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Introduction
Lung cancer is the leading cause of cancer incidence and 
mortality worldwide [4]. Lung adenocarcinoma (LUAD) 
is the most common subtype, accounting for approxi-
mately 40% of all lung cancer cases [29]. About 30–55% 
of lung cancer patients develop brain metastases (BM), 
with LUAD being a major contributor to BM occurrence 
[31]. Notably, LUAD patients with EGFR mutations have 
a higher risk of BM [9, 18].

In recent years, research on BM-LUAD has increased. 
However, due to the characteristics of BM tumors, many 
researchers face challenges in obtaining primary BM cells 
from patients. As a result, most studies rely on animal 
models to establish BM cell lines [27].
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Abstract
Lung cancer is a leading cause of cancer-related deaths worldwide, with brain metastasis occurring in 
approximately 30–55% of patients, particularly in lung adenocarcinoma. Due to the challenges in obtaining 
genuine brain metastasis tumor cells, researchers commonly use nude mouse models to establish brain metastasis 
cell lines, though traditional methods have limitations such as high costs, lengthy timeframes, and the need for 
specialized imaging equipment. To address these issues, we developed an improved approach by performing low 
cell number circulating intracranial injections (500–4000 cells) in nude mice, successfully establishing the H1975-
BM1, BM2, and BM3 cell lines. Through RNA sequencing and bioinformatics analyses, we identified transcriptomic 
differences among these cell lines, revealing that H1975-BM1 cells primarily exhibit stem cell function and 
migration characteristics, while H1975-BM3 cells display enhanced chemotaxis, cell adhesion, and cytokine 
secretion associated with interactions. Experimental validation, including Transwell assays, CCK8, cell adhesion 
assays, and subcutaneous tumor implantation in nude mice, further confirmed these findings, with H1975-BM3 
forming larger tumors and a more pronounced secretion cystic cavity. In conclusion, our improved methodology 
successfully established high-confidence brain metastasis lung adenocarcinoma cell lines, elucidating distinct 
transcriptomic and functional characteristics at different stages of brain metastasis progression.
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Existing methods for generating BM cell lines can be 
categorized into two main approaches. The first involves 
injecting luciferase-labeled LUAD cells into the left ven-
tricle or carotid artery of nude mice [33]. BM formation 
is monitored using in vivo imaging, and once metastases 
develop, mice are sacrificed to extract tumor tissue for 
cell culture. This cycle is typically repeated three times 
to obtain BM cell lines with strong affinity for the brain 
microenvironment. While this approach yields reliable 
cell lines, it has several drawbacks. The procedure has 
a high mortality rate due to left ventricular or carotid 
artery injection, requires multiple mice per batch, and 
incurs high costs. Additionally, the process is time-con-
suming since BM formation and progression must be 
observed. The use of specialized imaging equipment fur-
ther limits its widespread application [8, 13, 36].

The second approach is simpler, involving direct intra-
cranial injection of LUAD cells into nude mice [10, 19, 
25]. After tumor progression, mice are sacrificed, and 
tumor tissue is cultured for subsequent rounds of injec-
tion, typically repeated three times. This method is cost-
effective and time-efficient. However, it has inherent 
limitations. In physiological BM development, only a 
small number of tumor cells (dozens to hundreds) suc-
cessfully colonize the brain. In contrast, intracranial 
injection delivers a large number of tumor cells directly 
into the brain [10, 19], leading to rapid tumor growth that 
bypasses early metastatic processes. This prevents proper 
interaction between tumor cells and the brain microen-
vironment, potentially altering cellular characteristics. 
Consequently, BM cell lines generated by this method 
may lack full biological relevance.

To overcome these limitations, we developed an 
improved method for establishing BM-LUAD cell lines. 
Using bioinformatics analysis and experimental valida-
tion, we characterized BM-LUAD at different stages and 
demonstrated the high reliability of our new cell lines.

Materials and methods
Cell lines and culture
Considering that LUAD patients with EGFR muta-
tions have a higher risk of BM, we selected the H1975 
cell line—which carries an EGFR mutation and sta-
bly expresses luciferase—as our parental cell line. This 
cell line was obtained from the Japanese Collection of 
Research Bioresources Cell Bank (No. JCRB1486). Both 
H1975 and the BM cell lines derived later were cul-
tured in RPMI-1640 medium (Nissui Pharmaceutical) 
supplemented with 10% fetal bovine serum (FBS; Sigma-
Aldrich) and 1% penicillin-streptomycin. All cells were 
maintained in a humidified incubator at 37  °C with 5% 
CO2. Cells were detached by gentle pipetting with a solu-
tion of 0.02% EDTA and 0.25% trypsin (Sigma-Aldrich), 

then passaged or collected and counted for animal 
experiments.

Intracranial Injection
In this study, all animal experiments used female nude 
mice (BALB/cAJcl-nu/nu, 5- or 6-week-old) purchased 
from CLEA Japan, Inc. For intracranial injections, mice 
were first anesthetized with isoflurane. They were then 
secured in a stereotactic injection device and positioned 
under a microscope.

After disinfecting the skin with 70% ethanol, a small 
incision was made with fine scissors and forceps to sep-
arate the subcutaneous tissue and expose the bregma. 
Using a mouse brain atlas and the stereotactic device, 
the injection site was determined. A small animal den-
tal drill was used carefully to create a hole in the skull; 
drilling was stopped immediately when a distinct gap was 
felt. The drill bit was disinfected beforehand, and the hole 
diameter did not exceed 1 mm.

Following drilling, a 10 µL syringe (Hamilton syringe 
701 N 80300) was used to draw 10 µL of the prepared cell 
suspension. The suspension consisted of 8 µL of PBS con-
taining tumor cells and 2 µL of Matrigel (Corning Matri-
gel Basement Membrane Matrix, 356234). Note that the 
time between cell suspension preparation and the start of 
the injection should not exceed 90 min to maintain cell 
viability.

The injection depth was adjusted using the stereotactic 
device, and an automatic injector completed the injec-
tion within 10  min. After the injection, the syringe was 
slowly withdrawn to avoid creating air bubbles. The scalp 
was then sutured with 6 − 0 suture, and the sutures were 
removed one week after surgery.

Beginning two weeks post-surgery, the mice were 
weighed daily. If a mouse lost more than 20% of its pre-
operative body weight, it was considered to have reached 
an endpoint and was euthanized under isoflurane 
anesthesia.

After confirming death, tissue scissors were used to cut 
along the posterior region near the foramen magnum, 
separating the head from the body. An ophthalmic scis-
sor then cut along the vertical midline between the eyes 
to expose the skull. A curved-tip scissor was carefully 
inserted into the sagittal suture and used to lever apart 
both sides of the skull, exposing the brain.

The brain was placed under the microscope, and a side-
rounded micro knife was used to carefully separate the 
cerebral cortex at the injection area, exposing necrotic 
tumor tissue. The tumor tissue was excised with the 
micro knife and placed into a 15 mL centrifuge tube con-
taining pre-chilled PBS.

The tube was centrifuged at 2000  rpm for 1  min, and 
the supernatant was discarded. Next, 3–4 mL of a solu-
tion containing 0.02% EDTA and 0.25% trypsin was 
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added, and the tumor tissue was gently pipetted with a 
1000 µL pipette until no visible cell aggregates remained. 
Then, 10 mL of complete medium was added to stop the 
enzymatic digestion. After centrifuging at 3000  rpm for 
2 min, the supernatant was discarded and the cell pellet 
was resuspended in an appropriate amount of complete 
medium. The cells were then plated for culture.

This process was repeated three times with injections 
of 500, 4000, and 4000 cells, respectively, to establish the 
H1975-BM1, H1975-BM2, and H1975-BM3 cell lines. 
For survival studies, the intracranial injection procedure 
was the same but the number of injected cells was 4000 
in each case.

Left ventricular injection
Mice were anesthetized with isoflurane and placed in a 
supine position. The chest was disinfected with 70% eth-
anol, and the left ventricle was located by palpating the 
cardiac apex. A 29G syringe (TERUMO Co.) was then 
used to slowly inject 100 µL of cell suspension (contain-
ing 1 × 10⁵ tumor cells in PBS) into the left ventricle at an 
angle of approximately 10–15°. After the injection, the 
mice were monitored as they recovered; if no abnormal 
behavior was observed, they were returned to normal 
housing.

Tumor growth and metastasis were monitored using 
the IVIS Lumina imaging system (PerkinElmer). Mice 
received an intraperitoneal injection of D-luciferin dis-
solved in PBS and were anesthetized with isoflurane. Five 
minutes post-injection, imaging was conducted with the 
settings: 5-minute exposure time, large binning, and an 
f-stop of 1. The mice were imaged weekly to track tumor 
progression.

Subcutaneous injection
Mice were anesthetized with inhaled isoflurane and 
positioned in a prone position. After disinfecting the 
back with 70% ethanol, the skin was gently lifted with 
forceps. Using a 10 µL syringe (Hamilton Syringe 701 N 
80300), 10 µL of the prepared cell suspension (containing 
1.2 × 10⁵ tumor cells in PBS) was injected subcutaneously.

After 21 days, the mice were anesthetized and eutha-
nized. Under a microscope, tumor tissue was carefully 
dissected using fine scissors and forceps, taking care to 
avoid rupturing any cystic compartments. The tissue was 
then fixed in 5% formalin and photographed. Using a ref-
erence scale, ImageJ software was employed to measure 
and calculate the total volume, tumor volume, and cyst 
volume, where the cyst volume was determined by sub-
tracting the tumor volume from the total volume.

Cell migration
The migration capability of the cells was evaluated using 
a Transwell chamber assay. Two types of polycarbonate 

filter chambers were employed: one with 8  μm pores 
(Corning Transwell 3422) and another with 12 μm pores 
(Guangzhou Jet Bio-Filtration Co., TCS100024). Prior to 
the assay, cells were starved in a medium containing 1% 
FBS for 12 h to minimize the influence of FBS on migra-
tion. Then, 5 × 10⁴ cells were resuspended in 200 µL of 1% 
FBS medium and seeded into the upper chamber of the 
Transwell. In the lower chamber, 600 µL of RPMI-1640 
medium with 10% FBS was added as a chemoattractant. 
The cells were incubated at 37  °C in a 5% CO₂ atmo-
sphere for 48  h. After incubation, the chambers were 
rinsed twice with PBS and fixed with 4% paraformalde-
hyde for 15 min. Non-migrated cells on the upper mem-
brane surface were gently removed using a cotton swab, 
and the membranes were then stained with 0.1% crystal 
violet for 10 min. Finally, images were captured using an 
inverted microscope (Olympus IX73).

Cell adhesion
For the cell adhesion assay, ultra-low attachment micro-
plates (Corning 24-well plate 3473) were used to prevent 
cells from adhering to the plate, while 1% FBS medium 
was employed to avoid interference from cell prolifera-
tion. A total of 1 × 10⁴ cells were resuspended in 1 mL of 
1% FBS medium and seeded into each well of a 24-well 
plate. Four cell lines—H1975, H1975-BM1, H1975-BM2, 
and H1975-BM3—were tested with six replicates for 
each line. The cells were incubated at 37 °C with 5% CO₂ 
for 24 h. After incubation, the cell clusters were observed 
and photographed under an inverted microscope (Olym-
pus IX73). Using a reference scale, ImageJ was then 
applied to measure and calculate the major axis of the 
cell clusters.

Cell proliferation assay
Cell proliferation was measured using the Cell Counting 
Kit-8 (CCK-8) assay. Briefly, cells were seeded in 96-well 
plates at a density of 5,000 cells per well. At specified time 
points, 10 µL of the CCK-8 reagent (Dojindo Laborato-
ries, CK04) was added to each well and the plates were 
incubated according to the manufacturer’s protocol. The 
absorbance at 450 nm was then recorded using a micro-
plate reader (Thermo Scientific Multiskan FC) to evalu-
ate cell viability and proliferation.

RNA extraction and bulk RNA sequencing
RNA was extracted from four cell lines (H1975, 
H1975-BM1, H1975-BM2, and H1975-BM3) following 
the standard protocol of the RNeasy Mini Kit (Qiagen). 
Three independent samples were prepared for each cell 
line. The RNA samples were then sent to BGI’s Japan 
branch for sequencing on the DNBSEQ platform (PE150, 
6G data per sample). All samples were sequenced simul-
taneously to avoid batch effects. After obtaining the 
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FASTQ files, the data were cleaned using fastp [5]. Using 
GRCh38 as the reference genome, the Salmon pipeline 
[23] generated Count and TPM (Transcripts Per Kilobase 
Million) matrices for further analysis.

Single-cell RNA sequencing analysis
We selected the GSE131907 dataset from the GEO data-
base for analysis and used only the primary LUAD and 
BM-LUAD samples [14]. Downstream analysis was per-
formed in R using Seurat V5 [12]. Cells were included if 
they had between 300 and 7000 genes, a mitochondrial 
gene percentage below 10%, and total counts below 
40,000. The top 2000 most variable genes were selected as 
highly variable genes. Sample integration was performed 
with the CCA algorithm using 3000 anchors. Dimen-
sionality reduction and clustering were carried out using 
PCA (PCs 1–40) at a resolution of 0.1. Marker genes were 
calculated with the COSGR package [7], and cell types 
were manually annotated based on these markers. Ten 
major cell types were identified, with both epithelial and 
cycling epithelial cells classified as tumor cells.

To further investigate tumor cell subpopulations, we 
extracted the UMI count expression matrix for tumor 
cells and repeated the downstream analysis. Again, the 
top 2000 most variable genes were chosen as highly vari-
able genes. This time, sample integration was performed 
with the CCA algorithm using 2000 anchors, followed 
by PCA (PCs 1–40) at a resolution of 0.2. All tumor cells 
were then subdivided into six subpopulations, named 
Tumor C0 to Tumor C5.

As all tumor cells came from two groups (primary 
LUAD and BM-LUAD), we evaluated the distribution 
tendency of tumor cell subpopulations between these 
groups using the Ro/e index (the ratio of observed over 
expected cell numbers) [39]. This method removes the 
bias from differences in total cell numbers and allows 
for direct comparison of subpopulation enrichment. 
Based on the Ro/e values (+++ for Ro/e > 1.2; ++ for 
1 < Ro/e ≤ 1.2; + for 0.6 ≤ Ro/e ≤ 1; +/− for 0 < Ro/e < 0.6), 
Tumor C0, Tumor C1, and Tumor C3 were found to be 
more enriched in BM samples.

Similarity analysis
Due to current technical limitations, scRNA-seq data 
for tumor cells often contain significant noise. To reduce 
the impact of noise on downstream analysis, we used the 
Metacell algorithm [3] to merge 30 similar tumor cells 
into one metacell, thereby creating a metacell matrix [6]. 
Next, we used the R package IOBR [38] and the metacell 
matrix as a reference. Based on the CIBERSORT algo-
rithm [22], we deconvolved the bulk RNA-seq data from 
our BM cell line. This allowed us to analyze the propor-
tions of different tumor cell subpopulations in the BM 

cell line and assess their similarity to actual BM tumor 
cells.

WGCNA analysis
We used the weighted gene co-expression network anal-
ysis (WGCNA) method [16] to systematically explore 
gene co-expression patterns and their relationship with 
different stages of the BM cell lines [37]. First, we used 
the TPM matrix and retained 8965 genes that showed 
differences between groups (P < 0.05) to ensure high-
quality and stable data. Next, we calculated the Pearson 
correlation coefficients for all gene pairs to build a corre-
lation matrix. Based on the scale-free topology criterion, 
we selected a soft threshold (softPower = 9) to convert 
the correlation matrix into a weighted adjacency matrix, 
making the network more consistent with biology. Then, 
we computed the topological overlap matrix (TOM) 
from the weighted adjacency matrix. The TOM not only 
considers the direct correlations between genes but also 
reflects the shared neighbors, providing a robust distance 
measure for subsequent hierarchical clustering. Using the 
distance matrix (1–TOM), we applied the dynamic tree 
cutting algorithm to group genes with similar expression 
patterns into co-expression modules. Modules with high 
similarity were further merged based on the first princi-
pal component of gene expression (module eigengene) to 
obtain biologically meaningful modules. Finally, we cal-
culated the Pearson correlation coefficients between the 
module eigengenes and the different stages of the BM cell 
lines. Modules that showed significant associations were 
then subjected to gene ontology (GO) functional enrich-
ment analysis to reveal their potential biological func-
tions and regulatory mechanisms.

Statistical analysis
Unless noted otherwise, all experiments were conducted 
in triplicate. Results are expressed as mean ± standard 
deviation (SD). We used Student’s t-test or one-way 
ANOVA with Tukey’s post hoc test to assess statistical 
significance. Survival data were analyzed with Kaplan-
Meier curves, and groups were compared using log-rank 
tests. A p-value of less than 0.05 was considered statisti-
cally significant.

Results
Intracranial serial injection and brain metastatic potential 
validation
We used the H1975 cell line, which stably expresses lucif-
erase, as the parental cell line. To establish brain metas-
tasis (BM) cell lines, we performed serial intracranial 
injections of a low number of tumor cells into the hip-
pocampal region of nude mice (Fig. 1A, B). As the tumors 
progressed, mice exhibited gradual weight loss, and those 
with a weight reduction exceeding 20% were considered 
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Fig. 1  Intracranial Serial Injection and Brain Metastatic Potential Validation. A. Schematic diagram of the overall process for generating BM cell lines. B. 
Diagram of the intracranial injection site. C. Kaplan–Meier survival curve of mice. D. In vivo imaging showing the tumor growth site in mice, the survival 
time of mice is marked in the lower left corner
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to have reached the study endpoint. After three sequen-
tial cycles, we successfully established three BM cell lines: 
H1975-BM1, H1975-BM2, and H1975-BM3(BM1, BM2 
and BM3).

To assess tumor aggressiveness, we injected each BM 
cell line intracranially into nude mice (n = 3 per group) 
and recorded survival time. Notably, compared to the 
BM1 group, the BM2 and BM3 groups exhibited signifi-
cantly shorter survival times. However, no significant dif-
ference was observed between BM2 and BM3 (Fig. 1C). 
These results indicate that after three cycles, the BM3 
cell line had acquired sufficient adaptation to the brain 
microenvironment.

To further verify whether the BM3 cell line possesses 
true brain metastatic potential, we injected H1975 and 
BM3 cells into the left ventricle of nude mice and moni-
tored tumor progression using in vivo imaging. The 
results showed that 50% of mice in the BM3 group devel-
oped brain metastases, whereas no brain metastases were 
observed in the H1975 group (Fig. 1D). This finding sug-
gests that the BM3 cell line not only adapts to the brain 
microenvironment but also exhibits a strong tropism for 
brain colonization.

Phenotypic evolution of BM-LUAD cell lines
To investigate the phenotypic changes occurring during 
brain metastasis, we conducted in vitro experiments for 
validation. First, we assessed the migration ability of dif-
ferent cell lines at various stages. Interestingly, we found 
that BM1, an early-stage brain metastatic cell line, exhib-
ited the highest migration capacity, whereas BM3 had 
the weakest migration ability, even lower than the paren-
tal H1975 cells (Fig.  2A). However, in the cell adhesion 
assay, BM3 formed significantly larger cell clusters com-
pared to other cell lines. From H1975 to BM3, cell adhe-
sion capacity markedly increased (Fig. 2B, C), suggesting 
that BM3 cells are more prone to forming tumor cell 
clusters. Recent studies indicate that circulating tumor 
cell clusters resist mechanical shear and immune attacks 
and form metastases more efficiently than single cells [1, 
11]. Our results therefore suggest that BM3 cells have an 
enhanced ability for distant metastasis.

Additionally, we examined the proliferation rates of 
different cell lines (Fig. 2D). The results showed that the 
parental H1975 cells had the highest proliferation rate, 
followed by BM1, while BM2 and BM3 exhibited signifi-
cantly lower proliferation abilities compared to H1975. 
This suggests that, under in vitro conditions, brain meta-
static cell lines proliferate more slowly than the parental 
cells.

Our in vitro tests showed unexpected results. Although 
BM2 and BM3 cells had lower migration and prolif-
eration in culture, mice injected intracranially with 
these cells had significantly shorter survival times. This 

discrepancy may arise from in vitro conditions that lack 
cell interactions, variable nutrients, and oxygen gradi-
ents, which are present in vivo.

To further explore the phenotypic traits of BM cell 
lines, we performed subcutaneous injections of BM1 and 
BM3 cells into nude mice, with 120,000 cells per injec-
tion. After 21 days, mice were anesthetized and sacri-
ficed, and tumor tissues were collected (Fig.  3A). The 
subcutaneous tumors formed oval-shaped masses with a 
well-defined capsule. Inside the capsule, both solid tumor 
tissue and tumor secretions were observed (Fig.  3B). 
Under light examination, the solid tumor tissue also 
appeared as an oval-shaped mass, allowing measurement 
without disrupting the capsule (Fig. 3C). Statistical analy-
sis revealed that, compared to the BM1 group, the BM3 
group exhibited significantly larger capsule volumes and 
increased secretory fluid within the capsule (Fig.  3D). 
Although the mean tumor volume in the BM3 group 
was higher than in the BM1 group, the difference was 
not statistically significant, likely due to measurement 
challenges without disrupting the capsule or the limited 
sample size.

Overall, integrating both in vitro and in vivo find-
ings, we conclude that as BM3 cells adapt better to the 
brain microenvironment, they exhibit enhanced secre-
tory activity and cell-cell adhesion. Furthermore, under 
in vivo conditions, BM3 demonstrates a greater prolif-
eration ability than the early-stage brain metastatic BM1 
cells.

Validation of similarity with clinical samples
In previous studies, researchers have established BM cell 
lines derived from various primary tumors. However, 
evaluating the actual similarity between BM cell lines and 
tumor cells from patients remains a challenging issue. In 
this study, we designed a novel workflow based on the 
CIBERSORT deconvolution algorithm to address this 
problem.

First, we selected the scRNA-seq dataset GSE131907 
from the GEO database, retaining only primary LUAD 
and BM-LUAD samples. Standard scRNA-seq analy-
sis identified 65,794 cells, which were classified into 10 
distinct cell types based on marker genes (Fig.  4A, B). 
We then extracted only the tumor cells (Epithelial and 
Cycling Epithelial), performed dimensionality reduction 
and clustering, and identified six tumor cell clusters, des-
ignated as Tumor C0-C5 (Fig. 4C).

To assess the distribution preference of cell subpopula-
tions in different sample types, we introduced the Ro/e 
index (the ratio of observed to expected cell numbers). 
The analysis revealed that Tumor C0, Tumor C1, and 
Tumor C3 were significantly enriched in BM samples, 
indicating that these subpopulations are BM-specific 
tumor cells (Fig. 4D).
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Fig. 2  Phenotypic Differences of BM Cell Lines under In Vitro Conditions. A. Cell migration assay; cells that crossed the membrane were stained with 
crystal violet (scale bar: 100 μm) B & C. Cell adhesion assay; the major axis of cell clusters was measured and statistically compared. p-values are indicated 
(scale bar: 100 μm). D. Cell proliferation assay.
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To validate the similarity between the BM cell line and 
real BM tumor cells, we calculated cell fractions using a 
deconvolution algorithm (Fig.  4E). The results showed 
that as the BM cell line advanced, the proportions of 
Tumor C0 and Tumor C1 steadily increased (Fig. 4F).

Unexpectedly, Tumor C3 was absent in both the paren-
tal and BM cell lines, suggesting that this subpopulation 
is unique to clinical samples. To explore its potential sig-
nificance, we examined the top 50 marker genes of Tumor 
C3 and found associations with hypoxia (VEGFA, HIL-
PDA), angiogenesis (VEGFA, GAS6, TNNC1), metabo-
lism (ACADVL, HILPDA, FLCN, TNNC1), and immune 
regulation (GAS6, PILRB, PNISR) (Fig. 4G). These func-
tions are closely related to the brain microenvironment, 
including local oxygen pressure, metabolic abnormalities, 
and tumor microenvironment interactions. Considering 

the limitations of in vitro cultures, it is nearly impossible 
to fully capture these tumor cell characteristics under 
standard culture conditions.

In summary, our newly designed workflow provides a 
convenient approach to establish a link between BM cell 
lines and actual patient samples, allowing us to evaluate 
their transcriptomic similarities. Our analysis confirms 
that despite certain objective constraints, the BM cell 
lines we generated exhibit a high degree of similarity to 
tumor cells in clinical samples.

Identification of specific transcriptomic modules in BM cell 
lines
Unsupervised hierarchical clustering analysis and prin-
cipal component analysis (PCA) grouped BM cell lines 
at different stages into distinct clusters (Fig.  5A, B). 

Fig. 3  Subcutaneous Tumor Xenograft Experiments Reveal Phenotypic Differences between BM1 and BM3 Cell Lines. A. Schematic diagram of the 
subcutaneous tumor xenograft workflow. B. Appearance of the tumor samples. C. Measurement and calculation of both overall volume and solid tumor 
volume. D. Statistical significance of the differences between groups is shown (p-values indicated)
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Fig. 4 (See legend on next page.)
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Interestingly, these clustering results showed that BM1 
cells still shared some similarity with the parental H1975 
cells, whereas BM2 and BM3 cells formed a separate 
cluster. Similarly, PCA analysis revealed that H1975 and 
BM1 were the closest in distance, while BM2 and BM3 
were most similar to each other. These findings suggest a 
significant difference between BM1 and BM3, while BM2 
and BM3 share more similarities. This result further sup-
ports the reliability of the mouse survival data (Fig. 1C).

Since BM cell lines represent a dynamic evolutionary 
process, we reasoned that traditional differential expres-
sion analysis alone would be insufficient to capture their 
key characteristics. To better understand gene co-expres-
sion patterns at the systems level, we performed weighted 
gene co-expression network analysis (WGCNA). This 
unsupervised and unbiased approach identified distinct 
modules of co-regulated genes (Fig.  5C). Each module, 
representing a set of co-expressed genes, was assigned a 
unique color. We then identified the module most posi-
tively correlated with each cell line, as these modules 
contain system-level signature genes (Fig.  5D). Gene 
ontology (GO) enrichment analysis was performed on 
each module, and the top eight enriched biological pro-
cesses were displayed (Fig. 5E).

In BM1 cells, pathways related to glandular structure 
development (e.g., salivary gland morphogenesis, sali-
vary gland development, exocrine system development) 
were enriched, suggesting that BM1 cells may reactivate 
developmental gene programs commonly involved in 
embryonic or organ development. This “developmen-
tal reprogramming” may enhance their differentiation 
plasticity and adaptability to the microenvironment. In 
addition, BM1 cells showed enrichment in extracellu-
lar matrix (ECM) and structural organization pathways 
(collagen fibril organization, extracellular matrix orga-
nization, extracellular structure organization, external 
encapsulating structure organization), indicating signifi-
cant ECM remodeling, a process frequently associated 
with high cancer invasiveness. This observation aligns 
with previous phenotypic findings showing that BM1 
cells exhibit the highest migratory ability (Fig. 2A). More-
over, the canonical Wnt signaling pathway was specifi-
cally enriched in BM1 cells. Since Wnt signaling plays a 
key role in cell fate determination and stemness mainte-
nance, its activation suggests that BM1 cells may acquire 
stem-like tumor properties, further enhancing their 
adaptability and metastatic potential.

In BM3 cells, pathways related to chemotaxis and 
directional migration (chemotaxis/taxis, cell chemotaxis, 
leukocyte migration, myeloid leukocyte migration) were 
significantly enriched. This suggests that BM3 cells acti-
vate immune cell-like migratory programs, potentially 
enhancing their ability to metastasize over long distances. 
Additionally, cell adhesion-related pathways (cell-matrix 
adhesion, cell-substrate adhesion) were specifically 
enriched in BM3 cells, consistent with the observation 
that BM3 cells form larger tumor cell clusters (Fig.  2B, 
C), supporting their increased potential for distant 
metastasis. Importantly, we also observed enrichment 
of inflammation-related pathways (response to molecule 
of bacterial origin), suggesting a complex interaction 
between BM3 cells and the local immune environment. 
This may involve local inflammation, cytokine secre-
tion, and immune cell recruitment, which could pro-
mote tumor growth and immune evasion. The enhanced 
secretory activity of BM3 cells may play a central role in 
this process, further explaining why BM3 tumors devel-
oped larger secretory cavities in the subcutaneous tumor 
model (Fig. 3).

In contrast, all pathways enriched in BM2 cells were 
related to transcriptional regulation and metabolism, 
suggesting that BM2 represents an intermediate state 
between early and advanced stages of brain metastasis 
progression.

Through integrative transcriptomic analysis and exper-
imental validation, we successfully identified distinct 
molecular characteristics of BM cell lines at different 
stages. These findings confirm that the BM cell lines gen-
erated in this study reliably reflect key molecular features 
of brain metastases, demonstrating their high validity for 
further research.

Key hub genes in the gene network
These stage-specific modules represent core gene net-
works operating in different BM cell lines (Fig. 6A, B). In 
the H1975 parental cell line, the turquoise module con-
tained 4,913 genes, whereas in the BM1 and BM3 cell 
lines, the brown and greenyellow modules included 997 
and 788 genes, respectively (Fig. 6B). We then visualized 
the gene networks and identified the top 10 hub genes in 
each module based on their high KME (eigengene con-
nectivity) values (Fig. 6C). Next, we validated the 10 hub 
genes identified in the BM3 cell line using transcrip-
tomic data from LUAD and normal lung tissue samples 
in the TCGA database. Among these genes, six were 

(See figure on previous page.)
Fig. 4  Validation of Similarity with Clinical Samples. A. Dimensionality reduction and clustering annotated 10 distinct cell types. B. Display of marker 
genes for different cell types. C. Reanalysis of tumor cells (circled in red in A) revealed that they can be divided into six subgroups. D. The Ro/e index 
was calculated to assess the distribution bias of tumor cell subgroups between BM-LUAD samples (mBrain) and primary LUAD samples (tLung). +++ for 
Ro/e > 1.2; ++ for 1 < Ro/e ≤ 1.2; + for 0.6 ≤ Ro/e ≤ 1; +/− for 0 < Ro/e < 0.6 E. Proportions of tumor cell subgroups in the BM cell line samples. F. Statistical 
analysis of the BM-specific subgroups cell fraction; p-values are provided. G. Display of key marker genes in the tumor cell C3 subgroup
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Fig. 5 (See legend on next page.)
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significantly upregulated, while three were significantly 
downregulated in LUAD samples.

For further verification, we analyzed public proteomic 
data (ProteomeXchange: PXD027259) from primary 
LUAD and BM-LUAD samples. Among the 10 hub genes, 
only four were detected at the protein level. Notably, 
INPP5D was significantly downregulated in BM-LUAD 
samples, whereas RAB25 remained significantly upregu-
lated. This suggests that RAB25 may play a crucial role in 
BM progression of LUAD, warranting further investiga-
tion in future studies.

Discussion
In recent years, an increasing number of researchers have 
focused on BM, highlighting the importance of BM cell 
lines as fundamental tools for related studies. However, 
establishing reliable BM cell lines remains an ongoing 
challenge.

Most studies follow two main approaches to gener-
ate BM cell lines. The first involves left ventricular or 
carotid artery injection [33], which is considered a reli-
able method but requires a long experimental cycle, 
higher costs, and specialized imaging equipment. Due to 
these limitations, this approach is difficult to implement 
widely. The second, more common method is intracra-
nial injection, which overcomes the drawbacks of the first 
approach but has some limitations regarding the reliabil-
ity of BM cell lines. We believe this issue arises from the 
number of tumor cells injected. Previous studies have 
typically injected over 50,000 tumor cells [10, 19, 25], 
whereas, in the early stages of BM, only a few dozen to a 
few hundred tumor cells successfully colonize the brain 
environment [2]. Direct intracranial injection of a large 
number of tumor cells may create an unnatural local 
advantage, bypassing the adaptation process to the brain 
environment and compromising the reliability of BM cell 
lines.

To address these limitations, we developed an improved 
method using low-cell-number serial intracranial injec-
tions to establish BM-LUAD cell lines. Compared to 
previous studies, we also designed a novel workflow to 
assess the similarity between BM cell lines and tumor 
cells from BM-LUAD patient samples. While certain 
features are difficult to capture in vitro due to inherent 
culture constraints, we found that with iterative cell line 
development, the similarity between BM cell lines and 

patient-derived BM tumor cells significantly increased. 
This supports the reliability of our BM cell lines.

Compared to the parental cell line, BM1 cells grow in a 
brain environment that is entirely different from the lung. 
To adapt to this new microenvironment, tumor cells 
must undergo changes. Our findings suggest that BM1 
cells acquire stem-like properties through activation of 
the Wnt signaling pathway, regain differentiation poten-
tial by reactivating glandular developmental regulatory 
networks (leading to intratumoral heterogeneity), and 
remodel the ECM to enhance their migratory capacity for 
nutrient acquisition. These characteristics align closely 
with observations of early-stage BM progression [21, 30], 
indicating that BM1 is a reliable model for studying early 
BM development.

In contrast, BM3 cells exhibit different characteristics. 
Notably, BM3 cells show reduced migration ability, sug-
gesting a higher adaptation to the brain environment 
[34]. Previous studies have shown that during early 
metastasis, epithelial tumor cells must undergo epithe-
lial-to-mesenchymal transition (EMT) to invade distant 
tissues and form metastatic colonies. However, after suc-
cessful colonization, tumor cells may revert to an epi-
thelial phenotype (mesenchymal-to-epithelial transition, 
MET), stabilizing their proliferative state while decreas-
ing their migratory and invasive capabilities [21, 30]. This 
phenomenon may explain why many brain metastases 
tend to form distinct, well-demarcated tumor masses 
rather than exhibiting strong invasiveness. Notably, clini-
cal BM-LUAD samples have shown a significant down-
regulation of key EMT pathway proteins compared to 
primary LUAD [35], further supporting that BM3 cells 
represent a more advanced stage of BM progression.

Interestingly, we observed that BM3 cells exhibit 
enhanced cell-cell adhesion and demonstrate a greater ten-
dency to form clusters. Previous studies have confirmed 
that circulating tumor cell (CTC) clusters possess higher 
metastatic potential by altering DNA methylation to facili-
tate metastatic site establishment, whereas single CTCs 
exhibit lower survival and metastatic capacity [1, 11]. 
Stronger adhesion also enhances tumor cell interactions 
with vascular endothelial cells, promoting blood-brain 
barrier (BBB) penetration [17, 28, 41]. Additionally, tran-
scriptomic analysis revealed enrichment of signaling path-
ways related to chemotaxis and inflammatory responses, 
consistent with in vivo mouse experiments. These findings 
indicate that despite using intracranial injection, BM3 cells 

(See figure on previous page.)
Fig. 5  Identification of Specific Transcriptomic Modules in BM Cell Lines. A. A clustered heatmap displays the correlation among BM cell line samples. B. 
Principal component analysis of all BM cell line samples, with samples from the same cell line highlighted in the same color. C. The hierarchical clustering 
tree depicts co-expression modules identified using WGCNA. Each branch represents a module and is labeled with a color, as shown in the first color 
band beneath the tree. The additional color bands indicate transcripts that are highly correlated (red) or anti-correlated (blue) in the BM cell lines. D. Box 
plots present the distribution of module correlations across different BM cell lines. E. A bar chart shows the top eight representative gene ontology terms 
enriched in the specific module, with the horizontal axis representing significance
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retain the ability to target the brain environment and inter-
act with immune cells in the tumor microenvironment.

It is worth noting that, in recent years, many studies 
have utilized spontaneous tumor mouse models. In the 
context of EGFR-mutant LUAD research, spontaneous 
tumor models carrying EGFR-L858R or EGFR-Del19 
mutations are commonly employed [15, 24, 26]. Geneti-
cally engineered animal models can closely mimic the 
natural initiation and progression of human LUAD, mak-
ing them appropriate for investigating the tumor micro-
environment, immune responses, and for new drug 
screening. However, such models also have limitations—
for example, tumor development typically requires sev-
eral weeks to months, and there can be considerable 
variability in tumor incidence and growth rates among 
individual mice. In addition, the high cost of these experi-
ments is a major concern. As a result, spontaneous tumor 
mouse models are rarely used in metastasis research.

Nevertheless, in our planned future studies, genetically 
engineered animal models may play a more prominent 
role in brain metastasis research. Specifically, we plan to 
perform whole-exome sequencing on our BM cell lines 
to identify significantly mutated genes that arise during 
cell line evolution. We will then construct mouse models 
with combined gene mutations to discover novel muta-
tion sites associated with brain metastasis, with the aim 
of generating spontaneous tumor mouse models that 
specifically develop brain metastases.

Furthermore, we integrated transcriptomic and pro-
teomic data, identifying RAB25 as a novel potential 
research target from the core gene network of BM3 cells. 
Previous studies have shown that high RAB25 expression 
reduces chemotherapy sensitivity in non-small cell lung 
cancer [20] and promotes erlotinib resistance via activa-
tion of the β1-integrin/AKT/β-catenin pathway [32]. In 
LUAD, RAB25-mediated EGFR recycling contributes 
to radiotherapy resistance [40]. However, its specific 
role in BM-LUAD remains largely unexplored, warrant-
ing further investigation. This finding underscores the 
significance of our improved BM cell lines in advancing 
research on BM development and progression.

Limitations
The occurrence and progression of brain metastasis is a 
complex and dynamic process. Although our established 
BM cell line successfully recapitulates key phenotypes 

of brain metastatic tumor cells, the intracranial injec-
tion approach primarily models the behavior of tumor 
cells after colonization in the brain microenvironment. 
As a result, this method does not fully reflect the char-
acteristics of tumor cells during hematogenous spread or 
the process of crossing the blood–brain barrier. In future 
studies, isotope tracing technology may help address this 
limitation. Additionally, since the primary aim of this 
research was to establish an accessible and cost-effective 
method for generating BM cell lines in a standard labo-
ratory setting, we did not perform detailed functional 
analysis of RAB25. In our future work, we plan to fur-
ther investigate the role and underlying mechanisms of 
RAB25 in the progression of brain metastasis.

Conclusion
In this study, we improved the existing classical methods 
and developed a novel approach to establish BM-LUAD 
cell lines. Additionally, we designed a new workflow 
based on the CIBERSORT deconvolution algorithm to 
compare BM cell lines with patient-derived tumor cells, 
demonstrating their similarity. Furthermore, transcrip-
tomic analysis and phenotypic experiments revealed 
distinct characteristics at different stages of BM progres-
sion, confirming the reliability of our BM cell lines and 
their significance for future research.
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