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Introduction

Breast cancer remains the most diagnosed malignancy 
and the leading cause of cancer-related mortality among 
women worldwide, with approximately 2.3 million new 
cases and 685,000 deaths reported annually [1]. Despite 
significant advances in early detection and therapeutic 
interventions, approximately 30% of early-stage breast 
cancer patients develop metastatic disease, which accounts 
for most breast cancer-related deaths [2]. The persistence 
of therapy-resistant cancer stem cells, specifically breast 
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cancer stem cells (BCSCs), has emerged as a major 
obstacle to achieving durable treatment responses and 
preventing disease recurrence [3, 4].

BCSCs represent a small subpopulation of tumor cells 
characterized by self-renewal capacity, multi-lineage 
differentiation potential, and inherent resistance to 
conventional chemotherapy and radiotherapy [5]. These 
cells are identified by specific surface markers, including 
CD44⁺/CD24⁻/low, ALDH1⁺, and CD133⁺, and exhibit 
enhanced tumorigenic potential in xenograft models [6, 
7]. The enrichment of BCSCs following chemotherapy 
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treatment has been well documented, with paclitaxel, 
a first-line chemotherapeutic agent for breast cancer, 
paradoxically promoting BCSC expansion through 
activation of survival pathways including PI3K-Akt, 
STAT3, and NF-κB signaling [8, 9]. This phenomenon 
contributes to minimal residual disease, eventual relapse, 
and the development of treatment-refractory metastatic 
lesions [10].

Recent advances in cancer immunotherapy have 
revolutionized oncological treatment paradigms, 
with immune checkpoint inhibitors demonstrating 
remarkable efficacy in various solid tumors [11]. However, 
breast cancer, particularly hormone receptor-positive 
subtypes, has shown limited response to single-agent 
immunotherapy, attributed to its immunologically “cold” 
tumor microenvironment characterized by low tumor 
mutational burden, reduced neoantigen presentation, and 
inadequate T cell infiltration [12, 13]. The development of 
combinatorial strategies to enhance anti-tumor immunity 
while simultaneously targeting BCSCs represents a critical 
unmet clinical need.

Mesenchymal stem cells (MSCs) possess unique 
immunomodulatory properties and tumor-homing 
capabilities, making them attractive vehicles for cancer 
therapy [14, 15]. Recent evidence suggests that MSCs 
exposed to chemotherapeutic agents undergo phenotypic 
reprogramming, secreting immunostimulatory factors 
that can activate cytotoxic T lymphocytes [16, 17]. 
Paclitaxel-primed MSCs have been shown to release 
damage-associated molecular patterns (DAMPs) and 
pro-inflammatory cytokines that enhance dendritic cell 
maturation and T cell activation [18]. However, the 
molecular mechanisms by which paclitaxel-primed MSC-
activated T cells target BCSCs remain poorly elucidated. 
Systems biology approaches integrating transcriptomic 
profiling, protein-protein interaction network analysis, 
and pathway enrichment studies have proven invaluable 
in identifying key regulatory nodes and therapeutic 
vulnerabilities in cancer [19, 20]. The identification of 
overlapping gene signatures between BCSCs and immune 
effector cells may reveal critical molecular bridges that can 
be therapeutically exploited to redirect immune responses 
against therapy-resistant cancer stem cell populations [21].

In this study, we performed integrated transcriptomic 
analysis to identify overlapping gene networks between 
BCSCs, paclitaxel-treated cells, activated T cells, and 
paclitaxel-primed MSCs. We employed comprehensive 
bioinformatics approaches including protein-protein 
interaction network construction, Gene Ontology 
enrichment analysis, KEGG pathway mapping, and 
mutational landscape characterization to identify central 
hub genes and actionable therapeutic targets. Furthermore, 
we conducted experimental validation using metastatic 
breast cancer cells to assess the functional consequences 
of targeting identified pathways through combined 
paclitaxel treatment and activated T cell-mediated 
immune modulation. Our findings provide mechanistic 
insights into BCSC-immune interactions and establish a 
rational foundation for developing novel combinatorial 
immunotherapeutic strategies in breast cancer.

Materials and Methods

Data Acquisition and Gene Expression Analysis
Transcriptomic data for breast invasive carcinoma 

(BRCA) were obtained from The Cancer Genome Atlas 
(TCGA) database (https://portal.gdc.cancer.gov/) [22]. 
Gene expression profiles for breast cancer stem cells 
(BCSCs), paclitaxel-treated cells, activated T cells, and 
mesenchymal stem cells (MSCs) were retrieved from 
Gene Expression Omnibus (GEO) datasets [23]. Gene 
expression values were normalized as transcripts per 
million (TPM) using the DESeq2 package in R software 
(version 4.2.0) [24]. Differential expression analysis 
was performed using the Wilcoxon rank-sum test, with 
statistical significance defined as p < 0.05.

Identification of Overlapping Gene Signatures
Venn diagram analysis was conducted to identify genes 

co-expressed across four experimental conditions: BCSCs, 
paclitaxel-treated cells, activated T cells, and paclitaxel-
primed MSCs. Genes demonstrating expression above 
background threshold (TPM > 1) in all four conditions 
were classified as overlapping genes. Visualization was 
performed using the VennDiagram package in R [25]. Set 
intersections and unique gene lists for each condition were 
calculated and graphically represented.

Protein-Protein Interaction Network Construction
Protein-protein interaction (PPI) networks were 

constructed using the Search Tool for the Retrieval of 
Interacting Genes/Proteins (STRING) database (version 
11.5, https://string-db.org/) [26]. The 158 overlapping 
genes were inputted into STRING-DB with a high 
confidence interaction score threshold of 0.700. Network 
parameters, including the number of nodes, edges, 
average node degree, and local clustering coefficient, were 
calculated. PPI enrichment p-values were determined by 
comparing observed interactions against random network 
expectations. Network visualization was performed using 
Cytoscape software (version 3.9.1) [27].

Network Topology and Hub Gene Identification
Network centrality analysis was conducted using the 

CytoHubba plugin in Cytoscape [28]. Hub genes were 
identified based on multiple topological parameters, 
including degree centrality (number of direct connections), 
betweenness centrality (frequency of appearing on shortest 
paths between node pairs), and closeness centrality 
(average distance to all other nodes). The top ten hub genes 
were ranked according to combined centrality scores.
Gene Ontology and Pathway Enrichment Analysis

Gene Ontology (GO) enrichment analysis was 
performed using the Database for Annotation, Visualization 
and Integrated Discovery (DAVID) version 6.8 (https://
david.ncifcrf.gov/) [29]. Biological Process, Cellular 
Component, and Molecular Function categories were 
analyzed. KEGG (Kyoto Encyclopedia of Genes and 
Genomes) pathway enrichment analysis was conducted 
using Enrichr (https://maayanlab.cloud/Enrichr/) [30]. 
Enrichment scores were calculated as -log₁₀(p-value), 
and significance was defined as adjusted p < 0.05 



Asian Pacific Journal of Cancer Prevention, Vol 27 2603

DOI:10.31557/APJCP.2026.27.7.2601
BCSCs and MSC-Activated T Cells: Shared Gene Networks

Universitas Sultan Agung Semarang (approval number: 
424/VI/2025/Komisi Bioetik).

MTT Viability Assay
C e l l  v i a b i l i t y  w a s  a s s e s s e d  u s i n g  t h e 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay [39]. BCSCs were seeded at 5 × 
10³ cells per well in 96-well plates and allowed to adhere 
overnight. Cells were treated with the following conditions 
for 72 hours: (1) control medium, (2) 2000 nM paclitaxel, 
(3) paclitaxel-primed MSC-conditioned medium (50% 
v/v), (4) activated T cell-conditioned medium (50% v/v), 
(5) paclitaxel + activated T cell-conditioned medium, and 
(6) MSC-conditioned medium alone. Following treatment, 
20 μL MTT solution (5 mg/mL, Sigma-Aldrich) was 
added to each well and incubated for 4 hours at 37°C. 
The formazan crystals were dissolved in 150 μL dimethyl 
sulfoxide (DMSO), and absorbance was measured at 
570 nm using a microplate reader (BioTek Instruments). 
Cell viability was calculated as percentage of control. 
Experiments were performed in triplicate with three 
independent biological replicates.

Quantitative Real-Time PCR (qRT-PCR)
Total RNA was extracted from treated cells using TRIzol 

reagent (Invitrogen) according to the manufacturer’s 
protocol [40]. RNA concentration and purity were 
determined using a NanoDrop spectrophotometer (Thermo 
Fisher Scientific). First-strand cDNA was synthesized from 
1 μg total RNA using the High-Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems). Quantitative 
real-time PCR was performed using SYBR Green PCR 
Master Mix (Applied Biosystems) on a QuantStudio 
3 Real-Time PCR System (Applied Biosystems). 
Primer sequences were as follows: TP53 forward 
5’-CCTCAGCATCTTATCCGAGTGG-3’, reverse 
5’-TGGATGGTGGTACAGTCAGAGC-3’; PIK3CA 
forward 5’-ATCATCTGTGAATCCAGAGGGG-3’, 
reverse 5’-TGAGCTTTCATTTTCTCACTGC-3’; β-actin 
forward 5’-CATGTACGTTGCTATCCAGGC-3’, reverse 
5’-CTCCTTAATGTCACGCACGAT-3’ [41]. Cycling 
conditions consisted of initial denaturation at 95°C 
for 10 minutes, followed by 40 cycles of 95°C for 15 
seconds and 60°C for 1 minute. Relative gene expression 
was calculated using the 2ΔΔCt method with β-actin as 
the internal control [42]. Each sample was analyzed in 
triplicate.

Statistical Analysis
All statistical analyses were performed using R 

software (version 4.2.0) and GraphPad Prism (version 
9.0). Data are presented as mean ± standard error of the 
mean (SEM) from at least three independent experiments. 
Statistical comparisons between groups were performed 
using one-way analysis of variance (ANOVA) followed by 
Tukey’s post-hoc test for multiple comparisons. Survival 
analysis was conducted using Kaplan-Meier method with 
log-rank test. Correlation analyses were performed using 
Pearson and Spearman correlation coefficients. Statistical 
significance was defined as *p < 0.05, **p < 0.01, ***p 
< 0.001.

after Benjamini-Hochberg false discovery rate (FDR) 
correction. Pathway visualization was performed using 
KEGG Mapper (https://www.genome.jp/kegg/mapper/) 
[31].

Mutation Analysis and Clinical Data Integration
Genomic alteration data for the ten hub genes were 

retrieved from cBioPortal for Cancer Genomics (https://
www.cbioportal.org/) [32]. Mutation frequencies, copy 
number alterations, and structural variants were analyzed 
across breast cancer cohorts, including TCGA-BRCA 
and METABRIC datasets. The mutation count versus 
the fraction of the genome altered was plotted using 
correlation analysis with both Pearson and Spearman 
methods. Kaplan-Meier survival analysis was performed 
using the survival package in R, with the log-rank test for 
statistical comparison between high and low expression 
groups (median cut-off) [33]. Hazard ratios (HR) and 
95% confidence intervals were calculated using Cox 
proportional hazards regression.

Receiver Operating Characteristic Curve Analysis
Receiver Operating Characteristic (ROC) curve 

analysis was performed to evaluate the diagnostic 
performance of individual genes and combined gene 
signatures in discriminating tumor from normal tissue. 
The pROC package in R was used to calculate area under 
the curve (AUC), sensitivity, specificity, and optimal 
expression cutoff values [34]. Statistical significance 
of AUC values was assessed using DeLong’s test for 
correlated ROC curves.

Cell Culture
Breast cancer stem cells (BCSCs) were cultured in 

serum-free DMEM/F12 (Gibco, Thermo Fisher Scientific, 
Waltham, MA, USA)  medium supplemented with B27 
(Invitrogen), 20 ng/mL epidermal growth factor (EGF, 
Peprotech), 20 ng/mL basic fibroblast growth factor 
(bFGF, Peprotech), and 1% penicillin-streptomycin 
(Gibco) at 37°C in a humidified atmosphere containing 
5% CO₂ [35, 36]. 

Paclitaxel-Primed MSC Preparation and T Cell Activation
Human bone marrow-derived mesenchymal stem cells 

(MSCs) were obtained from Lonza (Basel, Switzerland) 
and cultured in Mesenchymal Stem Cell Growth Medium 
(MSCGM, Lonza). MSCs at passage 3-5 were treated 
with 2000 nM paclitaxel (Sigma-Aldrich, St. Louis, MO, 
USA) for 24 hours. Conditioned medium was collected, 
centrifuged at 3,000 rpm for 10 minutes, filtered through 
0.22 μm filters, and stored at -80°C until use [37]. 
Human peripheral blood mononuclear cells (PBMCs) 
were isolated from breast cancer stage 3 donors using 
Ficoll-Paque PLUS density gradient centrifugation (GE 
Healthcare). T cells were activated using conditioned 
medium of Paclitaxel-primed MSCs in RPMI-1640 
medium supplemented with 10% FBS and 100 IU/mL 
recombinant human IL-2 (Peprotech) for 48 hours [38]. 
Activated T cell-conditioned medium was collected and 
processed as described above. All experiments involving 
human samples were approved by the Faculty of Medicine 
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Results

Integrated Analysis Reveals Overlapping Gene Networks 
Between Breast Cancer Stem Cells, Paclitaxel Response, 
Activated T Cells, and Primed Mesenchymal Stem Cells

To identify molecular mediators at the intersection 
of cancer stem cell biology, chemotherapy response, 
and immune activation, we performed comparative 
transcriptomic analysis across four distinct cellular 
states: breast cancer stem cells (BCSCs), paclitaxel-
treated cells, activated T cells, and mesenchymal stem 
cells (MSCs) primed with paclitaxel. Venn diagram 
analysis identified 158 genes expressed across all four 
conditions, representing a core molecular signature 
(Figure 1A). Notably, two genes (AFP and GSK3A) were 
uniquely shared among MSCs, paclitaxel-treated cells, 
and T cells, suggesting that these genes may mediate the 
immunomodulatory effects of paclitaxel-primed MSCs. 
BCSCs uniquely expressed 228 genes, while T cells 
demonstrated the largest unique transcriptome (1260 
genes), reflecting their specialized immune effector 
functions.

Protein-protein interaction (PPI) analysis using 
STRING-DB (Figure 1B) of the overlapped genes from 
all experimental groups generated a network composed 
of 136 nodes, representing genes/proteins, and 524 
edges, representing interactions among proteins. The 
average node degree of 7.71 indicates that each protein 
is connected to approximately 8 other proteins within the 
network, while the average local clustering coefficient of 
0.437 suggests a propensity for the overlapped genes to 
form functional clusters or specific biological modules. 
The observed number of edges (524) is substantially 
higher than the expected random count (123 edges), 
supported by a PPI enrichment p-value < 1.0e-16. 
These findings indicate that the overlapped genes form 
an interaction network with significantly increased 
connectivity compared to random expectation, reinforcing 
the hypothesis of functional synergy in the regulation 
of proliferation, stress response, and key breast cancer 
signaling pathways. The density and interconnectedness 
of the network also imply the presence of hub genes 
or master regulators, which could serve as potential 
therapeutic targets in BCSCs.

Furthermore, Gene Ontology (GO) enrichment 
analysis demonstrated that these 158 overlapping genes 
are significantly enriched in biological processes critical 
for both stem cell function and immune activation, 
including epithelial cell proliferation (enrichment score: 
45, p < 1×10⁻³⁰), regulation of epithelial cell proliferation, 
cellular responses to chemical and oxidative stress, and 
regulation of DNA-binding transcription factor activity 
(Figure 1C). Cellular component analysis revealed 
enrichment in membrane rafts, membrane microdomains, 
focal adhesions, cell-substrate junctions, and transcription 
regulator complexes (Figure 1D), consistent with the 
dual roles of these genes in cell signaling and gene 
regulation. Molecular function analysis identified 
significant enrichment in DNA-binding transcription 
factor binding, ubiquitin-like protein ligase binding, and 
RNA polymerase II-specific DNA-binding transcription 

factor binding (Figure 1E).
Pathway enrichment analysis unveiled critical 

therapeutic targets, with the PI3K-Akt signaling pathway 
emerging as the most significantly enriched (Figure 1F), 
followed by EGFR tyrosine kinase inhibitor resistance, 
PD-L1 expression and PD-1 checkpoint pathway in 
cancer, breast cancer pathway, IL-17 signaling, TNF 
signaling, and notably, Th1 and Th2 cell differentiation 
pathways. The enrichment of both cancer progression 
pathways and T cell differentiation pathways within 
the same gene set provides molecular evidence for the 
immunomodulatory potential of paclitaxel-primed MSCs 
in reprogramming the BCSC microenvironment.

KEGG Pathway Mapping Reveals Molecular Mechanisms 
of Immune Checkpoint Modulation and Breast Cancer 
Signaling Convergence

To elucidate the specific molecular mechanisms by 
which paclitaxel-primed MSCs and activated T cells may 
target BCSCs, we performed detailed KEGG pathway 
mapping. Analysis of PD-L1 expression and the PD-1 
checkpoint pathway revealed extensive activation of 
upstream signaling cascades in tumor cells, including 
the JAK-STAT, MAPK, and PI3K-Akt pathways 
(Supplementary Figure 1). Multiple genes in these 
pathways were upregulated (indicated in red), suggesting 
constitutive checkpoint activation in BCSCs. Critically, 
the pathway shows bidirectional communication between 
tumor cells and T cells through the PD-1/PD-L1 axis, with 
implications for both T cell inhibition and tumor immune 
evasion. The presence of activated genes in both MAPK 
and PI3K-Akt signaling arms suggests these pathways 
converge to maintain PD-L1 expression, representing 
potential therapeutic vulnerabilities.

Comprehensive breast cancer pathway analysis 
identified three major molecular subtypes with distinct 
driver mutations (Supplementary Figure 2). The HER2-
positive subtype exhibits activation through EGFR/HER2 
receptor complexes, resulting in proliferation and survival 
via the MAPK and PI3K pathways. Triple-negative breast 
cancer demonstrates activation through EGFR signaling 
with subsequent p53-independent cell cycle progression. 
Hormone receptor-positive (ER+/PR+) subtypes activate 
through estrogen receptor signaling. Notably, all three 
pathways converge on common downstream effectors, 
including cell cycle regulators (Cyclin D1, E2F), anti-
apoptotic proteins, and DNA synthesis machinery. 
Multiple genes across these pathways were upregulated 
in our dataset (red boxes), indicating activation of these 
oncogenic cascades in BCSCs. The identification of 
FGFR1, PIK3CA, and CCND1 amplifications alongside 
TP53, PTEN, and BRCA1 mutations provides a molecular 
rationale for combination therapies targeting both intrinsic 
oncogenic drivers and immune evasion mechanisms. 

Network Topology Analysis Identifies TP53, AKT1, 
and STAT3 as Central Hub Genes in BCSC-Immune 
Interactions

Network centrality analysis identified ten hub genes 
with the highest connectivity scores, representing critical 
nodes in the BCSC-immune interaction network (Figures 
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Figure 1. Integrated Transcriptomic Analysis Identifies Core Gene Signatures Shared Among Breast Cancer Stem 
Cells, Paclitaxel-Treated Cells, Activated T Cells, and Paclitaxel-Primed MSCs. (A) Four-way Venn diagram depicting 
overlapping gene expression patterns across MSCs (green), paclitaxel-treated cells (Blue), T cells (Pink), and BCSCs 
(olive).  (B) Protein-protein interaction (PPI) network of 158 overlapping genes generated using STRING database 
with high confidence interactions (score >0.7). (C) Gene Ontology enrichment analysis for Biological Process terms. 
(D) Gene Ontology enrichment for Cellular Component terms. (E) Gene Ontology enrichment for Molecular Function 
terms. (F) KEGG pathway enrichment analysis identifying therapeutically relevant signaling cascades.  Dot plot 
shows top 10 enriched processes ranked by enrichment score (-log₁₀(p-value)).  Analysis performed using DAVID and 
Enrichr with Benjamini-Hochberg FDR correction.
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2A and 2 B). TP53 ranked as the top hub gene, followed 
by AKT1, STAT3, SRC, and ESR1, with EGFR, NFKB1, 
MYC, SMAD3, and IL6 completing the top ten hub 
genes. The network visualization demonstrates extensive 
interconnectivity among these hubs, with TP53, AKT1, 
and STAT3 forming a central triad with connections to 
nearly all other nodes. This topology suggests these 
genes coordinate the integration of proliferative, survival, 
and inflammatory signals in BCSCs. Mutation analysis 
across 151 profiled breast cancer samples revealed TP53 
as the most frequently mutated gene (120 mutations, 
77.5% frequency) (Figure 2C-D), consistent with its role 
as a guardian of the genome and its frequent loss-of-
function in cancer stem cells. ESR1 showed 13 mutations 
(8.6%), EGFR had 10 mutations (6.6%), and SRC had 8 
mutations (5.3%). Interestingly, mutations in AKT1 (3 
mutations, 2%), STAT3 (2 mutations, 1.3%), MYC (1 
mutation, 0.7%), and SMAD3 (1 mutation, 0.7%) were 
relatively rare despite their central network positions, 
suggesting these genes may be under selective pressure to 
maintain wild-type function for oncogenic signaling. The 
correlation between mutation count and the fraction of the 
genome altered showed a moderate positive correlation 
(Pearson r = 0.1480, p = 0.07; Spearman ρ = 0.1105, 
p = 0.16) (Figure 2C), indicating that while genomic 
instability generally increases the mutation burden, other 
mechanisms contribute to BCSC transformation. Analysis 
of median time to metastatic diagnosis revealed that most 
patients (60) developed metastasis within 10 months of 
initial diagnosis (Figure 2E), with progressively fewer 
cases at longer intervals, suggesting aggressive disease 
progression in BCSC-enriched tumors. Mutation count 
distribution showed that while most samples harbored 20-
50 mutations, one outlier sample exhibited >600 mutations 
(Figure 2F), potentially representing a hypermutated 
phenotype with distinct therapeutic implications

Differential Expression of Overlapping Genes Between 
Breast Cancer Stem Cells and Activated T Cells in BRCA 
Tumors

Bioinformatics analysis of transcriptomic data from 
The Cancer Genome Atlas (TCGA) identified ten genes 
exhibiting overlapping expression between breast cancer 
stem cells (BCSCs) and activated T cells (Figure 3). These 
genes include the tumor suppressor TP53, oncogenic 
signaling mediators (AKT1, STAT3, SRC, ESR1, EGFR, 
NFKB1, MYC, SMAD3), and the proinflammatory 
cytokine IL6. Differential expression analysis revealed 
that most genes exhibit significant expression changes 
between breast tumor tissues (n = 1,065) and adjacent 
normal tissues (n = 291). ESR1 and IL6 showed the most 
significant upregulation in tumor samples (p < 0.001, 
Wilcoxon rank-sum test), whereas AKT1 and EGFR were 
downregulated in tumor tissues compared to normal. 
These findings suggest that signaling pathways involved 
in maintaining BCSC stemness are molecularly linked to 
immune cell activation mechanisms, potentially mediating 
interactions between BCSCs and immune cells within the 
tumor microenvironment.

Genomic Alterations and Clinical Outcomes Associated 

with BCSC-Related Genes in Breast Cancer
Comprehensive mutation analysis via cBioPortal 

demonstrated that BCSC-related genes undergo various 
genomic alterations in breast cancer patients (Figures 4A-
B). TP53 showed the highest mutation frequency, followed 
by PIK3CA and MYC, consistent with their central roles in 
regulating self-renewal and therapy resistance in BCSCs. 
Co-alteration patterns indicated that TP53 mutations 
frequently co-occur with MYC amplification and PIK3CA 
mutations, suggesting synergistic mechanisms that 
promote stem cell phenotypes. Kaplan-Meier survival 
analyses revealed that high expression of TP53, AKT1, 
SRC, ESR1, NFKB1, and MYC significantly associates 
with poorer clinical outcomes (Figure 4C). Patients with 
elevated TP53 expression had lower overall survival (HR 
= 1.4, p = 0.024) compared to low-expressing cohorts; 
high MYC expression similarly correlated with reduced 
survival (HR = 1.6, p = 0.02). STAT3, EGFR, SMAD3, 
and IL6 exhibited prognostic trends without statistical 
significance (p > 0.05). These data underscore that 
genomic alterations in BCSC-related genes contribute not 
only to tumor initiation but also to disease progression 
and therapy resistance via stem cell pathway activation.

Receiver Operating Characteristic Analysis Demonstrates 
Diagnostic Performance of BCSC-Related Gene 
Signatures

Receiver Operating Characteristic (ROC) curve 
analysis assessed the discriminatory capacity of BCSC-
related genes for distinguishing between tumor and normal 
tissue (Supplementary Figure 3). The combined 10-gene 
model yielded a moderate diagnostic performance with an 
AUC of 0.541. Individually, AKT1 exhibited the highest 
discriminatory power (AUC=0.641, p=3.6×10⁻¹⁰) with an 
optimal expression cutoff of 89 TPM (sensitivity=0.52, 
specificity=0.67). EGFR also performed well (AUC=0.617, 
p=2.7×10⁻⁷) with a 630 TPM cutoff. Genes with an AUC 
near 0.5, such as NFKB1 (AUC = 0.51), MYC (AUC = 
0.549), SMAD3 (AUC = 0.523), and IL6 (AUC = 0.522), 
showed limited individual diagnostic utility but may 
contribute to multivariate predictive models. TP53 and 
ESR1 demonstrated intermediate performance (AUC=0.53 
and 0.532, respectively). This analysis suggests that 
while individual gene performance varies, combined 
gene signatures may improve the detection of stem-like 
populations within breast tumor heterogeneity. 

Pharmacological Modulation of BCSC Pathways 
Suppresses Viability and Alters Gene Expression in 
Metastatic Breast Cancer Cells

To validate bioinformatics findings functionally, we 
conducted experimental assays using metastatic breast 
cancer cells exhibiting BCSC characteristics. MTT 
viability assays demonstrated that combined paclitaxel and 
activated T cell conditions resulted in the most significant 
viability reduction (~75%, p < 0.001) compared to BCSC 
controls (Figure 5A). Paclitaxel monotherapy produced a 
moderate reduction (~45%), while activated T cell medium 
or mesenchymal stem cell factors yielded intermediate 
effects (~50-60% residual viability). These findings 
indicate a synergistic effect between chemotherapy 
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Figure 2. Network Centrality Analysis and Mutational Landscape Identify TP53 as the Predominant Driver in BCSC-
Enriched Breast Cancers. (A) Hub gene interaction network derived from PPI analysis showing the top 10 most 
connected genes.  (B) Ranked table of hub genes ordered by network centrality metrics. (C) Scatter plot correlating 
mutation count with fraction of genome altered across breast cancer samples. Each dot represents an individual tumor 
sample, colored by sample count (purple: high density, pink: intermediate, blue: low density).  (D) Mutation frequency 
table for hub genes across 151 profiled samples. Data from cBioPortal TCGA breast cancer cohorts. (E) Bar graph 
showing median time to metastatic diagnosis in months. NA=25 indicates 25 patients without metastatic data. Rapid 
metastatic progression in the majority supports the role of BCSCs in early dissemination and therapeutic resistance. 
(F) Distribution of mutation counts across profiled samples. Analysis performed using cBioPortal mutation data with 
validated somatic variants.
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Figure 3. Differential Expression of Overlapping Genes between Breast Cancer Stem Cells and Activated T Cells 
in BRCA Tumors. Box plots depicting expression levels (TPM, transcripts per million) of ten genes co-expressed 
in breast cancer stem cells (BCSCs) and activated T cells across breast invasive carcinoma (BRCA) samples from 
TCGA. Red boxes represent tumor samples (n=1,065), while gray boxes represent adjacent normal tissue (n=291). 
Individual data points are overlaid as scatter plots. Statistical significance was assessed using Wilcoxon rank-sum test. 
Asterisks denote statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001.



Asian Pacific Journal of Cancer Prevention, Vol 27 2609

DOI:10.31557/APJCP.2026.27.7.2601
BCSCs and MSC-Activated T Cells: Shared Gene Networks

Figure 4. Genomic Alterations and Clinical Outcomes Associated with BCSC-Related Genes in Breast Cancer. (A) 
Oncoprint visualization showing mutation frequency and alteration types across breast cancer patient cohorts for the 
ten identified genes.  (B) OncoPrint heatmap displaying individual genomic alterations across patient samples (rows) 
for each gene. Samples are stratified by mutation status, copy number variations, and structural variants. (C) Kaplan-
Meier survival curves showing overall survival stratified by expression levels (high vs. low) of each gene. 

A

B
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Figure 5. Pharmacological Targeting of BCSC-Related Pathways Reduces Viability and Modulates Gene Expression 
in Metastatic Breast Cancer Cells. (A) Cell viability analysis measured by MTT assay in BCSCs following treatment 
interventions. (B) Quantitative real-time PCR analysis of TP53 mRNA expression  and (C) PIK3CA mRNA normalized 
to β-actin. Data represent mean ± SEM from n = 3 independent experiments performed in triplicate. Statistical 
significance was determined by one-way ANOVA with Tukey's post-hoc test (*p < 0.05).

and immune modulation in eradicating BCSCs. qRT-
PCR analysis revealed that the combination treatment 
significantly upregulated TP53 mRNA (~6-fold, p < 0.01) 
compared to controls (Figure 5B), indicating reactivation 
of the p53 tumor suppressor pathway, which is typically 
disrupted in BCSCs. Conversely, PIK3CA expression was 
substantially suppressed across treatment conditions, most 
markedly (~85% reduction, p < 0.001) under activated T 
cell conditions (Figure 5C). Given PIK3CA’s role as a key 
oncogene activating the PI3K/AKT pathway governing 
BCSC self-renewal, its downregulation correlates with 
decreased cell viability. Collectively, these data confirm 
that therapeutic strategies targeting BCSC-immune 
interactions synergize with conventional chemotherapy 
to suppress stem cell viability through modulation of 
TP53 and PIK3CA expression, providing a mechanistic 
rationale for combinatorial eradication approaches against 
therapy-resistant cancer cell populations.

Discussion

This study represents the first comprehensive 
integrated transcriptomic analysis identifying overlapping 
molecular networks between breast cancer stem cells 
(BCSCs), paclitaxel-treated cells, activated T cells, and 
paclitaxel-primed mesenchymal stem cells (MSCs). Our 
findings reveal critical hub genes, including TP53, AKT1, 
and STAT3, that coordinate proliferative, survival, and 
inflammatory signaling in BCSCs. They demonstrate 
that therapeutic strategies combining chemotherapy 
with immune modulation can synergistically suppress 
BCSC viability through modulation of the TP53 and 
PIK3CA pathways. The identification of 158 genes co-
expressed across all four cellular conditions provides 
molecular evidence for functional convergence between 
stem cell maintenance pathways and immune activation 
mechanisms. The protein-protein interaction network 
demonstrated significantly higher connectivity than the 
random expectation (524 observed vs. 123 expected 

edges, p < 1.0 × 10⁻¹⁶), indicating coordinated biological 
functions rather than stochastic gene co-expression [43]. 
The average node degree of 7.71 and clustering coefficient 
of 0.437 suggest the presence of functional modules and 
hub genes that serve as master regulators. These findings 
are consistent with previous network biology studies, 
which demonstrate that disease-associated genes tend to 
form highly interconnected subnetworks [44, 45].

TP53 emerged as the most central hub gene and the 
most frequently mutated gene (77.5%) in our analysis, 
consistent with its well-established role as “guardian of the 
genome” [46]. Wild-type p53 normally induces cell cycle 
arrest, apoptosis, and senescence in response to cellular 
stress, thereby preventing malignant transformation 
[47]. However, TP53 mutations are prevalent in breast 
cancer stem cells and confer resistance to chemotherapy 
by disrupting DNA damage response pathways [48, 49]. 
Interestingly, our experimental validation demonstrated 
that combined paclitaxel and activated T cell treatment 
significantly upregulated TP53 mRNA expression (6-
fold, p < 0.01), suggesting potential reactivation of p53-
mediated tumor suppression. This observation aligns with 
recent studies showing that immune-mediated cytokines, 
particularly TNF-α and IFN-γ secreted by activated T cells, 
can restore p53 transcriptional activity even in mutant 
backgrounds through post-translational modifications 
[50, 51]. The therapeutic implications are significant, as 
restoration of p53 function could re-sensitize BCSCs to 
apoptotic signals and overcome chemoresistance.

AKT1 and STAT3, ranking second and third in network 
centrality, represent critical nodes in oncogenic signaling. 
The PI3K-Akt pathway emerged as the most significantly 
enriched pathway in our analysis, consistent with extensive 
literature demonstrating its central role in BCSC self-
renewal, survival, and therapy resistance [52, 53]. PIK3CA 
mutations and PTEN loss, both resulting in constitutive Akt 
activation, are among the most common genetic alterations 
in breast cancer [54]. Our finding that PIK3CA expression 
was dramatically suppressed (by 85%) following 
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activated T cell treatment provides mechanistic insight 
into the immune-mediated metabolic reprogramming of 
BCSCs. Recent studies have demonstrated that activated 
T cells secrete exosomes containing microRNAs that 
target PIK3CA mRNA, resulting in reduced PI3K-
Akt signaling and impaired cancer cell survival [55, 
56]. This represents a novel mechanism of immune-
mediated tumor suppression beyond conventional 
cytotoxicity. STAT3 activation has been implicated in 
both cancer progression and immunosuppression, making 
it an attractive therapeutic target [57]. Constitutive 
STAT3 signaling in BCSCs promotes expression 
of stem cell transcription factors, including SOX2, 
NANOG, and OCT4, while simultaneously inducing 
immunosuppressive cytokines such as IL-6, IL-10, and 
VEGF that inhibit T cell function and promote regulatory 
T cell (Treg) expansion [58, 59]. The enrichment of IL-6 
signaling pathways in our analysis, coupled with IL-6’s 
identification as a hub gene, underscores the importance 
of STAT3-mediated inflammatory feedback loops in the 
BCSC microenvironment. Therapeutic strategies that 
simultaneously target STAT3 in cancer cells and enhance 
T cell activation may therefore provide synergistic benefits 
by disrupting tumor-promoting inflammation while 
unleashing anti-tumor immunity.

The enrichment of PD-L1/PD-1 checkpoint pathways 
in our KEGG analysis provides molecular support 
for combining immune checkpoint inhibitors with 
chemotherapy and adoptive T cell therapy in breast 
cancer. The bidirectional signaling between tumor cells 
and T cells through the PD-1/PD-L1 axis represents a 
critical mechanism of immune evasion [60]. Paclitaxel 
has been shown to upregulate PD-L1 expression on tumor 
cells through activation of MAPK and NF-κB pathways, 
potentially limiting the efficacy of chemotherapy by 
enhancing immune suppression [61, 62]. However, this 
chemotherapy-induced PD-L1 upregulation may render 
tumors more susceptible to PD-1/PD-L1 blockade, 
providing a rationale for combination therapy approaches. 
Clinical trials combining chemotherapy with immune 
checkpoint inhibitors have demonstrated improved 
outcomes in triple-negative breast cancer [63]. Our data 
suggest that incorporating activated T cells or adoptive 
cellular therapies may further enhance therapeutic efficacy.

The identification of Th1 and Th2 cell differentiation 
pathways among enriched KEGG pathways highlights 
the complexity of immune modulation in the tumor 
microenvironment. While Th1-polarized immune 
responses, characterized by IFN-γ and TNF-α production, 
are generally anti-tumorigenic, Th2 responses, dominated 
by IL-4, IL-5, and IL-13, can promote tumor progression 
through angiogenesis and immune suppression [64]. Our 
approach of using paclitaxel-primed MSCs to activate 
T cells may preferentially induce Th1 polarization, as 
paclitaxel-induced damage-associated molecular patterns 
(DAMPs), including HMGB1 and ATP, can activate 
pattern recognition receptors on dendritic cells, promoting 
IL-12 production and subsequent Th1 differentiation 
[65, 66]. Future studies should characterize the cytokine 
profiles and phenotypic markers of T cells activated by 
paclitaxel-primed MSCs to optimize their anti-tumor 

potential. 
Our experimental validation demonstrating 75% 

reduction in BCSC viability with combined paclitaxel 
and activated T cell treatment represents a significant 
improvement over monotherapy approaches. The 
synergistic effect likely results from multiple mechanisms: 
(1) paclitaxel-induced mitotic arrest and apoptosis, 
(2) immune-mediated cytotoxicity through perforin/
granzyme and Fas/FasL pathways, (3) cytokine-induced 
metabolic stress, and (4) disruption of survival signaling 
through PIK3CA suppression [67, 68]. The observation 
that activated T cell-conditioned medium alone reduced 
viability to 50-60% suggests that soluble factors secreted 
by T cells, including cytokines, chemokines, and 
exosomes, contribute substantially to anti-BCSC effects 
even without direct cell-cell contact.

Several limitations of this study warrant consideration. 
First, our bioinformatics analyses relied on publicly 
available datasets that may not fully represent the 
heterogeneity of breast cancer subtypes. Future studies 
should validate these findings across distinct molecular 
subtypes including luminal A, luminal B, HER2-enriched, 
and triple-negative breast cancer. Second, while we 
identified key hub genes and pathways, the functional 
validation was limited to viability assays and mRNA 
expression analysis. Comprehensive proteomic and 
phosphoproteomic studies are needed to confirm pathway 
activation states and identify druggable targets. Third, 
our in vitro model system using conditioned medium 
cannot fully recapitulate the complex three-dimensional 
architecture and cellular interactions of the tumor 
microenvironment. Future studies employing patient-
derived organoids, tumor-immune co-culture systems, and 
preclinical xenograft models will be crucial for validating 
therapeutic efficacy and safety. Despite these limitations, 
our study provides important insights into the molecular 
basis of BCSC-immune interactions and establishes 
proof-of-concept for combinatorial immunotherapy 
approaches. The identification of TP53, AKT1, and 
STAT3 as central hub genes suggests these pathways as 
rational targets for drug development. Small molecule 
inhibitors targeting mutant p53 (APR-246/eprenetapopt) 
[69], PI3K/Akt (alpelisib, capivasertib) [70, 71], and 
STAT3 (napabucasin, TTI-101) [72, 73] are currently in 
clinical development and could potentially be combined 
with immune checkpoint inhibitors and adoptive T cell 
therapies to achieve synergistic anti-tumor effects.

In conclusion, this integrated transcriptomic analysis 
reveals critical molecular networks connecting breast 
cancer stem cells and immune activation, identifying 
TP53, AKT1, and STAT3 as central therapeutic targets. 
Our findings demonstrate that paclitaxel-primed MSC-
activated T cells synergize with chemotherapy to suppress 
BCSC viability by modulating the TP53 and PIK3CA 
pathways. These results provide a mechanistic rationale 
for developing novel combinatorial immunotherapeutic 
strategies that simultaneously target oncogenic signaling 
in BCSCs and enhance anti-tumor immune responses. 
Future clinical translation of these findings may improve 
outcomes for breast cancer patients by eradicating therapy-
resistant stem cell populations and preventing disease 
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