies have revealed that NSCLC patients with SMARCA4 
mutations, especially homozygous deletions and truncating 
mutations, were more likely to have drug resistance, early 
relapse, and poor clinical outcomes than patients with wild-
type SMARCA434, 35. Regarding the molecular characteris-
tics in the BRG1-deficient BM cohort, we also found that 7/8 
(87.5%) samples had SMARCA4 mutation (Fig. 2A). There 
were 4 SMARCA4 mutations categories: frameshift muta-
tion (n = 4, 50%), missense mutation (n = 1, 12.5%), splice 

Table 2  The different expression patterns of key IHC markers in 
BRG1-deficient BM cohort and BRG1-retained BM cohort
Immunomarker BRG1-deficient 

BM cohort (N = 9)
BRG1-
retained BM 
cohort (n = 16)

BRG1 0/9 (0) 16/16 (100%)
TTF1 1/9(11%) 14/16 (87.5%)
NapsinA 0/9(0) 15/16 (93.8%)
CK 9/9(100%) 16/16 (100%)
CK7 6/9 (67%) 16/16 (100%)
CK19 9/9 (100%) 16/16 (100%)
Ki67
  Low + intermediate 1 (12.5%) 6 (37.5%)
  High 8 (87.5%) 10 (62.5%)
Ki67 high: Ki-67 positivity greater than 30%

Fig. 1  The different and immunohistochemical characteristics of the 
between BRG1-deficient BM cohort and BRG1-retained BM cohort. 
The BRG1-deficient tumor cells were obese, round or rectangular, with 
abundant cytoplasm and red staining, similar to rhabdomyosarcoma 
(A), and the BRG1-retained tumor cells were predominantly arranged 
in a ductal, papillary, or micropapillary pattern (E). BRG1 expres-

sion was absent in the BRG1-deficient group along with the negative 
expression of TTF1 and NapsinA (B-D). In the BRG1-retained group, 
immunohistochemistry showed positive expression of TTF1, NapsinA, 
and BRG1 (F-H). Images of representative staining at a magnification 
of 200 x are shown. HE: indicates hematoxylin and eosin
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Fig. 2  Genetic alterations in BRG1-deficient BM cohort. (A) Genes 
co-altered in BRG1-deficient-BM group. Samples have high frequen-
cies of mutations in SMARCA4 and TP53. (B) and (C) lollipop plot 
of SMARCA4 and TP53 alterations in BRG1-deficient BM cohort. 
SMARCA4: QLQ, Gln, Leu, Gln motif; HSA, helicase/SANT-asso-
ciated domain; BRK: Brahma and Kismet domain; DEXDc, DEAD-

like helicase superfamily domain; SNF2_N, SNF2 family N-terminal 
domain; HELICc, helicase superfamily C-terminal domain; Bromo_
SNF2L2, bromodomain. TP53: P53_TAD: transactivation motif; P53: 
DNA-binding domain; P53_tetramer: P53 tetramerization motif. N/A: 
Not Available; Amp: amplification, Del: deletion
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was also used to assess copy number variation (CNVs). In 
the BRG1-deficient BM cohort, high-frequency chromo-
some copy number changes were observed on chr4, chr5, 
chr6, chr9, and chr13 (Fig. 4A). In the BRG1-retained BM 
cohort, a high percentage of samples exclusively exhibited 
deletions on chr8p and amplifications on chr8q (Fig. 4B). 
Compared with the BRG1-retained BM cohort, the BRG1-
deficient BM cohort had more genomic chromosomal copy 
number changes. This result illustrated that genomic insta-
bility may be correlated to the malignancy in the BRG1-
deficient BM cohort.

The dramatic changes in DNA methylation may lead 
to chromosomal instability [39]. Another aspect of DNA 
methylation is its natural evolution during the individual’s 
lifetime. Several studies have identified specific CpGs 
exhibiting age-related changes in the different tissues [40]. 
Such changes can be computed to provide a DNA methyla-
tion age (DNAm age) that estimates the “biological age” of 
tissues [27, 41]. Epigenetic age acceleration, which is the 
vertical shift between DNAm age and chronologic age, 
has been reported to be tightly associated with clinical out-
comes of many diseases [42].Using the Horvath clock [27], 
the DNAm age was calculated for all 13 LUAD-BM tumors 
and 7 Non-tumor brain tissue. The BRG1-deficient BM 
cohort has a lower DNAm age compared with chronological 
age. There were no significant changes observed in the other 
two groups (Fig. 4C). Compared to non-tumor brain tissue 
and BRG1-retained BM cohort, BRG1-deficient BM cohort, 
which has a poorer prognosis, has significantly lower age 
acceleration (p = 0.0023) (Fig.  4D). This result suggested 
that BRG1-deficient BM cohort with lower DNAm age 
has higher potential to proliferate and thus might grow into 
more aggressive tumors. Ki67 is an important indicator of 
the degree of tumor cell proliferation activity. Samples with 
Ki-67 positivity greater than 30% had 8 cases (8/9) in the 

BRG1-deficient BM cohort with unique methylation 
characteristics and poorer prognosis

DNA methylation patterns in tumor cells or tissues can 
serve as powerful biomarkers for diagnosis, disease sub-
classification, patient stratification, and for predicting treat-
ment responses [10, 12, 36, 37]. Molecular classification 
of tumors based on DNA methylation has proven to be a 
reliable tool. We performed genome-wide DNA methyla-
tion profiling in our cohort, DNA methylation array data 
of 17 samples passed quality control. And then 4 samples 
were excluded due to low tumor purity. Unsupervised Clus-
tering Analysis of DNA methylation data was performed, 
both hierarchical clustering and T-SNE algorithms clustered 
samples in our cohort into two distinct groups. These two 
methylation groups corresponded exactly to the two previ-
ous subgroups based on BRG1 status (BRG1-deficient BM 
cohort and BRG1-retained BM cohort) (Fig. 3A and B). We 
assessed the impact of two clusters using the Kaplan-Meier 
method using the patients’ clinical data. Overall survival 
(OS) was significantly different (P < 0.05) between two sub-
groups. Compared with BRG1-retained BM cohort, patients 
in BRG1-deficient BM cohort had a significantly higher risk 
of death (Fig.  3C). These results indicate that the BRG1-
deficient BM cohort, which has a poorer prognosis, pos-
sesses unique methylation characteristics.

BRG1-deficient BM cohort characterized by high-
frequency genomic instability and low DNA 
methylation age

Acquired chromosomal instability, especially copy num-
ber variations (CNVs), has been considered an important 
determinant of cancer progression and clinical survival [38]. 
Genome-wide DNA methylation array data of LUAD-BM 

Fig. 3  Brain-metastatic lung adenocarcinoma with BRG1 deficiency 
and a poorer prognosis has unique methylation characteristics. (A-B) 
unsupervised clustering heatmap and t-SNE plot of the two cohorts 

reveal distinct methylome clusters. (C) Overall survival curves were 
estimated using the Kaplan-Meier method. Sanbo data illustrated that 
BRG1-deficient BM cohort had a worse prognosis
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BRG1-deficient BM cohort exhibits higher tumor prolifera-
tion indices.

We further identified differentially methylated posi-
tions (DMPs) between BRG1-deficient BM cohort, BRG1-
retained BM cohort, and non-tumor brain tissue (NTB) in 

BRG1-deficient BM group. However, in the BRG1-retained 
BM group, there were 10 samples with Ki-67 positivity 
greater than 30% (10 /16) (Table  2). These results indi-
cate that, compared to the BRG1-retained BM cohort, the 

Fig. 4  BRG1-deficient BM 
cohort has high-frequency 
genomic instability and low 
DNA methylation age. Copy 
number profiles showing the 
genetic variations in BRG1-
deficient BM cohort (A) and 
BRG1-retained BM cohort (B). 
BRG1-deficient BM cohort 
(A) has more chromosomal 
instability including loss of 
chromosomes 4, 5, 6, and 9. 
BRG1-retained BM cohort (B) 
has loss of chromosome 8p and 
gain of chromosome 8q. (C) 
BRG1-deficient BM cohort 
has significantly lower DNA 
methylation age compared 
with chronologic age. (D) Age 
acceleration in three samples 
groups. BRG1-deficient samples 
have decreased age acceleration. 
(E and F) Top 5 most signifi-
cant gene ontology categories 
enriched in the hypermethylated 
and hypomethylated DMPs
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BRG1. In lung cancer, inactivation of the catalytic subunit 
SMARCA4 (BRG1) is the most common alteration within 
the SWI/SNF complex and has been associated with poor 
patient outcomes [46, 47]. However, in LUAD-BM samples, 
samples with deletion of BRG1 protein were rare. These 
patients have a significantly worse prognosis. This study 
was the first to cluster samples based on DNA methylation 
data under unsupervised clustering conditions. We defined 
this group of patients as the BRG1-deficient BM group.

Clinical characteristics of BRG1-deficient BM group 
was significantly associated with male sex and smoking his-
tory. However, given the limitations imposed by the sample 
size, the findings necessitate further validation through the 
incorporation of a larger cohort. The group of samples was 
further explored in depth by molecular marker diagnostics 
and molecular genetic characterization. Immunohistochem-
ical staining shows that BRG1 was absent along with the 
deletion of TTF1 and NapsinA. Regarding the molecular 
characteristics in the BRG1-deficient BM group, samples 
have high frequency of SMARCA4 and TP53 mutation. 
More abundant CNVs were observed in BRG1-deficient 
BM group, suggesting that this group had stronger genomic 
instability, which was in accordance with the hypothesis 
that large-scale genomic alterations, such as copy number 
changes, is often evident at metastatic sites and genomic 
instability drives tumor progression and metastasis [48]. On 
the other hand, research indicates that TP53 mutations are 
associated with low DNA methylation age. Similar to normal 
cells, the DNAm age of cancer cells increases with propaga-
tion, which indicates that cancer cells with lower DNAm 
age have higher potential to proliferate and thus might grow 
into more aggressive tumors [27]. The low DNAm age was 
found in this group. The results indicate that this group of 
samples has significant proliferative potential. However, the 
mechanism underly this association remains unknown.

Due to the limited sample size of this study and the fact 
that the mechanism of disease progression in the BRG1de-
ficient BM group was not explored in depth, in the future, 
with the continuous and in-depth study of this group of dis-
ease types, we will further search for precise therapeutic tar-
gets and strategies for this type of disease.

Collectively, our dataset and accompanying classifica-
tion scheme proposed here advance LUAD-BM diagnostics 
from histology alone to an integrated profiling combining 
histology and molecular markers, with the potential for 
higher accuracy of risk assessment for individual patients. 
This study combines traditional pathologic diagnosis with 
DNA methylation classification prediction to provide an 
adjunctive role in the accurate diagnosis of LUAD-BM.

Supplementary Information  The online version contains 
supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​0​5​8​5​-​0​
2​5​-​1​0​3​3​7​-​2.

our data. Gene ontology analysis was separately performed 
in the hypermethylated and hypomethylated DMPs. In the 
BRG1-deficient BM cohort and BRG1-retained BM cohort, 
the hypomethylation of differentially methylated regions 
was primarily enriched in negative regulation of neuron 
differentiation, G protein-coupled receptor signaling path-
way and cell differentiation (Fig.  4E and Supplemental 
Table S3). The hypermethylation of differentially methyl-
ated region was regulation of small GTPase mediated signal 
transduction, regulation of Rho protein signal transduction, 
DNA damage response, and apoptotic process (Fig. 4F and 
Supplemental Table S3).

In BRG1-deficient BM cohort and NTB cohort, hyper-
methylated DMPs were enriched in cell migration, cytoskel-
eton, and small GTPase binding (Supplemental Fig. S3A 
and Supplemental Table S3). Hypomethylated DMPs were 
enriched in cell-cell signaling and cytoskeleton (Supplemen-
tal Fig. S3B and Supplemental Table S3). In BRG1-retained 
BM cohort and NTB cohort, hypermethylated DMPs were 
enriched in cell differentiation and actin cytoskeleton orga-
nization (Supplemental Fig. S3C and Supplemental Table 
S3). Hypomethylated DMPs were enriched in regulation of 
Rho protein signal transduction and cell migration (Supple-
mental Fig. S3D and Supplemental Table S3). All of these 
functional enrichment analyses were associated with meta-
static cancer.

These findings indicate that the rare instances of lung 
adenocarcinoma with brain metastasis that exhibit BRG1 
deficiency are marked by genomic instability, a signature 
of low methylation age, involved in negative regulation of 
neuron differentiation, G protein-coupled receptor signal-
ing pathway, regulation of Rho protein signal transduction, 
DNA damage response, and apoptotic process. All of which 
are indicative of aggressive proliferative characteristics in 
these specimens.

Discussion

The lack of effective therapeutic options for LUAD patients 
with brain metastasis remains a significant concern [43–45]. 
Accurate diagnosis and treatment options for lung adeno-
carcinoma with brain metastasis were few and limited in 
their efficacy. In the present investigation, we conducted a 
comprehensive analysis of 25 LUAD-BM samples, encom-
passing clinical, histopathological, and molecular apprais-
als, with subsequent DNA methylation sequencing data 
analysis performed on a subset of 13 samples. Based on the 
status of BRG1, the samples were primarily divided into 
two groups. Through the analysis of multi-omics data, the 
study ultimately identified a rare subtype of lung adenocar-
cinoma brain metastasis, characterized by the absence of 
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