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ABSTRACT

Objective: Breast cancer exhibits complex interactions between genomic alterations and transcriptional signaling pathways; however, the clinical 
significance of these distinct molecular architectures remains unclear.

Material and Methods: We performed an integrative analysis of genomic alterations, gene expression, and survival outcomes in The Cancer Genome 
Atlas breast cancer (n=1,084), and externally validated the findings in Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) 
(n=2,506), yielding a combined analysis of 3,590 tumors. Metabolic (including PIK3CA) and inflammatory (including IL6) pathways were evaluated. 
Survival was assessed using Kaplan-Meier and Cox regression models.

Results: Genomic analysis revealed marked heterogeneity, with frequent alterations in metabolic pathway genes, particularly PIK3CA (34%), but 
minimal genomic alterations in inflammatory genes (<1%). In contrast, inflammatory signaling demonstrated preserved, subtype-associated 
transcriptional activity, with relatively higher expression of IL6 and TNF in basal-like tumors, a pattern reproducible in METABRIC. Co-occurrence 
analysis demonstrated a trend toward mutual exclusivity between PIK3CA alterations and IL6 signaling (log2 odds ratio=-2.58; p=0.067), suggesting 
that these pathways may represent alternative biological states rather than co-operating drivers. PIK3CA alterations were associated with overall 
survival in univariable analyses [hazard ratio (HR): 1.22; p=0.024] and in subtype-adjusted multivariable analyses (HR: 1.32; p=0.006), whereas IL6 
expression was not associated with outcome. These survival associations were considered exploratory given the limited availability of detailed 
clinical and treatment-related variables. Molecular subtype remained the dominant determinant of survival.

Conclusion: Metabolic and inflammatory pathways demonstrate distinct genomic and transcriptional patterns across breast cancer cohorts. These 
exploratory findings provide a basis for further investigation into their biological and microenvironmental interactions.

Keywords: Breast neoplasms; gene expression profiling; molecular subtype; tumor heterogeneity

DOI: 10.37047/jos.galenos.2026.2026-5-10

 INTRODUCTION

Breast cancer remains the most frequently diagnosed 
malignancy among women worldwide, with an estimated 
2.3 million new cases and approximately 670,000 deaths 
reported globally in 2022.1 It is characterized by substantial 
molecular heterogeneity and variable clinical behavior, 
reflecting the complex interplay of genomic, transcriptomic, 

and microenvironmental factors that drive tumor progression 
and treatment response.2

Beyond established genetic and hormonal determinants, 
breast cancer progression is shaped by complex interactions 
between genomic alterations and transcriptional signaling 
networks.3 Increasing evidence suggests that tumor behavior 
is not driven by single molecular events, but rather by 
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coordinated pathway-level activity spanning metabolic, 
inflammatory, and endocrine signaling axes.4 These processes 
often operate through distinct mechanisms, including 
somatic mutations, copy-number alterations (CNAs), and 
context-dependent gene expression programs. However, 
the extent to which these diverse molecular layers converge 
or remain functionally independent within breast cancer 
remains incompletely understood.5

Key oncogenic pathways in breast cancer converge on the 
PI3K-AKT-mTOR axis, a central regulator of cellular growth, 
metabolism, and survival, and one of the most frequently 
altered signaling networks in this disease.6 In parallel, 
endocrine signaling pathways continue to play a critical 
role, particularly through estrogen receptor-mediated 
transcriptional programs that shape tumor proliferation 
and differentiation.7 Additionally, inflammatory signaling 
mediated by cytokines such as interleukin-6 and tumor 
necrosis factor-α (TNF-α) contributes to tumor progression 
through modulation of the microenvironment, immune 
response, and cellular plasticity.8 Together, these pathways 
represent distinct yet interconnected signaling axes that 
operate across genomic and transcriptional levels in breast 
cancer.

Although prior studies have characterized these pathways 
individually, most have focused on gene expression profiles, 
circulating biomarkers, or clinical associations rather than 
integrated genomic architectures.9 In contrast, while large-
scale genomic studies have comprehensively characterized 
somatic mutations, CNAs, and functional dependencies in 
breast cancer, the integration of these alterations at the level 
of interacting signaling pathways has been less systematically 
examined across biological axes.10 Importantly, it remains 
unclear whether inflammatory signaling pathways contribute 
to tumor biology through direct genomic disruption or 
primarily through non-mutational, transcriptionally regulated 
mechanisms, and how these processes relate to canonical 
oncogenic drivers.11

To address this gap, we performed an in silico analysis of 
genomic alterations and transcriptional activity across 
key signaling pathways in breast cancer using data from 
The Cancer Genome Atlas (TCGA). Alteration frequencies, 
subtype-specific distributions, and patterns of co-occurrence 
and mutual exclusivity were evaluated among genes involved 
in metabolic, endocrine, and inflammatory signaling. 
Expression patterns of inflammatory genes were further 
examined in the independent Molecular Taxonomy of Breast 
Cancer International Consortium (METABRIC) dataset to 
assess the reproducibility.

The present study was designed as a descriptive and 
exploratory analysis of genomic and transcriptional 
patterns across obesity-associated metabolic, endocrine, 
and inflammatory pathways. The observed associations 
are intended to generate biological hypotheses and do not 
establish direct mechanistic causality.

This study adopts a pathway-level framework to distinguish 
genomic drivers from transcriptionally active signaling 
programs in breast cancer. Rather than focusing on individual 
genes, we examine how these pathways are organized 
across tumors, including the relationship between recurrent 
genomic alterations, such as PIK3CA, and transcriptionally 
regulated inflammatory signaling, such as IL6. By integrating 
data across 3,590 tumors, we identify patterns of mutual 
exclusivity and subtype-specific enrichment, providing 
a systems-level perspective on tumor heterogeneity and 
highlighting the distinction between molecular architecture 
and clinical behavior. 

 MATERIAL AND METHODS

1. Data Source and Cohort Characteristics

A retrospective in silico integrative analysis was conducted 
using data from TCGA PanCancer Atlas breast cancer cohort. 
Comprehensive multi-omic profiles, including somatic 
mutations, CNAs, and messenger RNA (mRNA) expression 
data, were obtained for 1,084 primary invasive breast 
carcinoma samples from cBioPortal for Cancer Genomics.

To assess the reproducibility of transcriptional findings, gene 
expression patterns were evaluated in an independent cohort 
from the METABRIC (n=2,506). The combined analysis of 3,590 
primary tumors provided a large and diverse dataset for 
examining subtype-specific signaling patterns and pathway-
level interactions.

 2. Pathway Framework and Gene Selection

To minimize post-hoc selection bias and ensure biological 
consistency, a gene panel was predefined based on well-
characterized roles in breast cancer signaling. Genes were 
organized into three functional axes representing key 
oncogenic processes: a metabolic axis comprising PIK3CA, 
AKT1, and MTOR, reflecting PI3K-AKT-mTOR signaling; an 
endocrine axis including ESR1 and CYP19A1, representing 
estrogen receptor signaling and hormone biosynthesis; and 
an inflammatory axis consisting of LEP, IL6, and TNF, reflecting 
cytokine-mediated signaling. This pathway-based framework 
enabled a structured comparison of genomic alterations 
and transcriptional activity across distinct but interacting 
biological systems.
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 3. Genomic Alteration Profiling

Somatic mutation data (including non-synonymous variants) 
and putative CNAs, as defined by GISTIC 2.0 calls for high-
level amplifications and deep deletions, were systematically 
analyzed. OncoPrint visualizations were generated to 
characterize the distribution and patterning of genomic 
alterations across the cohort. Subtype-specific alteration 
frequencies were further evaluated according to the PAM50 
molecular classification, including luminal A, luminal B, HER2-
enriched, basal-like, and normal-like subtypes.

 4. Transcriptomic and Expression Analysis

To evaluate activation of non-genomic pathways, mRNA 
expression of IL6, LEP, and TNF was analyzed using RNA-
Seq V2 RSEM z-scores normalized to all samples in TCGA 
cohort, and microarray-derived z-scores from the METABRIC 
dataset. Differential expression across molecular subtypes 
was assessed using distributional analyses and boxplot 
visualizations to characterize subtype-specific transcriptional 
patterns in the absence of recurrent somatic alterations.

5. Ethical Considerations

This study used publicly available, de-identified data from 
TCGA and METABRIC. No new human participants were 
recruited, no interventions were performed, no biological 
samples were collected, and no identifiable personal data 
were used in this secondary in silico analysis. Therefore, 
additional institutional ethics committee approval and 
informed consent were not required. The original datasets 
were generated and made available in accordance with the 
ethical approvals and consent procedures of the respective 
source studies and consortia.

 6. Pathway Interaction

Pairwise co-occurrence and mutual exclusivity of genomic 
alterations were assessed using Fisher’s exact test. Associations 
were quantified using log2 odds ratios (OR), where positive 
values indicate co-occurrence and negative values indicate 
mutual exclusivity.

Statistical Analysis

To account for multiple comparisons, p-values were adjusted 
using the Benjamini-Hochberg method, and corresponding 
q-values were reported.

Differential gene expression across molecular subtypes was 
evaluated using distributional analyses and visualized with 
boxplots. Survival analyses were performed using Kaplan-
Meier estimates and compared using the log-rank test. 
Cox proportional hazards regression models were used to 
estimate hazard ratios (HRs) for overall survival in univariable, 
multivariable, and interaction analyses, with adjustment for 
molecular subtype where appropriate.

All statistical tests were two-sided, with a significance 
threshold of 0.05. Visualizations and summary statistics 
were generated using the cBioPortal for Cancer Genomics 
and R software (version 4.5.3; R Foundation for Statistical 
Computing, Vienna, Austria).

  RESULTS

 1. Cohort Characteristics

Genomic alteration analysis was performed using the 
TCGA Breast Invasive Carcinoma & PanCancer Atlas cohort 
comprising 1,084 primary tumor samples with available 
somatic mutation and CNA data. All cases underwent 
complete genomic profiling of the predefined gene panel. 
The distribution of genomic alterations across the analyzed 
genes is summarized in Figure 1.

 OncoPrint visualization illustrates somatic mutations and 
CNAs across key signaling pathways, including metabolic 
(PIK3CA, AKT1, MTOR), endocrine (ESR1, CYP19A1), and 
inflammatory (LEP, IL6, TNF) axes in 1,084 TCGA breast tumors. 
Each column represents an individual tumor, and each row 
represents a gene. Colored annotations indicate alteration 
types, including missense mutations, truncating mutations, 
structural variants, amplifications, and deep deletions.

 2. Alteration Landscape of Signaling Pathways

Substantial heterogeneity in genomic alteration frequency 
was observed across the predefined gene panel (Table 1). 
Within the metabolic axis, PIK3CA demonstrated the highest 

FIGURE 1: OncoPrint of signaling pathway alterations in TCGA 
breast cancer.

TCGA: The Cancer Genome Atlas; WT: Wild type
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alteration frequency (34%), predominantly driven by hotspot 
missense mutations. In contrast, alterations in AKT1 (4.1%) 
and MTOR (1.2%) were considerably less frequent.

Within the endocrine axis, ESR1 showed a moderate alteration 
frequency (2.5%), primarily due to copy-number amplification, 
whereas alterations in CYP19A1 were rare (0.8%).

Genes associated with inflammatory signaling, including 
LEP, IL6, and TNF, exhibited minimal frequencies of genomic 
alteration (<1%), with alterations largely limited to copy-
number changes.

Overall, these findings indicate that genomic alterations are 
predominantly concentrated within the metabolic signaling 
axis, while inflammatory pathway genes show minimal direct 
genomic disruption.

Given the high prevalence of PIK3CA alterations, the mutation 
frequency of PIK3CA was evaluated across PAM50 molecular 
subtypes in the TCGA cohort. Marked heterogeneity was 
observed, with the highest mutation frequency in the luminal 
A subtype (47.3%), followed by the HER2-enriched (32.5%) 
and the luminal B (29.7%) subtypes. In contrast, basal-like 
tumors demonstrated a substantially lower prevalence (7.0%) 
(Table 2).

These findings indicate a clear enrichment of PIK3CA 
alterations in hormone receptor-positive subtypes, consistent 
with the established association between PI3K pathway 
activation and luminal tumor biology (Figure 2).

Bar chart illustrating the proportion of tumors harboring 
PIK3CA somatic mutations across PAM50 molecular subtypes 
in the TCGA breast cancer cohort (n=1,084). Mutation 
prevalence is highest in luminal A tumors (47.3%), followed by 
HER2-enriched tumors (32.5%) and luminal B tumors (29.7%), 
and is substantially lower in normal-like tumors (22.9%) and 
basal-like tumors (7.0%). These findings demonstrate marked 
subtype-specific enrichment of PIK3CA mutations within 
luminal breast cancers.

 3. Expression Analysis of Inflammatory Genes

Despite low frequencies of somatic alterations, inflammatory 
pathway genes exhibited preserved transcriptional activity 
across molecular subtypes (Figure 3). mRNA expression 
analysis revealed detectable levels of IL6, LEP, and TNF 
across all PAM50 subtypes, with substantial intra-subtype 
variability. Notably, higher expression levels of IL6 and TNF 
were observed in basal-like tumors compared with other 
subtypes. These findings suggest that, unlike the enrichment 
of PIK3CA mutations in luminal tumors, inflammatory 
signaling is preferentially active in basal-like tumors through 
transcriptional rather than genomic mechanisms.

Box-and-whisker plots showing mRNA expression of IL6 
(A), LEP (B), and TNF (C) in the TCGA breast cancer cohort. 
Expression values represent log-transformed RNA-Seq 
V2 RSEM z-scores relative to all samples. All three genes 
demonstrated detectable transcriptional activity across 

TABLE 1: Genomic alteration frequencies across signaling axes (n=1,084).

Functional axis Gene symbol Alteration frequency (%) Primary alteration type

Metabolic axis

PIK3CA 34% Missense mutation (Hotspot)

AKT1 4.1% Missense mutation/amplification

MTOR 1.2% Amplification/missense mutation

Endocrine axis
ESR1 2.5% Amplification/missense mutation

CYP19A1 0.8% Amplification

Adipokine
inflammatory axis

LEP 0.6% Amplification/deep deletion

IL6 0.5% Deep deletion/amplification

TNF 0.7% Amplification

TABLE 2: Distribution of PIK3CA mutation frequency across PAM50 molecular subtypes in the TCGA breast cancer cohort.

Subtype Total samples (n) Mutated samples (n) % mutated

Luminal A 497 235 47.3%

HER2-enriched 77 25 32.5%

Luminal B 195 58 29.7%

Normal-like 35 8 22.9%

Basal-like 171 12 7.0%

TCGA: The Cancer Genome Atlas.
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FIGURE 2: Subtype-specific distribution of PIK3CA mutations in breast cancer.

TNF: Tumor necrosis factor
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molecular subtypes, with substantial intra-subtype variability. 
IL6 and TNF expression showed a trend toward higher 
expression levels in basal-like tumors, although considerable 
overlap was observed across subtypes; LEP expression 
appeared relatively enriched in luminal subtypes.

 4. Validation of Inflammatory Gene Expression in the 
METABRIC Cohort

To establish the reproducibility of the observed non-genomic 
activation patterns, we analyzed the expression of IL6, LEP, 
and TNF in the independent METABRIC cohort (n=2,506). 
Integrating this with the TCGA data creates a high-powered 
analysis of 3,590 primary tumors. Consistent with the low 

frequency of genomic alterations observed in the primary 
cohort, all three inflammatory genes demonstrated robust 
transcriptional activity across molecular subtypes in the 
METABRIC dataset despite their minimal mutation frequencies. 
The validation confirms that the observed gene expression 
patterns are reproducible across independent cohorts and 
reflect consistent, subtype-associated transcriptional activity 
in breast cancer (Table 3, Figure 4).

  These findings confirm that inflammatory gene expression 
patterns are reproducible across independent cohorts and 
are characterized by heterogeneous, subtype-dependent 
transcriptional activity rather than recurrent genomic 
alterations.

FIGURE 3: Expression of inflammatory pathway genes across PAM50 subtypes.

VUS: Variant of uncertain significance 

TABLE 3: Summary of transcriptional patterns across TCGA and METABRIC cohorts

Gene TCGA expression pattern METABRIC expression pattern

IL6 Trend toward higher expression in basal-like tumors with 
substantial overlap across subtypes

Similar distribution with heterogeneous expression and no 
clear subtype separation

LEP Relatively enriched in luminal subtypes Consistent enrichment in luminal subtypes

TNF Trend toward higher expression in basal-like tumors with marked 
variability

Similar heterogeneous pattern with broad overlap across 
subtypes

METABRIC: Molecular Taxonomy of Breast Cancer International Consortium; TCGA: The Cancer Genome Atlas.
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Box-and-whisker plots illustrate the mRNA expression profiles 
of IL6 (A), LEP (B), and TNF (C) across PAM50 molecular subtypes 
in the METABRIC cohort. Expression values are represented as 
z-scores derived from microarray intensity data. Consistent 
with the TCGA findings, all three genes demonstrate preserved 
transcriptional activity across molecular subtypes despite 
low frequencies of genomic alterations. Expression patterns 
remain heterogeneous, with a trend toward higher IL6 and 
TNF expression in basal-like and claudin-low subtypes, and 
a relative enrichment of LEP expression in luminal subtypes.

 5. Patterns of Co-occurrence and Mutual Exclusivity

Pairwise analysis of genomic alterations revealed distinct 
interaction patterns across signaling pathways (Table 4). 

Estrogen receptor-related genes tended to co-occur with 
inflammatory signaling components, including ESR1-LEP 
(log2 OR: 2.77, p=0.05) and ESR1-TNF (log2 OR: 2.30, p=0.08), 
suggesting potential coordination between endocrine and 
inflammatory axes.

In contrast, alterations in key metabolic drivers exhibited a 
trend toward mutual exclusivity with inflammatory pathway 
genes. PIK3CA and IL6 alterations showed a trend toward 
mutual exclusivity (log2 OR: -2.58, p=0.067). The trend may 
indicate that tumors harboring PI3K pathway mutations may 
be less likely to exhibit inflammatory gene alterations. Similarly, 
PIK3CA and AKT1 alterations demonstrated a tendency toward 
mutual exclusivity, consistent with their roles within the same 
signaling cascade. These findings suggest that breast tumors 

TABLE 4: Pairwise co-occurrence and mutual exclusivity patterns across signaling pathways.

Gene pair (A vs. B) Pathway interaction Log2 odds ratio p-value Association trend

ESR1 vs. LEP Endocrine-adipokine 2.77 0.050 Co-occurrence (borderline)

ESR1 vs. TNF Endocrine-inflammatory 2.30 0.081 Co-occurrence (trend)

PIK3CA vs. IL6 Metabolic-inflammatory -2.58 0.067 Mutual exclusivity (trend)

AKT1 vs. MTOR Intra-metabolic 1.15 0.452 No significant association

ESR1 vs. PIK3CA Endocrine-metabolic -0.42 0.320 No significant association

FIGURE 4: Independent validation of expression of inflammatory genes in the METABRIC cohort (n=2,506).

mRNA: Messenger RNA; METABRIC: Molecular Taxonomy of Breast Cancer International Consortium 
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may preferentially engage either genomic PI3K pathway 
activation or transcriptionally-driven inflammatory signaling, 
rather than activating both concurrently.

Associations were assessed using Fisher’s exact test. Positive 
log2 ORs indicate co-occurrence, whereas negative values 
indicate mutual exclusivity. These findings suggest that 
breast tumors may preferentially engage either genomic 
PI3K pathway activation or transcriptionally driven 
inflammatory signaling, rather than concurrently activating 
both pathways.

 6. Survival Analysis

In univariable analysis, PIK3CA alteration was associated with 
overall survival [HR: 1.22; 95% confidence interval (CI): 1.03-
1.46; p=0.024], whereas IL6 expression was not associated 
with overall survival (p=0.42). In a multivariable Cox regression 
model adjusted for molecular subtype, PIK3CA alteration 
remained significantly associated with overall survival (HR: 
1.32; 95% CI: 1.08-1.61; p=0.006), whereas IL6 expression was 
not associated with outcome (p=0.28).

Among molecular subtypes, HER2-enriched tumors were 
associated with poorer survival compared with the reference 
group (HR: 2.16; p=0.023). Given the limited availability 
of detailed clinical and treatment-related variables in the 
publicly available dataset, these associations should be 
interpreted as exploratory and not considered evidence of an 
independent prognostic effect of PIK3CA alteration. Molecular 
subtype remained the dominant clinical correlate of survival 
in the available data.

 7. Integrated Pathway-level Interpretation

When considered collectively, the observed alteration 
patterns highlight distinct signaling axes in breast cancer, 
with limited overlap between genomic and transcriptional 
processes. Metabolic pathway genes, particularly PIK3CA, 
exhibited frequent genomic alterations consistent with 
driver events, whereas inflammatory pathway genes 
demonstrated minimal genomic disruption but retained 
transcriptional activity. Estrogen receptor signaling 
exhibited partial overlap with inflammatory pathways, as 
reflected by trends toward co-occurrence, suggesting a 
potential, context-dependent integrative role across these 
signaling networks.

These findings support a model in which genomic activation 
of metabolic pathways and transcriptionally mediated 
inflammatory signaling represent distinguishable molecular 
patterns, while their biological interaction may be shaped 
by immune, stromal, endocrine, and cytokine-mediated 
processes within the tumor microenvironment.

DISCUSSION

Breast cancer is characterized by substantial molecular 
heterogeneity, yet the relative contribution of genomic 
alterations versus transcriptional regulation across key 
signaling pathways remains incompletely understood.11,12 By 
integrating data from the TCGA and METABRIC cohorts, this 
study delineates a distinct molecular architecture in which 
metabolic pathways are predominantly driven by somatic 
mutations, whereas inflammatory and related signaling 
pathways are largely maintained through transcriptional 
activity rather than recurrent genomic alterations.13-15

Among the analyzed pathways, the PI3K-AKT-mTOR pathway 
emerged as the most genomically altered network, driven 
predominantly by hotspot missense mutations in PIK3CA, 
which were observed in approximately one-third of tumors. 
This frequency is consistent with extensive evidence 
identifying the PI3K-AKT-mTOR axis as a central regulator of 
cellular growth, metabolism, and survival. Activation of this 
pathway integrates upstream growth factor signaling and 
promotes tumor proliferation, metabolic reprogramming, 
and resistance to apoptosi   s.16,17 Notably, in analyses stratified 
by subtype, PIK3CA mutations were enriched in luminal A 
tumors and comparatively rare in basal-like cancers, indicating 
preferential activation of PI3K pathway-driven oncogenic 
programs within hormone receptor-positive disease. Despite 
its high prevalence, PIK3CA alteration was statistically 
significantly associated with overall survival after adjustment 
for molecular subtype. However, this finding should be 
interpreted with caution because the available dataset did not 
provide comprehensive information on potentially important 
clinical and treatment-related determinants of outcomes. The 
observed association, therefore, should not be interpreted 
as establishing PIK3CA as an independent prognostic 
biomarker. Rather, it provides an exploratory observation 
that warrants validation in clinically annotated cohorts with 
detailed information on stage, treatment, age, comorbidities, 
and other established prognostic factors. Collectively, these 
findings support the concept that genomic activation of 
metabolic signaling pathways reflects intrinsic tumor biology, 
while its relationship with clinical outcome may depend on 
molecular subtype and other clinical factors.18-20

A key finding of this study is the frequency of genomic 
alterations observed in inflammatory-pathway genes. Despite 
their established roles in tumor progression, LEP, IL6, and 
TNF demonstrated negligible mutation frequencies (<1%).21 
This observation is consistent with experimental and clinical 
evidence indicating that inflammatory signaling in breast 
cancer is largely mediated through transcriptional regulation, 
cytokine secretion, and tumor-microenvironment interactions 
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rather than recurrent somatic mutations.22,23 Cytokines such 
as italik and TNF-α can promote tumor growth, angiogenesis, 
immune modulation, and stromal remodeling through 
paracrine and endocrine signaling mechanisms, largely 
independent of direct genomic alteration.24 , 25 Supporting this 
non-mutational model, our expression analyses demonstrated 
both preserved and heterogeneous transcriptional activity of 
IL6, LEP, and TNF across molecular subtypes, with relatively 
higher expression of IL6 and TNF in basal-like tumors. These 
findings are consistent with a model in which inflammatory 
signaling in breast cancer is predominantly shaped by 
transcriptional and microenvironmental mechanisms rather 
than recurrent mutation-driven oncogenesis.26

The relationship between inflammatory and metabolic 
signaling is likely influenced by the cellular and structural 
composition of the tumor microenvironment.27 Although 
the present analysis identified distinct genomic and 
transcriptional patterns, expression of inflammatory 
mediators such as IL6 and TNF cannot be attributed 
exclusively to malignant epithelial cells. These cytokines may 
be produced by infiltrating immune cells, cancer-associated 
fibroblasts, endothelial cells, and other stromal populations, 
and their activity may vary according to the composition 
and functional state of the tumor microenvironment.28 
Differences in immune cell infiltration, macrophage 
polarization, stromal remodeling, and extracellular matrix 
interactions may, therefore, contribute to the heterogeneous 
inflammatory transcriptional patterns observed across 
molecular subtypes. Cytokine signaling may also interact 
with metabolic and endocrine pathways through paracrine 
and autocrine mechanisms, potentially influencing PI3K-AKT-
mTOR signaling, cellular proliferation, immune modulation, 
and therapeutic response. Thus, the distinction observed 
between mutation-associated metabolic signaling and 
transcriptionally active inflammatory signaling should not be 
interpreted as complete biological independence.29 Rather, 
these pathways may remain interconnected through cellular 
and microenvironmental mechanisms that are not captured 
by genomic alteration analysis alone.

Estrogen receptor signaling represents a central biological 
axis in breast cancer, particularly within hormone receptor-
positive subtypes. In our cohort, ESR1 demonstrated 
moderate alteration frequency, predominantly through copy-
number amplification, consistent with prior genomic analyses 
of luminal breast cancers.30

Co-occurrence analysis revealed trends toward interactions 
between estrogen signaling and inflammatory pathways, 
including associations between ESR1 and LEP and between 
ESR1 and TNF. These patterns suggest that estrogen receptor 

signaling may function as a context-dependent integrative 
node linking genomic and transcriptional signaling processes, 
although these associations did not reach statistical 
significance and should be interpreted with caution.

The observed trend toward mutual exclusivity between 
PIK3CA and IL6 alterations raises the possibility of distinct 
biological states, although this finding requires further 
validation.31 Although PIK3CA alteration showed an 
exploratory association with overall survival, this finding 
should be interpreted cautiously given the limited clinical and 
treatment-related information available in the public datasets. 
Molecular subtype remained the dominant determinant of 
outcome in the available analysis.32

Such divergent molecular strategies are consistent with 
established models of breast cancer heterogeneity, in which 
tumors exploit distinct biological programs to achieve 
similar malignant phenotypes.33 These observations may 
have implications for therapeutic stratification, particularly 
in the context of pathway-directed and immune-targeted 
interventions.

 Clinical and Translational Implications

Our findings provide a hypothesis-generating framework for 
understanding distinct genomic and transcriptional signaling 
breast cancer, and may inform future approaches to molecular 
stratification.

•	 Genomic vs. Transcriptional Driver Identification: The 
relative genomic quiescence of the inflammatory axis (IL6, 
TNF, LEP) suggests that standard DNA-based next-generation 
sequencing panels may fail to capture key drivers of tumor 
progression in a subset of patients. Integrated transcriptomic 
profiling or assessment of cytokine activity may therefore 
be required to fully characterize tumor biology, as these 
pathways appear to be driven by transcriptional regulation 
rather than recurrent somatic mutations.19,34-37

•	 Stratified Therapeutic Strategies: The observed trend 
toward mutual exclusivity between PIK3CA and IL6 
alterations is hypothesis-generating and may warrant 
further investigation in relation to immune-cell composition, 
cytokine activity, and stromal features. Tumors with genomic 
activation of the PI3K pathway may benefit from established 
pathway-directed therapies, whereas inflammatory 
signaling may constitute a distinct therapeutic context that 
requires further evaluation of microenvironment-directed 
approaches. Integrated genomic, transcriptomic, immune, 
and microenvironmental studies are needed to determine 
whether these molecular patterns identify clinically 
meaningful therapeutic vulnerabilities.38
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•	 Estrogen Receptor as a Regulatory Hub: The observed 
co-occurrence between ESR1 and inflammatory signaling 
components suggests that estrogen receptor activity may 
function as a context-dependent integrative node linking 
genomic and transcriptional signaling pathways. This raises 
the possibility that combining endocrine therapy with agents 
targeting inflammatory signaling could enhance therapeutic 
efficacy in selected molecular contexts, although this requires 
further validation.39

•	 Our analysis may help explain the observed heterogeneity 
in responses to targeted therapies, informing clinical trial 
stratification. By distinguishing between mutation-driven 
metabolic signaling and non-genomic inflammatory pathway 
activation, future clinical trials may be better positioned to 
stratify patients based on underlying signaling dependencies, 
thereby improving therapeutic precision and clinical 
outcomes.40

Importantly, this study is descriptive and exploratory. The 
identified patterns and associations between genomic 
alterations, gene expression, and molecular subtypes do 
not establish direct mechanistic or causal relationships. In 
particular, the observed differences between metabolic and 
inflammatory signaling should be considered hypothesis-
generating and require validation through functional, cellular, 
and longitudinal studies.

Study Limitations

This study has several limitations. First, the analysis 
was based on publicly available genomic datasets with 
limited clinical annotation. Detailed information on age, 
disease stage, treatment exposure, treatment response, 
comorbidities, and other established prognostic factors was 
not consistently available for adjustment. Consequently, 
the observed associations between genomic alterations 
and survival should be considered exploratory and cannot 
establish independent prognostic effects.Second, bulk tumor 
transcriptomic data cannot distinguish tumor-cell-intrinsic 
expression from contributions of immune and stromal 
cells. Immune infiltration, cytokine activity, macrophage 
polarization, and stromal composition were not directly 
assessed and warrant evaluation in future studies using 
integrated microenvironmental and single-cell approaches. 
Finally, functional validation studies are required to confirm 
the biological mechanisms suggested by the genomic and 
transcriptional associations identified in this analysis.

CONCLUSION

Breast cancer signaling is not uniformly driven by recurrent 
genomic alterations. In this multi-cohort analysis, metabolic 

pathways, particularly those involving PIK3CA, showed 
frequent genomic alterations, whereas inflammatory 
pathways demonstrated limited genomic alterations while 
preserving transcriptional activity. These findings suggest 
that metabolic and inflammatory pathways have distinct 
genomic and transcriptional patterns, while their biological 
interactions may involve additional endocrine, immune, 
and microenvironmental mechanisms. Although PIK3CA 
alterations showed an exploratory association with survival, 
molecular subtype remained the dominant determinant of 
clinical outcome. Overall, these descriptive findings support 
an integrative approach to understanding breast cancer 
biology and provide a hypothesis-generating framework 
for future studies investigating the relationships between 
genomic alterations, transcriptional regulation, and the 
tumor microenvironment.

Ethics 

Ethics Committee Approval: This study used publicly available, de-
identified data from TCGA and METABRIC. No new human participants 
were recruited, no interventions were performed, no biological samples 
were collected, and no identifiable personal data were used in this 
secondary in silico analysis.

Informed Consent: Therefore, additional institutional ethics committee 
approval and informed consent were not required. The original datasets 
were generated and made available in accordance with the ethical 
approvals and consent procedures of the respective source studies and 
consortia.

Acknowledgments

The authors acknowledge The Cancer Genome Atlas (TCGA) & PanCancer 
Atlas and the Molecular Taxonomy of Breast Cancer International 
Consortium (METABRIC) for providing public access to the genomic and 
transcriptomic datasets used in this study. We also thank the patients and 
clinical investigators who contributed to these large-scale international 
cohorts.

Footnotes 

Author Contributions 

Concept: N.S., R.V., Design: N.S., Data Collection or Processing: N.S., B.S., 
Analysis or Interpretation: N.S., B.S., Literature Search: N.S., B.S., S.B., 
Writing: N.S., B.S., S.B., R.V. 

Conflict of Interest: No conflict of interest was declared by the authors. 

Financial Disclosure: The authors declared that this study received no 
financial support.

AI Disclosure Statement: During the preparation of this work, the authors 
used generative AI tools to assist with language editing and to improve 
readability. The authors have reviewed and edited all generated content 
and take full responsibility for the content of the manuscript.

Data Availability: The genomic and transcriptomic datasets analyzed 
during the current study are available in the cBioPortal for Cancer 
Genomics (https://www.cbioportal.org), specifically the TCGA (PanCancer 
Atlas) and METABRIC cohorts.



﻿

Pathway-level Analysis of Breast Cancer Biology

 REFERENCES
1.	 World Health Organization. Breast cancer [Internet]. Geneva: 

World Health Organization; 2024. [Crossref ]
2.	 Gu TQ, Xiao YL, Zhao N. Intratumor heterogeneity in breast 

cancer: tracing its origins and translating findings into clinical 
practice. Precis Med Eng. 2024;1(1):100006. [Crossref ]

3.	 Xiong X, Zheng LW, Ding Y, et al. Breast cancer: pathogenesis 
and treatments. Signal Transduct Target Ther. 2025;10(1):49. 
[Crossref ] [PubMed] [PMC]

4.	 Zhao H, Wu L, Yan G, et al. Inflammation and tumor progression: 
signaling pathways and targeted intervention. Signal Transduct 
Target Ther. 2021;6(1):263. [Crossref ] [PubMed] [PMC]

5.	 Zhang S, Xiao X, Yi Y, et al. Tumor initiation and early 
tumorigenesis: molecular mechanisms and interventional 
targets. Signal Transduct Target Ther. 2024;9(1):149. [Crossref ] 
[PubMed] [PMC]

6.	 Li H, Prever L, Hirsch E, Gulluni F. Targeting PI3K/AKT/
mTOR signaling pathway in breast cancer. Cancers (Basel). 
2021;13(14):3517. [Crossref ] [PubMed] [PMC]

7.	 Miziak P, Baran M, Błaszczak E, et al. Estrogen receptor signaling 
in breast cancer. Cancers (Basel). 2023;15(19):4689. [Crossref ] 
[PubMed] [PMC]

8.	 Nishida A, Andoh A. The role of inflammation in cancer: 
mechanisms of tumor initiation, progression, and metastasis. 
Cells. 2025;14(7):488. [Crossref ] [PubMed] [PMC]

9.	 Li S, Yu X, Xu Y. Breast cancer gene expression signatures: 
development and clinical significance-a narrative review. Transl 
Breast Cancer Res. 2022;4:7. [Crossref ] [PubMed] [PMC]

10.	 Marcotte R, Sayad A, Brown KR, et al. Functional genomic 
landscape of human breast cancer drivers, vulnerabilities, and 
resistance. Cell. 2016;164(1-2):293-309. [Crossref ] [PubMed] 
[PMC]

11.	 Testa U, Castelli G, Pelosi E. Breast cancer: a molecularly 
heterogenous disease needing subtype-specific treatments. 
Med Sci (Basel). 2020;8(1):18. [Crossref ] [PubMed] [PMC]

12.	 Feng Y, Spezia M, Huang S, et al. Breast cancer development and 
progression: Risk factors, cancer stem cells, signaling pathways, 
genomics, and molecular pathogenesis. Genes Dis. 2018;5(2):77-
106. [Crossref ] [PubMed] [PMC]

13.	 Yang J, Wang S, Li X, et al. Signaling pathways and targeted 
interventions for precancers. Signal Transduct Target Ther. 
2026;11(1):9. [Crossref ] [PubMed] [PMC]

14.	 Maqsood Q, Khan MU, Fatima T, Khalid S, Malik ZI. Recent insights 
into breast cancer: molecular pathways, epigenetic regulation, 
and emerging targeted therapies. Breast Cancer (Auckl). 
2025;19:11782234251355663. [Crossref ] [PubMed] [PMC]

15.	 Wang X, Zhao L, Song X, et al.; Rare Tumor Initiative Team; 
Tripathy D, Ueno NT. Genomic and transcriptomic analyses 
identify distinctive features of triple-negative inflammatory 
breast cancer. NPJ Precis Oncol. 2024;8(1):265. [Crossref ] 
[PubMed] [PMC]

16.	 Omolekan TO, Chamcheu JC, Buerger C, Huang S. PI3K/AKT/
mTOR signaling network in human health and diseases. Cells. 
2024;13(17):1500. [Crossref ] [PubMed] [PMC]

17.	 Hopkins BD, Goncalves MD, Cantley LC. Insulin-PI3K signalling: 
an evolutionarily insulated metabolic driver of cancer. Nat Rev 
Endocrinol. 2020;16(5):276-283. [Crossref ] [PubMed] [PMC]

18.	 Cancer Genome Atlas Network. Comprehensive molecular 
portraits of human breast tumours. Nature. 2012;490(7418):61-
70. [Crossref ] [PubMed] [PMC]

19.	 Curtis C, Shah SP, Chin SF, et al. The genomic and transcriptomic 
architecture of 2,000 breast tumours reveals novel subgroups. 
Nature. 2012;486(7403):346-352. [Crossref ] [PubMed] [PMC]

20.	 Kalinsky K, Jacks LM, Heguy A, et al. PIK3CA mutation associates 
with improved outcome in breast cancer. Clin Cancer Res. 
2009;15(16):5049-5059. [Crossref ] [PubMed] 

21.	 Al-Qubati A, Rahmadi M, Widiandani T, Al-maamari J, Khotib J. 
The role of IL-1, IL-6 and TNF-α in breast cancer development and 
progression. Pharm Educ. 2024;24(3):32-38. [Crossref ]

22.	 Lan M, Lu W, Zou T, et al. Role of inflammatory microenvironment: 
potential implications for improved breast cancer nano-targeted 
therapy. Cell Mol Life Sci. 2021;78(5):2105-2129. [Crossref ] 
[PubMed] [PMC]

23.	 Quail DF, Joyce JA. Microenvironmental regulation of tumor 
progression and metastasis. Nat Med. 2013;19(11):1423-1437. 
[Crossref ] [PubMed] [PMC]

24.	 Balkwill F, Mantovani A. Inflammation and cancer: back to 
Virchow? Lancet. 2001;357(9255):539-545. [Crossref ] [PubMed] 

25.	 Grivennikov SI, Greten FR, Karin M. Immunity, inflammation, and 
cancer. Cell. 2010;140(6):883-899. [Crossref ] [PubMed] [PMC]

26.	 Velazquez-Caldelas TE, Zamora-Fuentes JM, Hernandez-Lemus E. 
Coordinated inflammation and immune response transcriptional 
regulation in breast cancer molecular subtypes. Front Immunol. 
2024;15:1357726. [Crossref ] [PubMed] [PMC]

27.	 Issa H, Singh L, Lai KS, Parusheva-Borsitzky T, Ansari S. Dynamics 
of inflammatory signals within the tumor microenvironment. 
World J Exp Med. 2025;15(2):102285. [Crossref ] [PubMed] [PMC]

28.	 Barrett RL, Puré E. Cancer-associated fibroblasts and their 
influence on tumor immunity and immunotherapy. Elife. 
2020;9:e57243. [Crossref ] [PubMed] [PMC]

29.	 Cao L, Meng X, Zhang Z, Liu Z, He Y. Macrophage heterogeneity and 
its interactions with stromal cells in tumour microenvironment. 
Cell Biosci. 2024;14(1):16. [Crossref ] [PubMed] [PMC]

30.	 Li Z, McGinn O, Wu Y, et al. ESR1 mutant breast cancers show 
elevated basal cytokeratins and immune activation. Nat 
Commun. 2022;13(1):2011. [Crossref ] [PubMed] [PMC]

31.	 Abdulla A, Sadida HQ, Jerobin J, et al. Unraveling molecular 
interconnections and identifying potential therapeutic targets 
of significance in obesity-cancer link. J Natl Cancer Cent. 
2024;5(1):8-27. [Crossref ] [PubMed] [PMC]

32.	 Altea-Manzano P, Decker-Farrell A, Janowitz T, Erez A. Metabolic 
interplays between the tumour and the host shape the tumour 
macroenvironment. Nat Rev Cancer. 2025;25(4):274-292. 
[Crossref ] [PubMed] [PMC]

33.	 Turner KM, Yeo SK, Holm TM, Shaughnessy E, Guan JL. 
Heterogeneity within molecular subtypes of breast cancer. Am J 
Physiol Cell Physiol. 2021;321(2):C343-C354. [Crossref ] [PubMed] 
[PMC]

34.	 Hasin Y, Seldin M, Lusis A. Multi-omics approaches to disease. 
Genome Biol. 2017;18(1):83. [Crossref ] [PubMed] [PMC]

35.	 Hoadley KA, Yau C, Hinoue T, et al. ; Cancer Genome Atlas Network; 
Stuart JM, Benz CC, Laird PW. Cell-of-origin patterns dominate 
the molecular classification of 10,000 tumors from 33 types of 
cancer. Cell. 2018;173(2):291-304.e6. [Crossref ] [PubMed] [PMC]

36.	 De La Cruz-Vargas JA, Gómez H, Talavera JE, Gonzales-Rospigliosi 
C, Córdova Salazar AA, Pichardo-Rodriguez R. Prognostic 
relevance of inflammatory cytokines Il-6 and TNF-alpha in 
patients with breast cancer: a systematic review and meta-
analysis. Curr Oncol. 2025;32(6):344. [Crossref ] [PubMed] [PMC]

https://www.who.int/news-room/fact-sheets/detail/breast-cancer
https://www.doi.org/10.1016/j.preme.2024.100006
https://www.doi.org/10.1038/s41392-024-02108-4
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/39966355
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC11836418
https://www.doi.org/10.1038/s41392-021-00658-5
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/34248142
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC8273155
https://www.doi.org/10.1038/s41392-024-01848-7
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/38890350
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC11189549
https://www.doi.org/10.3390/cancers13143517
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/34298731
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC8304822
https://www.doi.org/10.3390/cancers15194689
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/37835383
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC10572081
https://www.doi.org/10.3390/cells14070488
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/40214442
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC11987742
https://www.doi.org/10.21037/tbcr-22-39
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/38751471
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC11093086
https://www.doi.org/10.1016/j.cell.2015.11.062
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/26771497
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC4724865
https://www.doi.org/10.3390/medsci8010018
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/32210163
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC7151639
https://www.doi.org/10.1016/j.gendis.2018.05.001
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/30258937
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC6147049
https://www.doi.org/10.1038/s41392-025-02342-4
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/41495021
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC12775469
https://www.doi.org/10.1177/11782234251355663
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/40661160
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC12256763
https://www.doi.org/10.1038/s41698-024-00729-0
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/39558017
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC11574056
https://www.doi.org/10.3390/cells13171500
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/39273070
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC11394329
https://www.doi.org/10.1038/s41574-020-0329-9
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/32127696
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC7286536
https://www.doi.org/10.1038/nature11412
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/23000897
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC3465532
https://www.doi.org/10.1038/nature10983
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/22522925
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC3440846
https://www.doi.org/10.1158/1078-0432.CCR-09-0632
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/19671852
https://www.doi.org/10.46542/pe.2024.243.3238
https://www.doi.org/10.1007/s00018-020-03696-4
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/33386887
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC11073202
https://www.doi.org/10.1038/nm.3394
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/24202395
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC3954707
https://www.doi.org/10.1016/S0140-6736(00)04046-0
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/11229684
https://www.doi.org/10.1016/j.cell.2010.01.025
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/20303878
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC2866629
https://www.doi.org/10.3389/fimmu.2024.1357726
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/38983850
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC11231215
https://www.doi.org/10.5493/wjem.v15.i2.102285
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/40546675
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC12019612
https://www.doi.org/10.7554/eLife.57243
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/33370234
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC7769568
https://www.doi.org/10.1186/s13578-024-01201-z
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/38303024
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC10832170
https://www.doi.org/10.1038/s41467-022-29498-9
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/35440136
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC9019037
https://www.doi.org/10.1016/j.jncc.2024.11.001
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/40040878
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC11873641
https://www.doi.org/10.1038/s41568-024-00786-4
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/39833533
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC12140436
https://www.doi.org/10.1152/ajpcell.00109.2021
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/34191627
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC8424677
https://www.doi.org/10.1186/s13059-017-1215-1
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/28476144
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC5418815
https://www.doi.org/10.1016/j.cell.2018.03.022
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/29625048
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC5957518
https://www.doi.org/10.3390/curroncol32060344
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/40558287
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC12192186


﻿

Sharma et al.

37.	 Manore SG, Doheny DL, Wong GL, Lo HW. IL-6/JAK/STAT3 
signaling in breast cancer metastasis: biology and treatment. 
Front Oncol. 2022;12:866014. [Crossref ] [PubMed] [PMC]

38.	 Kettner NM, Bui TN, Navarro-Yepes J, et al. IL-6 predicts CDK4/6 
inhibitor resistance, identifying STAT3 as a target in HR + /
HER2-negative metastatic breast cancer. NPJ Precis Oncol. 
2025;9(1):260. [Crossref ] [PubMed] [PMC]

39.	 Speirs V, Kerin MJ. Prognostic significance of oestrogen receptor 
beta in breast cancer. Br J Surg. 2000;87(4):405-409. [Crossref ] 
[PubMed] 

40.	 Hyman DM, Taylor BS, Baselga J. Implementing genome-driven 
oncology. Cell. 2017;168(4):584-599. [Crossref ] [PubMed] [PMC]

https://www.doi.org/10.3389/fonc.2022.866014
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/35371975
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC8964978
https://www.doi.org/10.1038/s41698-025-01041-1
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/40715551
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC12297654
https://www.doi.org/10.1046/j.1365-2168.2000.01402.x
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/10759732
https://www.doi.org/10.1016/j.cell.2016.12.015
HTTPS://PUBMED.NCBI.NLM.NIH.GOV/28187282
HTTPS://PMC.NCBI.NLM.NIH.GOV/ARTICLES/PMC5463457

