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Abstract

Background/Objectives: Brain metastasis (BM) represents a significant clinical challenge in
advanced breast cancer, yet the molecular mechanisms driving breast cancer brain metasta-
sis (BCBM) remain incompletely characterized. This study aims to identify key molecular
pathways and hub genes specifically associated with BCBM through comprehensive bioin-
formatic analyses. Methods: Gene Set Enrichment Analysis (GSEA), differential gene ex-
pression analysis, and weighted gene co-expression network analysis (WGCNA) were per-
formed using two independent GEO datasets (GSE191230 and GSE43837). Protein—protein
interaction (PPI) networks were constructed to visualize functional interconnections among
dysregulated genes. Survival analyses were conducted using the Kaplan-Meier Plotter
database to evaluate the prognostic significance of identified hub genes. Results: GSEA
revealed significant upregulation of metabolic pathways (mTORC1 signaling, glycolysis,
oxidative phosphorylation) and downregulation of immune-related pathways in BCBM
compared to primary tumors. Integrative analysis identified 34 consistently dysregu-
lated genes across datasets, from which 12 hub genes were validated. Among these,
RRM2, CDCAS, CCNB1, LMNB2, FANCI, NCAPH, YWHAZ, and ESPL1 demonstrated
brain-specific over-expression compared to other metastatic sites. Functional enrichment
analysis highlighted cell cycle dysregulation as a critical mechanism in BCBM, and all
hub genes showed significant association with poor prognosis in breast cancer patients.
Conclusions: This study identifies a unique molecular profile of BCBM characterized by
cell cycle dysregulation, metabolic reprogramming, and immune microenvironment al-
terations. The brain-specific expression patterns of these hub genes represent potential
biomarkers for BCBM risk assessment and novel therapeutic targets, providing a basis for
precision medicine development.
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1. Introduction

Breast cancer is one of the most common malignancies worldwide. In 2020, approxi-
mately 2.3 million women were diagnosed with breast cancer, and there were 685,000 deaths
from the disease [1,2]. It is also the leading cause of cancer death among women globally [3].
Due to advances in early detection, surgery, and treatment methods, breast cancer survival
rates have increased [4]. However, when the cancer spreads to other parts of the body; it
remains the main cause of death, and the 5-year survival rate becomes significantly reduced
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once distant metastasis occurs [5,6]. The most common sites of distant recurrence for breast
cancer are the brain, bones, lung, and liver [6].

Brain metastasis (BM) is a serious issue in advanced breast cancer, which impacts
approximately 10-30% of patients with metastatic disease [6]. The incidence of brain metas-
tasis has been increasing in recent years. This rise has been attributed to the development
of better imaging and screening techniques, as well as the advancement of more effective
systemic therapies [7]. BM is associated with severe neurological complications, reduced
quality of life, and poor prognosis. Median survival varies from 2 to 20 months, depending
on prognostic factors and treatment approaches [8,9].

The tendency of BM differs among breast cancer types [10]. Human epidermal growth
factor receptor 2 (HER2)-positive and triple-negative breast cancer (TNBC) show higher
rates of BM compared to luminal types [10]. This subtype-specific tropism suggests distinct
molecular mechanisms driving brain colonization in different breast cancer subtypes [11].
Previous studies have identified several molecular pathways potentially involved in breast
cancer brain metastasis (BCBM). HER2 over-expression has been associated with increased
blood-brain barrier (BBB) permeability and enhanced brain colonization through activation
of downstream signaling pathways [12]. Similarly, genes involved in migration (HBEGE,
CXCR4) [13-15], protein degradation (ADAMS, Cathepsin S) [16,17], immune modula-
tion (GBP1, COX-2) [13,18], and angiogenesis (Angiopoietin-2) [19] have been implicated
in brain-specific metastasis. Furthermore, metabolic adaptations allowing cancer cells
to utilize alternative energy sources such as glutamine in the nutrient-restrictive brain
microenvironment have been reported [20,21].

Currently, there are limited prognostic biomarkers available to predict the risk of BM
in breast cancer patients. Clinical parameters such as young age, tumor size, nodal status,
and hormone receptor negativity have shown some association with BM risk [22]. Several
gene expression signatures have been proposed; Lee et al. (2016) identified a panel of
genes including CXCL12, MMP-2, MMP-11, VCAM1, and MME that showed prognostic
significance in BM patients [23]. However, these signatures have not been widely validated
or implemented in clinical practice. Additionally, Iwamoto et al. (2019) reported that
immune-related gene signatures exhibited significantly lower expression in BM compared
to primary breast cancers, suggesting that the immune-desert microenvironment of BM may
contribute to treatment resistance [24]. Their study also identified VEGFA and DNMT3A as
potential therapeutic targets specifically upregulated in BM [24]. Furthermore, circulating
biomarkers such as circulating tumor cells (CTCs) expressing EGFR, heparanase (HPSE),
and NOTCH1 have shown potential for predicting BM [25]. However, these biomarkers
lack specificity and provide limited insights into the underlying molecular mechanisms
governing the brain metastatic process.

Despite advances in our understanding of BCBM, several critical knowledge gaps
remain. First, the molecular determinants specifically leading to brain tropism, as opposed
to metastasis to other organs, are still incompletely understood. While certain genes and
pathways have been implicated in BM, a comprehensive characterization of the molecular
networks distinguishing brain-specific metastasis from metastasis to other sites is lacking.
Second, the identification of robust and clinically applicable biomarkers for predicting BM
risk remains an unmet need. Finding patients who are at high risk for brain metastasis early
may allow for preventive interventions. Furthermore, there is limited understanding of how
these BM-associated genes interact within functional networks and biological pathways.
Most previous studies have focused on individual genes or limited gene sets without
considering broader pathway interactions and co-expression patterns. Using a systematic
approach that combines differential gene expression analysis with gene co-expression
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network analysis can provide deeper insights into the complex molecular activities of brain
metastatic breast cancer.

Given these knowledge gaps, the present study aims to comprehensively characterize
the molecular landscape of BCBM through integrative bioinformatic approaches. We aim
to advance our understanding of the molecular basis of BCBM, identify novel biomarkers
for risk stratification, and uncover potential therapeutic targets for this devastating compli-
cation of advanced breast cancer. The integrative bioinformatic approach employed in this
study provides a systems-level perspective on the complex biological processes that drive
brain-specific metastasis, potentially informing the development of precision medicine
strategies to improve outcomes for patients at risk of brain metastatic disease.

2. Materials and Methods
2.1. Data Sources

The datasets used in this study—GSE191230, GSE43837, and GSE14018—were ob-
tained from the Gene Expression Omnibus (GEO) database. The detailed download sources
are listed in Supplementary Table S1. GSE191230 comprised 13 primary breast tumor
samples and 7 brain metastasis samples. GSE43837 comprised 19 primary breast cancer
samples and 19 brain metastasis samples. As the two datasets were derived from different
technological platforms (RNA-seq and microarray, respectively), DEG analyses were per-
formed independently within each dataset, and only concordantly upregulated genes were
retained via Venn diagram intersection.

2.2. Gene Set Enrichment Analysis (GSEA)

GSEA was conducted via the Broad Institute platform, employing the default weighted
Signal2Noise metric. For the GSE191230 dataset, gene expression profiles were ranked
according to the expression levels of selected candidate genes. Samples were stratified into
high- and low-expression groups based on whether their expression levels were above or
below the median across all candidate genes. Gene sets were deemed significantly enriched
when the absolute value of the normalized enrichment score (I NES|) exceeded 1, the
false discovery rate (FDR) was below 0.25, and the nominal p-value was less than 0.05, as
determined from 1000 random permutations.

2.3. Construction of Weighted Gene Co-Expression Network Analysis (IWGCNA)

After downloading GSE14018, probe IDs were converted to gene symbols using
gene annotation files. In cases where multiple probe IDs corresponded to the same gene,
the probe with the highest expression value was retained. Gene expression data from the
GSE14018 matrix were ranked based on variance, and the top 50% of genes were selected for
WGCNA using the R package WGCNA (1.74). The adjacency matrix was then transformed
into a topological overlap matrix (TOM), and genes were clustered into modules based
on TOM-based dissimilarity. A soft-thresholding power of 5, a cut height of 0.25, and a
minimum module size of 30 were used to identify the gene modules.

2.4. Identification of Differentially Expressed Genes (DEGs) and Hub Gene Selection

The NCBI GEO database was utilized for the analysis of two datasets: GSE191230
and GSE43837. The raw data were processed using the GEO2R online tool (https://www.
ncbinlm.nih.gov/geo/geo2r/ accessed on 10 January 2025), retaining only genes with a
p < 0.05, a log2 fold-change > 0.5, and a higher expression in brain metastasis samples
relative to primary breast tumors. The overlapping DEGs between both datasets were then
compared with genes in the turquoise module identified by WGCNA using Venn software
(2.1.0), yielding 34 consistently upregulated genes representing a high-confidence core set
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of brain metastasis-associated genes. To further refine this gene set, each candidate gene
was required to demonstrate statistically significant upregulation in breast cancer tumor
samples (num(T) = 1085) relative to normal breast tissue (num(N) = 291), as assessed by
box plot analysis using the BRCA (Breast Invasive Carcinoma) dataset (p < 0.05). This
criterion yielded the final 12 hub genes, namely RRM2, NETO2, ESPL1, CDCAS8, CCNB1,
LMNB?2, SAC3D1, NCAPH, MCM2, YWHAZ, FANCI, and FOXRED2, which demonstrated
consistent and statistically significant upregulation in both brain metastasis relative to
primary breast tumors and tumor tissue relative to normal breast tissue (Table S3).

2.5. Function Enrichment Analysis

The turquoise module, which exhibited a strong correlation with brain metastasis,
underwent Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analyses using Metascape, an online gene functional classification tool (https:
/ /metascape.org/gp/index.html#/citations/ accessed on 10 January 2025). Enrichment
was confirmed when p < 0.05. Enrichment bar graphs and networks were generated to
visualize the results.

2.6. Kaplan—Meier Survival Analysis

The prognostic values of distant metastasis-free survival (DMFS) for brain metastatic
breast cancer were evaluated using available data and tools from the Kaplan—-Meier Plotter
website (http://kmplot.com/analysis/index.php?p=background accessed on 10 January
2025). The data were obtained from the GEO database, and the candidate genes (RRM2,
CDCAS8, CCNB1, LMNB2, FANCI, NCAPH, YWHAZ, NETO2, MCM2, and ESPL1) were
used as input. Kaplan—Meier plots were drawn, log-rank tests were performed to analyze
differences between risk groups, and hazard ratios were estimated.

2.7. Statistical Analysis

Survival curves were generated using GraphPad Prism V9.5.1 (GraphPad Software,
Inc., San Diego, CA, USA) through the Kaplan-Meier method. The differences between the
gene expression groups were assessed using the log-rank test. The correlation coefficients
were calculated using the Pearson correlation test, created using GraphPad Prism. Student’s
t-test was utilized for statistical analysis comparing gene expression between the brain and
other sites. A p-value less than 0.05 was considered statistically significant.

3. Results

3.1. Enrichment of Metabolic and Inflammatory Signaling Pathways in Brain Metastatic
Breast Cancer

To identify key molecular mechanisms and biological processes driving breast cancer
metastasis to the brain, we performed GSEA and differential gene expression analysis.
GSEA revealed distinct patterns of pathway enrichment in BM samples compared to pri-
mary breast tumors (Figure 1A). Notably, metabolic pathways including mTORCI signaling,
glycolysis, and oxidative phosphorylation were significantly upregulated (normalized en-
richment score > 0, blue bars), suggesting metabolic reprogramming as an important
characteristic of brain metastatic cells. MYC targets were also enriched, consistent with the
known role of MYC in promoting cancer cell proliferation and metabolic adaptation [26].

In contrast, multiple inflammatory and immune-related pathways showed significant
downregulation (normalized enrichment score < 0, red bars), including the complement
cascade, IL2-STATS5 signaling, IL6-JAK-STAT3 signaling, KRAS signaling, coagulation, UV
response, and TNF« signaling via NF-kB (Figure 1A) pathways. Furthermore, pathways re-
lated to cellular structure and epithelial characteristics such as epithelial-mesenchymal tran-
sition, the apical junction, inflammatory response, and the apical surface were also downreg-
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ulated. These findings suggest that brain metastatic breast cancer cells may escape immune
surveillance while undergoing metabolic adaptation to the brain microenvironment.
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Figure 1. Gene Set Enrichment Analysis and differential gene expression in brain metastatic breast
cancer. (A) GSEA of hallmark gene sets comparing brain metastatic breast cancer to primary breast
tumors. Normalized enrichment scores are shown on the x-axis, with positive scores (blue bars)
indicating upregulation and negative scores (red bars) indicating downregulation in brain metastases.
(B) Venn diagram showing the overlap of DEGs between two independent datasets (GSE191230
and GSE43837). Numbers indicate unique and shared DEGs with their respective percentages.
(C) Functional enrichment analysis of DEGs. The bar chart displays significantly enriched biological
processes, pathways, and complexes with their corresponding —log10 (p-value) on the x-axis.

Transcriptomic comparison between BM and primary tumors identified a significant
number of DEGs. The Venn diagram analysis of DEGs from two independent datasets
(GSE191230 and GSE43837) demonstrated 3053 unique DEGs in GSE191230 (72.1%) and
953 unique DEGs in GSE43837 (22.5%), with 228 common DEGs (5.4%) between both
datasets (Figure 1B; Table S2). This overlap represents a core set of consistently altered
genes in brain metastatic breast cancer across different patient cohorts. The overlap
of 228 common DEGs between GSE191230 and GSE43837 represents a statistically sig-
nificant enrichment beyond chance expectation (hypergeometric test, p = 3.61 x 1073,
fold enrichment = 1.18 X, background N = 20,000 genes), reinforcing the biological repro-
ducibility and cross-cohort reliability of this core DEG set as a foundation for subsequent
integrative analysis.

Functional enrichment analysis of the DEGs identified several significantly enriched
biological processes and pathways (Figure 1C). The most significantly enriched terms
included translation, Golgi vesicle transport, cell cycle regulation, Parkinson disease-
related genes, neural crest formation, and cellular responses to stress. Additional enriched
processes included nucleobase-containing small-molecule metabolic processes, the DNA-
PK-Ku-elF2-NF90-NF45 complex, mitochondrial protein import, DNA metabolic processes,
COPII-coated vesicle budding, and mitotic cell cycle regulation. Cancer-related and stress
response pathways including retinoblastoma gene signaling, RNA metabolism, unfolded
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protein response, protein processing in the endoplasmic reticulum, protein folding, and
response to endoplasmic reticulum stress were also significantly enriched.

3.2. Gene Co-Expression Module Identification in Metastatic Breast Cancer

To gain deeper insights into the transcriptional networks and gene modules driving
organ-specific metastasis in breast cancer, particularly BM, we performed WGCNA. This
approach enables identification of clusters of highly interconnected genes and their associa-
tions with specific clinical traits or metastatic sites. The scale independence analysis showed
that a soft-thresholding power of 5 achieved a high scale-free topology model fit (R? > 0.8)
while maintaining sufficient mean connectivity (Figure 2A). This power parameter was
subsequently used for network construction to identify gene modules with coordinated
expression patterns. Hierarchical clustering resulted in the identification of 29 distinct gene
modules, as illustrated in the cluster dendrogram (Figure 2B).

To assess the biological significance of these modules in the context of organ-specific
metastasis, we correlated module eigengenes (ME) with four distinct metastatic pheno-
types: lung metastasis, liver metastasis, brain metastasis, and bone metastasis (Figure 2C).
The heatmap of module-trait relationships revealed several modules with significant as-
sociations to specific metastatic sites. Notably, the MEturquoise module demonstrated
the strongest positive correlation specifically with brain metastasis (r = 0.45, p = 0.006),
highlighting potential brain-specific metastatic drivers. By comparison, the MEmidnight-
blue module showed a statistically significant negative correlation with brain metastasis
(r=—-0.38, p = 0.02), and the MEred module showed a weak, non-significant negative
correlation (r = —0.18, p = 0.3), confirming that MEturquoise was the most robustly and
positively associated module to brain-specific metastatic progression and it was therefore
selected for downstream analysis. Conversely, the MEblue module showed the strongest
negative correlation with brain metastasis (r = —0.4, p < 0.05), suggesting its potential
suppressive roles in brain metastatic progression. The identification of these site-specific
modules provides a foundation for further exploration of the molecular determinants
governing organ-specific metastasis, particularly the distinctive mechanisms leading to
brain metastasis in breast cancer.

3.3. Pathway Analysis of Brain Metastasis Gene Signatures

After identifying differential gene expression patterns and co-expression modules asso-
ciated with BM, we sought to characterize the functional landscape of these BM-associated
genes through detailed pathway enrichment analysis and protein—protein interaction (PPI)
network mapping. This approach allows for the identification of key biological processes
and molecular interactions that may lead to brain-specific metastasis in breast cancer.

Functional enrichment analysis of genes significantly associated with BM is predomi-
nantly related to cell cycle-related processes (Figure 3A). The most significantly enriched
pathway was “cell cycle” (R-HSA-1640170), followed by various cell cycle regulatory
processes including “mitotic cell cycle” (GO:0000278), “regulation of cell cycle process”
(GO:0010564), and “DNA metabolic process” (GO:0006259). Cell cycle checkpoints (R-HSA-
69620) were also highly enriched, suggesting that dysregulation of cell cycle control may
be a critical feature of brain metastatic breast cancer cells. Notably, the PID AURORA B
PATHWAY (M14) was enriched, highlighting the potential importance of Aurora B kinase
signaling in brain metastasis.
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Figure 2. Weighted gene co-expression network analysis of breast cancer metastasis. (A) Determina-
tion of soft-thresholding power for WGCNA. Left panel: Scale-free topology model fit (y-axis) as a
function of soft-thresholding power (x-axis). The red line indicates R? = 0.8, with power = 5 selected
as the optimal threshold. Right panel: Mean connectivity (y-axis) as a function of soft-thresholding
power (x-axis), showing the relationship between network connectivity and increasing power values.
(B) Cluster dendrogram showing gene modules identified by WGCNA. The hierarchical clustering
tree was constructed based on TOM. Each color in the bar below the dendrogram represents a distinct
gene module. (C) Heatmap of module-trait relationships. Rows represent module eigengenes and
columns represent four metastatic sites (lung, liver, brain, and bone metastasis). Each cell contains the
correlation coefficient (top number) and corresponding p-value (bottom number in parentheses). Red
indicates positive correlation, blue indicates negative correlation, and white indicates no correlation.
Color intensity corresponds to correlation strength.

To visualize the interactions among these functionally enriched genes, we constructed
a PPI network (Figure 3B). Cell cycle-related proteins formed the most notable clusters, with
extensive interconnections suggesting coordinated regulation of cell cycle processes in brain
metastasis. Further analysis of the PPI network incorporating statistical significance of each
node revealed a gradient of significance levels across the network (Figure 3C). Collectively,
these analyses highlight cell cycle regulation as a crucial mechanism potentially driving
breast cancer metastasis to the brain, with particular emphasis on mitotic processes, DNA
metabolism, and cell cycle checkpoints. These findings provide a basis for identifying novel
therapeutic targets specifically for brain metastatic breast cancer.
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Figure 3. Functional enrichment and PPI network analysis of brain metastasis-associated genes.

(A) Functional enrichment analysis of genes associated with BCBM. The bar chart displays signif-
icantly enriched biological processes, pathways, and cellular functions, with their corresponding
statistical significance expressed as —log10(P) values on the x-axis. (B) PPI network of BM-associated
genes. Nodes represent proteins, and edges represent known or predicted interactions between
proteins. Nodes are color-coded according to the functional categories identified in panel A, illus-
trating the clustering of proteins involved in related biological processes. (C) Significance-weighted
PPI network. The same network structure as in panel B but with nodes colored according to their
statistical significance of association with BM, ranging from yellow (less significant, 1072) to dark
brown (highly significant, 102°) as indicated in the color scale.

3.4. Identification of Key Genes in Brain Metastatic Breast Cancer

To identify reliable gene signatures specifically associated with BM in breast cancer,
we performed an integrative analysis across multiple independent datasets. This approach
aimed to overcome the limitations of single-dataset analyses by identifying consistently
dysregulated genes across different patient cohorts. We first conducted a comparative
analysis of DEGs identified in three independent datasets: GSE191230, GSE43837, and the
previously identified turquoise module from our WGCNA (Figure 4A). The Venn diagram
illustrates the distribution and overlap of DEGs across these datasets. Most importantly,
we identified 34 genes (0.7%) consistently present across all three datasets, representing a
core set of highly reproducible brain metastasis-associated genes.

To validate the expression patterns and potential functional significance of key genes
from this crucial core, we identified 12 key genes that show consistent and significant
upregulation in brain metastasis samples (red boxes) compared to primary breast can-
cer samples (gray boxes) (Figure 4B). These hub genes include RRM2 (Ribonucleotide
reductase regulatory subunit M2), NETO2 (Neuropilin and tolloid-like 2), ESPL1 (Extra
spindle pole bodies like 1, Separase), CDCAS (Cell division cycle associated 8), CCNB1
(Cyclin B1), LMNB2 (Lamin B2), SAC3D1 (SAC3 domain containing 1), NCAPH (Non-SMC
condensin I complex subunit H), MCM2 (Minichromosome maintenance complex compo-
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nent 2), YWHAZ (Tyrosine 3-monooxygenase/Tryptophan 5-monooxygenase activation
protein zeta), FANCI (FA complementation group I), and FOXRED2 (FAD-dependent ox-
idoreductase domain containing 2). Expression validation was performed using GEPIA
(Gene Expression Profiling Interactive Analysis; http://gepia.cancer-pku.cn/ accessed on
10 January 2025) with TCGA (The Cancer Genome Atlas) BRCA (Breast Invasive Carci-
noma) dataset (num(T) = 1085 tumor samples; num(N) = 291 normal breast tissue samples).
Over-expression was defined uniformly across all 12 hub genes using an absolute log2
fold-change cutoff of | Log2FC| > 1 and a significance threshold of p < 0.05. All 12 hub
genes met both criteria, demonstrating statistically significant upregulation in breast cancer
tumor tissue relative to normal breast tissue (Figure 4B).

The consistent upregulation of these genes across different patient cohorts strongly
suggests their functional importance in brain metastasis. Particularly, many of these genes
are involved in cell cycle regulation (RRM2, ESPL1, CDCAS8, CCNB1, MCM2), chromosome
organization (NCAPH, LMNB2), and DNA damage repair (FANCI), which aligns with
our earlier pathway enrichment findings highlighting cell cycle dysregulation as a key
feature of brain metastatic breast cancer. These findings collectively identify a core set
of consistently dysregulated genes in brain metastatic breast cancer, which may serve as
potential biomarkers and therapeutic targets for this clinically challenging disease.

3.5. Prognostic Significance of Key Genes in Breast Cancer Patient Survival

After identifying and validating the consistent upregulation of key genes in brain
metastatic breast cancer, we sought to determine whether these genes have clinical relevance
as prognostic biomarkers. Survival analysis was performed to evaluate the relationship
between the expression levels of our identified key genes and patient outcomes in breast
cancer. Using the Kaplan-Meier Plotter analysis, all ten analyzed key genes demonstrated
significant associations with poor prognosis, with high expression consistently correlating
with reduced DMFS in breast cancer patients (Figure 5). The most significant negative
prognostic effect was observed for FANCI, with a hazard ratio (HR) of 1.78, which was
the highest HR among all analyzed genes. Similarly, RRM2 exhibited a strong negative
prognostic effect with an HR = 1.67.

Notably, NETO2, a gene involved in neuronal function, showed a significant associ-
ation with poor prognosis (HR = 1.53), suggesting its potential role in brain metastasis.
Additionally, the cellular signaling regulator YWHAZ also demonstrated a significant
negative prognostic effect with an HR = 1.32, highlighting the importance of altered signal-
ing pathways in breast cancer progression. The consistent association of these key genes
with poor prognosis in breast cancer patients strongly supports their potential roles as
drivers of metastatic progression. Furthermore, the prognostic significance of these genes
across a large patient cohort validates the clinical relevance of our bioinformatic findings
and suggests that these genes may serve as valuable biomarkers for risk stratification and
potential therapeutic targets.

3.6. Differential Expression Analysis of Key Genes in Brain Versus Other Metastatic Sites in
Breast Cancer

To further characterize the organ specificity of our identified key genes and determine
whether their upregulation is specifically associated with BM or represents a general feature
of metastatic breast cancer, we compared their expression levels between BM and metastases
at other anatomical sites. This analysis aimed to identify genes with brain-specific over-
expression patterns, which could serve as specific biomarkers or therapeutic targets for BM.
Remarkably, eight of the ten key genes showed significantly higher expression in BM (red
bars) compared to other metastatic sites (blue bars), supporting their specific association
with brain tropism in metastatic breast cancer (Figure 6).
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Figure 4. Identification and validation of consistently dysregulated genes in brain metastatic breast
cancer. (A) Venn diagram showing the overlap of DEGs across three independent datasets: GSE191230
(blue circle), GSE43837 (yellow circle), and the turquoise module identified from WGCNA (green
circle). Numbers represent gene counts in each region with their respective percentages in parentheses.
(B) Box plot validation of expression levels for 12 selected key genes consistently upregulated in BM.
Each panel represents the expression level of an individual gene (RRM2, NETO2, ESPL1, CDCAS,
CCNB1, LMNB2, SAC3D1, NCAPH, MCM2, YWHAZ, FANCI, and FOXRED2) in primary breast
cancer samples (gray boxes, n = 291) versus brain metastasis samples (red boxes, n = 1085). The
y-axis represents normalized expression values, with higher values indicating increased expression.
Statistical significance is indicated as follows: * p < 0.05.
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Figure 5. Kaplan-Meier survival analysis of key genes in breast cancer patients. Kaplan—-Meier plots
showing the relationship between gene expression levels and DMFS in breast cancer patients for ten
hub genes: RRM2, CDCAS8, CCNB1, LMNB2, FANCI, NCAPH, YWHAZ, ESPL1, NETO2, and MCM2.
For each gene, patients were stratified into high-expression (red curves) and low-expression (black
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y-axis represents survival probability. Each plot includes the HR with the 95% confidence interval,
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Figure 6. Comparison of key gene expression levels between brain metastases and other metastatic
sites in breast cancer. Bar graphs comparing the expression levels of ten key genes (RRM2, CDCAS,
CCNB1, LMNB2, FANCI, NCAPH, YWHAZ, ESPL1, NETO2, and MCM2) between breast cancer
metastases in the brain (red bars) and other metastatic sites (blue bars). The y-axis represents
normalized gene expression levels, and individual data points are shown as black dots. Statistical
significance is indicated as follows: ** p < 0.01, *** p < 0.001, ns (not significant). Error bars represent

standard deviation.
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The most significant differential expression was observed for FANCI, suggesting its
particularly strong association with BM (p < 0.001). Seven other genes showed significant
upregulation in BM with p < 0.01. Remarkably, RRM2, CDCAS8, CCNB1, LMNB2, FANCI,
and NCAPH, which are involved in cell cycle regulation and DNA replication, were
specifically upregulated in BM, suggesting that enhanced proliferative capacity might be a
characteristic of breast cancer cells that metastasize to the brain. Interestingly, two genes,
NETO2 and MCM2, did not show statistically significant differences between the brain
and other metastatic sites (p = 0.076 and p = 0.074, respectively). This suggests that while
these genes are upregulated in metastatic breast cancer in general, their expression is not
specifically elevated in BM compared to other metastatic sites. However, it is noteworthy
that both NETO2 and MCM2 showed trends toward higher expression in BM.

These findings collectively support the hypothesis that BM in breast cancer is associ-
ated with a distinct molecular profile, characterized by the upregulation of specific genes
involved in cell cycle regulation, DNA replication, and cellular signaling. The brain-specific
expression patterns of these key genes provide further evidence for their potential ap-
plication as specific biomarkers for BM risk assessment and as targets for brain-specific
therapeutic interventions in metastatic breast cancer.

4. Discussion
4.1. Major Findings and Implications

BM represents one of the most disturbing complications of advanced breast cancer
due to its association with significant neurological illness and poor prognosis. Through
our comprehensive bioinformatic analysis of gene expression profiles, we have identified
several key molecular pathways and potential biomarkers of BCBM that may contribute to
improved diagnostic and therapeutic approaches for this challenging clinical issue.

Our GSEA study demonstrated significant upregulation of metabolic pathways, in-
cluding mTORC1 signaling, glycolysis, and oxidative phosphorylation in BM compared to
primary breast tumors. This metabolic reprogramming potentially reflects the adaptation
of cancer cells to the unique nutrient availability in the brain microenvironment. The brain
is a highly energy-demanding organ that primarily uses glucose as an energy source, and
our findings suggests that breast cancers that successfully colonize the brain have adapted
to effectively compete for these energy sources. This is consistent with previous studies
showing that metastatic cells experience metabolic adaptation to survive and proliferate
in the brain microenvironment [27,28]. Targeting these altered metabolic pathways could
potentially disrupt the ability of breast cancer cells to colonize the brain microenvironment.

A remarkable finding of our study was the significant downregulation of immune and
inflammatory response pathways in BM. These include the complement cascade, IL2-STAT5
signaling, IL6-JAK-STAT3 signaling, and TNF« signaling via NF-«B. Our observation aligns
with the findings of Iwamoto et al. (2019), who reported decreased immune-related gene
signatures in BM compared to primary breast tumors [24]. The downregulation of these
immune-related pathways suggests that BCBM may create an immunosuppressive mi-
croenvironment, which potentially leads to treatment resistance. In fact, studies have
demonstrated this immune-desert phenotype, which might partially explain the limited ef-
ficacy of immune checkpoint inhibitors in BCBM [29-31]. Strategies to enhance immune cell
infiltration and activation within BM could be a potential direction for further investigation.

It is important to note, however, that the observed downregulation of IL2/STAT5,
IL6/JAK/STAT3, and TNFo/NF-kB signaling in BM bulk transcriptomic data may reflect,
at least in part, a compositional effect rather than solely tumor-intrinsic immunosuppres-
sion. The brain is an immunologically distinct organ with restricted immune cell trafficking
across the blood-brain barrier and markedly lower infiltration of peripheral lymphocytes
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and NK cells compared to primary breast tumors. Consequently, the reduced transcrip-
tional signal from immune-related pathways in BM bulk tissue may partly reflect the
physical absence of immune effector cells that normally produce these signals, rather than
active suppression by tumor cells. Resolving these two mechanisms will require computa-
tional immune deconvolution or single-cell transcriptomic approaches, both of which are
priorities for future investigation.

Our functional enrichment analysis and PPI network mapping demonstrated a notice-
able dominance of cell cycle-related processes among BM-associated genes. The significant
enrichment of cell cycle regulation, DNA metabolic processes, and mitotic phase transitions
suggests that dysregulation of the cell proliferation mechanism is a crucial step in brain
metastatic progression. This is further supported by our identification of several key genes
involved in cell cycle regulation (RRM2, CDCAS8, CCNB1, MCM2) and chromosome orga-
nization (NCAPH, LMNB2) that were consistently upregulated in BM. Our identification
of the critical role of cell cycle dysregulation in BCBM provides a good basis for potential
therapeutic investigation of cell cycle checkpoint kinase inhibitors in BCBM patients. Re-
cent studies by Nguyen et al. (2019) further support the clinical relevance of our findings
by demonstrating the activity of some CDK inhibitors against BM [32].

Through our integrative analysis across multiple datasets, we identified a core set
of 34 consistently dysregulated genes in BCBM. Subsequently, we confirmed significant
upregulation of 12 representative key genes in BM samples. The prognostic significance
of these genes was demonstrated in survival analysis. All of the ten key genes analyzed
showed significant association with poor outcomes in breast cancer patients. Importantly,
eight of these genes (RRM2, CDCAS8, CCNB1, LMNB2, FANCI, NCAPH, YWHAZ, and
ESPL1) exhibited brain-specific over-expression when compared to other metastatic sites,
further recommending their relevance in brain tropism.

The identification of FANCI as the gene with the strongest prognostic potential
(HR =1.78) and the most significant brain-specific expression is particularly notewor-
thy. FANCI is involved in DNA damage repair through the Fanconi anemia pathway,
which is critical for maintaining genomic stability [33]. Its over-expression in BM suggests
that enhanced DNA repair activity may be an important process for breast cancer cells
to survive in the brain microenvironment. Similarly, the significant brain-specific over-
expression of RRM2 involved in DNA synthesis, repair, and replication further strengthens
the importance of maintaining genomic integrity in BCBM [34].

Although the neuronal gene NETO2 and DNA replication factor MCM2 did not show
statistically significant brain-specific expression, their roles in BCBM might warrant further
investigation. NETO2 has been implicated in neuronal function and its upregulation in
BCBM might reflect adaptation to the neural environment, representing an interesting
candidate for malignant formation. This finding is consistent with a previous study demon-
strating the upregulation of neuronal-specific genes in BM that were not expressed in the
primary tumor [35]. Park et al. show that metastatic cells adapt to the brain microenviron-
ment by developing neuronal-like properties [35].

Among the hub genes with prior literature support, RRM2, CCNB1, ESPL1, MCM2,
and YWHAZ have been individually associated with breast cancer progression and poor
prognosis, though their brain-specific upregulation relative to other metastatic sites had not
been formally established prior to this study. FANCI, which demonstrated the strongest
prognostic effect (HR = 1.78) and most significant brain-specific upregulation, is a compo-
nent of the Fanconi anemia DNA repair pathways; its specific involvement in BCBM has
not been previously reported. For the remaining hub genes (CDCAS8, LMNB2, NCAPH,
SAC3D1, and FOXRED?2), BM-specific literature is limited or absent, likely reflecting the
historical focus of BCBM research on hypothesis-driven candidate-gene approaches rather
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than unbiased transcriptomic network analyses. The integrative approach employed in the
current study addresses this gap and identifies these genes as novel candidates warranting
further functional investigation.

Among the 12 validated hub genes, NETO2 and MCM2 warrant specific concep-
tual clarification. MCM2, a core component of the pre-replication complex and an es-
tablished marker of cellular proliferative activity, is most appropriately interpreted as a
pan-metastatic marker rather than a brain-selective one. Its upregulation across multiple
metastatic sites reflects its fundamental role in sustaining proliferative demands of dis-
seminated tumor cells regardless of target organ, and its lack of significant differential
expression between brain and non-brain metastatic sites (p = 0.074) does not diminish its
biological relevance. MCM2 may thus serve as a broadly applicable biomarker of metastatic
aggressiveness, complementing the brain-specific markers identified in this study.

NETO?2 presents a more complex interpretive challenge. Although it similarly did not
reach significance in the brain-versus-other-sites comparison (p = 0.076), its trend toward
higher expression in BM samples is notable given its neurobiological function. NETO2
encodes a transmembrane regulator of kainate-type ionotropic glutamate receptors and
is predominantly expressed in neurons under physiological conditions. Its upregulation
in BCBM therefore likely reflects context-specific transcriptional reprogramming facili-
tating tumor survival within the glutamate-rich neural microenvironment, rather than a
non-specific proliferative response characteristic of pan-metastatic genes. We propose that
NETO?2 represents a neural microenvironment-responsive gene whose brain-specific associ-
ation may reach statistical significance in larger, adequately powered cohorts. Functional
studies examining its interaction with glutamatergic signaling pathways in BCBM models
are warranted.

Our study has significant implications for the development of precision medicine
strategies for BCBM. The identification of brain-specific genes provides potential biomark-
ers for predicting BM risk in breast cancer patients. For example, assessment of RRM2,
CDCAS8, and CCNB1 expression in primary tumors or circulating tumor cells might help
identify patients at increased risk for BM. In addition, the consistent upregulation of these
genes across multiple patient cohorts suggests their functional importance as therapeu-
tic targets in BCBM. Furthermore, given the dominant role of cell cycle dysregulation,
combinations of cell cycle inhibitors with agents targeting metabolic pathways or DNA
repair regulation might be potentially effective against BCBM. The identified genes in our
study could also serve as predictive biomarkers for response to specific therapies as part of
personalized treatment.

4.2. Limitations and Future Directions

Despite our comprehensive analysis, several limitations need to be acknowledged.
First, our study relies mainly on transcriptomic data, which may not fully reveal post-
transcriptional or post-translational modifications that could affect protein function and
cellular activities. Integration of proteomic and epigenetic data could provide a more
complete understanding of the molecular mechanisms driving BCBM. Second, although
we identified important associations between gene expression patterns and BM, these
connections do not necessarily mean one causes the other. Both in vitro and in vivo studies
are needed to confirm the functional roles of the key genes for brain metastatic progression
identified in our study. Third, our analysis used bulk tissue samples, which include a mix of
different cell types covering cancer cells, stromal cells, and immune cells. Higher-resolution
techniques, such as single-cell sequencing, would provide better insights into the cellular
heterogeneity within BM. This approach could also help elucidate the interactions between
metastatic cancer cells and the brain microenvironment that facilitate brain colonization.
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Finally, our study was conducted using retrospective data from relatively small cohorts
because surgically removed BM samples are rare. Prospective validation in larger patient
cohorts would be valuable to confirm the clinical significance of our identified biomarkers
and therapeutic targets. Furthermore, while each of the 12 identified hub genes was evalu-
ated independently for its prognostic significance in the current study, their simultaneous
dysregulation and extensive functional interconnections within the cell cycle regulatory
axis suggest strong potential for integration into a combined multi-gene prognostic sig-
nature. The development and prospective validation of such a signature—for example,
through multivariate Cox proportional hazards regression or machine learning-derived
composite risk scoring—using individual patient-level gene expression data paired with
clinical outcome data within a single well-powered cohort represents a key priority for
future investigation. Such an approach has the potential to substantially enhance the clini-
cal discriminatory power and translational applicability of these hub genes as prognostic
biomarkers for BCBM.

5. Conclusions

Our comprehensive bioinformatic analysis has provided new insights into the molecu-
lar landscape of BCBM, highlighting cell cycle dysregulation, metabolic reprogramming,
and immune microenvironment alterations as key factors. We have identified a set of key
genes with prognostic significance and brain-specific expression patterns including RRM2,
CDCAS, CCNB1, LMNB2, FANCI, NCAPH, YWHAZ, and ESPL1. These findings enhance
our understanding of the molecular mechanisms driving brain metastasis in breast cancer
and provide a foundation for the development of biomarkers for diagnostic, prognostic,
and therapeutic approaches. Future functional studies focused on these key molecular
alterations may lead to novel targeted therapies to improve outcomes for BCBM patients.
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Abbreviations

The following abbreviations are used in this manuscript:

BM Brain metastasis

BCBM Breast cancer brain metastasis

GSEA Gene set enrichment analysis

WGCNA  Weighted gene co-expression network analysis
DEGs Differentially expressed genes

GEO Gene expression omnibus

PPI Protein—protein interaction

GO Gene ontology

KEGG Kyoto encyclopedia of genes and genomes
DMFS Distant metastasis-free survival

HR Hazard ratio

FDR False discovery rate

NES Normalized enrichment score

HER2 Human epidermal growth factor receptor 2
TNBC Triple-negative breast cancer

BBB Blood-brain barrier
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