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ABSTRACT
Breast cancer is a molecularly heterogeneous disease characterized by distinct gene-expression patterns

and somatic alterations across intrinsic subtypes. Integrated assessment of transcriptomic and genomic

features can improve understanding of subtype-specific tumor biology. A retrospective secondary-data

analysis was conducted using 1,898 breast cancer cases classified as Luminal A, Luminal B, HER2-

enriched, Basal, Claudin-low, or Normal-like. Gene-expression differences were evaluated using the

Kruskal–Wallis test, while mutation–subtype associations were assessed using chi-square or Fisher’s

exact tests. Mann–Whitney U testing was used to compare expression between mutation-positive and

mutation-negative groups, with false discovery rate correction applied for multiple testing. Significant

subtype-associated expression differences were identified, with GATA3, EGFR, MAPT, AURKA,

CCNE1, CHEK1, IGF1R, CDC25A, CDK1, and E2F2 among the most strongly differentiated genes.

PIK3CA and TP53 were the most frequently mutated genes, while TP53, PIK3CA, GATA3, MAP3K1,

CDH1, and other alterations showed significant subtype associations. Mutation status was also linked

with corresponding expression changes for several genes, including CDH1, GATA3, AKT1, PTEN, TP53,

MAP3K1, and ERBB2. Integrated transcriptomic and genomic profiling revealed marked molecular

heterogeneity across breast cancer subtypes and highlighted potentially important subtype-associated

biomarkers.
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1. Introduction
Breast cancer is a very heterogeneous disease and it differs in morphology, molecular changes, clinical

behavior and response to treatment to a great extent. Histopathological classification is still vital in

diagnosis, but it is not quite reflective of the molecular diversity found amongst tumors of similar

pathological appearance. Genomic and transcriptomic profiling has thus enhanced breast cancer

classification to reveal biologically distinct groups. Combining both morphological and molecular data

has enhanced the characterization of tumors and aided in more accurate stratification of the diseases

(Binder et al., 2021). The disease of breast cancer has now been recognized as a set of molecularly

different diseases that might need subtype-specific treatment (Testa et al., 2020). The molecular intrinsic

classification has also demonstrated significant benefits compared to clinical classification in the

definition of biologically meaningful tumor groups (Szymiczek et al., 2021). The classification by gene-

expression has been in the forefront in the characterization of the key molecular subtypes of breast cancer.

Luminal A, Luminal B, HER2-enriched, Basal-like, and Normal-like tumors have different transcriptional

profiles, whereas Claudin-low tumors are another molecular group with a distinct expression profile.

Consensus systems via gene-expression have been created to enhance the reproducibility of subtype

assignment of breast cancer samples (Horr & Buechler, 2021). Multi-omics techniques have also shown

that the different molecular features can be combined to enhance the differentiation of the breast cancer

subtypes (Lupat et al., 2023). Specific molecular changes in the breast cancer brain metastases have also

been observed, and they emphasize the further applicability of molecular classification as the disease

advances (Cosgrove et al., 2022).

Gene-expression profiling offers valuable data on tumor proliferation-related pathways, hormone

signaling, growth-factor signaling, differentiation, and therapeutic response. Expression signatures can

unveil molecular patterns potentially not visible with histopathological evaluation alone and play a role in

biologically informed interpretation of treatments (Creighton, 2023). In comparative studies, oncogenic

expression signatures have been demonstrated to indicate significant molecular mechanisms that relate to

the development of breast tumors (Kim et al., 2020). Paired primary and recurrent triple-negative breast

cancers have also been found to differ in terms of gene-expression and immune-related features, which

suggests that tumor transcriptional profiles can change as a disease progresses (Hutchinson et al., 2020).

Another significant cause of heterogeneity of breast cancer is somatic mutations. The frequent mutations

in genes including PIK3CA, TP53, GATA3, MAP3K1, CDH1, PTEN, BRCA1, BRCA2, and ERBB2

have been known to cause different genomic patterns in tumors. Molecular profiling on a scale has shown

that there is a great deal of variation in the somatic changes of primary breast cancers and their

transcriptomic profiles (Brueffer et al., 2020). The genetic variations between primary tumors and

recurrences also suggest that breast cancer may experience significant molecular changes in the course of

time (Fumagalli et al., 2020). A population-specific molecular variation has been cited in the Asian breast
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cancers (Pan et al., 2020) and distinct tumor signatures have been associated with germline and somatic

alterations of BRCA-related genes (Bodily et al., 2020).

Genomic changes associated with subtypes can have an impact on the biology of tumors and possible

therapeutic weaknesses. Specific genomic profiles were identified among metastatic special histologic

types of breast cancer (Pareja et al., 2020), whereas metaplastic breast carcinoma has demonstrated to

exhibit typical molecular characteristics within the wider range of triple-negative (Gonzalez-Martinez et

al., 2020). Precision-medicine strategies have also been used in refractory metastatic triple-negative breast

cancer with the use of molecular subtyping and genomic profiling (Jiang et al., 2021). Recent studies have

further implicated certain mutational processes in HER2 enriched breast cancer, indicating that further

subtype-specific genomic pathways remain to be discovered (Jeong et al., 2026). The integrated analysis

of gene expression and somatic mutations may offer a more integrated picture of the heterogeneity of

breast cancer as compared to molecular layers individually. Combination of various types of molecular

data, such as gene expression, somatic mutation, and other molecular characteristics, has been shown to

be valuable in characterizing tumors (Liu et al., 2021). Nevertheless, the study of gene-expression and

mutation patterns is usually considered in isolation, with this restricting the appreciation of the co-

occurrence of transcriptomic and genomic changes in molecular subtypes. As such, the research was

designed to compare the patterns of gene-expression, to characterize the distributions of somatic-

mutations, and to evaluate the mutation-associated differences in expression in molecular subtypes of

breast cancer.

Objectives of the study

1. To compare gene-expression profiles and identify significantly differentially expressed genes

across the major molecular subtypes of breast cancer.

2. To characterize subtype-specific somatic mutation patterns and evaluate the association between

mutation status and corresponding gene-expression levels in breast cancer.

2. Methodology

2.1 Study Design

The secondary-data analytical study was a retrospective type that was used to describe the profile of gene-

expression and somatic-mutation in molecular subtypes of breast cancer. Molecular and clinical patient-

level data previously gathered was analyzed, without actual participant recruitment, intervention, or

follow-up. The comparative approach was an analytical framework on comparisons between known

molecular subtypes of breast cancer. A combination of gene-expression patterns, somatic-mutation

frequencies, and correlations between mutation status and the related gene expression was used to

determine subtype-specific molecular variations and overall patterns of heterogeneity in tumors in the

study population.
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2.2 Data Source

Data were obtained from the publicly available Breast Cancer Gene Expression Profiles (METABRIC)

dataset available on Kaggle (Alharbi, 2020). The data consisted of 1,904 cases of breast cancer and 693

variables, such as clinical features, molecular subtype data, gene-expression data, and somatic-mutation

variables. In particular, there were 489 gene-expression variables and 173 gene-specific mutation

variables that could be analyzed on the molecular level. The data had been in the CSV format and had to

be downloaded to prepare and analyze the data using statistics in the Kaggle repository.

2.3 Study Population and Molecular Subtype Classification

A total of all breast cancer cases where PAM50 plus Claudin-low subtype data were available were first to

be analyzed. The PAM50+ Claudin-low subtype variable that was part of the data set was used to

molecularly classify it. The groups were Luminal A, Luminal B, HER2-enriched, Basal, Claudin-low,

Normal-like and NC. Six cases that were NC were excluded as they were not a well-defined molecular

subtype. This resulted in 1,898 cases that were retained to make comparative analyses across the six

molecular subtype groups that were defined.

2.4 Gene-Expression and Somatic-Mutation Variables

The analysis considered a total 489 continuous gene-expression variables and 173 gene-specific somatic-

mutation variables. Measurements of expressions were left in their processed numerical form, with valid

negative and zero values. Genes in mutation fields were PIK3CA, TP53, GATA3, MAP3K1, CDH1,

PTEN, AKT1, BRCA1, BRCA2, and ERBB2. To analyse, mutation state was transformed into binary

form with 0 denoting the lack of mutation record and non-zero mutation annotation indicating mutation-

positive cases.

2.5 Data Preparation and Quality Assessment

Duplicate records, duplicate patient identifiers, missing values, format of variables, and consistency of

molecular subtype classification were checked and then statistical analysis was performed on the dataset.

There were no duplicate identifiers or observations of patients. There were missing values in the selected

clinical variables but the main gene-expression and mutation variables used in the molecular analyses

were complete. Available-case analysis was used to deal with missing clinical observations. Zero values

in mutation variables and negative or zero gene-expression values were not discarded since these values

indicated something meaningful about the molecules, as opposed to missing values.

2.6 Statistical Analysis

Frequencies and percentages were used to describe categorical variables whereas mean ± SD or median

with interquartile range were used to describe continuous variables. The Kruskal -Wallis test was used to
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evaluate the difference in gene-expression between the molecular subtypes. Chi-square or Fisher exact

tests were used to assess the associations between mutation status and molecular subtype. Mann–Whitney

U tests were used to compare gene expression in mutation-positive and mutation-negative cases, and

Spearman correlation was used to measure the selected continuous molecular variables. It was adjusted by

BenjaminiHochberg false discovery rate correction, where adjusted p < 0.05 is defined as statistically

significant.

3. Results

3.1 Distribution of Molecular Breast Cancer Subtypes

One thousand and eight hundred and ninety-eight cases of breast cancer were obtained after the

elimination of six cases that were classified as NC. The most prevalent molecular subtype was luminal A,

with 679 cases (35.77%), and the second one was Luminal B, which included 461 cases (24.29%). HER2-

enriched tumors were found in 220 cases (11.59%), Basal and Claudin-low subtypes had 199 cases

(10.48% each). Normal-like tumors were the least in number with 140 cases (7.38%). All subtypes of the

molecule are given in Table 1.

Table 1. Distribution of breast cancer cases according to molecular subtype

Molecular subtype Number of cases Percentage (%)

Luminal A 679 35.77

Luminal B 461 24.29

HER2-enriched 220 11.59

Basal 199 10.48

Claudin-low 199 10.48

Normal-like 140 7.38

Total 1,898 100.00

Figure 1 presents the distribution of the cases of breast cancer by the molecular subtypes.
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Figure 1. Distribution of Molecular Breast Cancer Subtypes

The figure indicates that there is evident difference in the representation of molecular breast cancer

subtypes in the cohort. Luminal subtypes were predominant as compared to HER2-enriched, Basal and

Claudin-low and the Normal-like groups that constituted relatively small percentages of the study

population.

3.2 Gene-Expression Differences Across Molecular Subtypes

There was also a significant variation in gene-expression pattern between the six molecular subtypes. The

most significant variation on subtype was GATA3, then EGFR, MAPT, AURKA, CCNE1, CHEK1,

IGF1R, CDC25A, CDK1 and E2F2. These genes were all statistically significant with benchmarking of

the Benjamini-Hochberg false discovery rate. Other important genes were APH1B, BCL2, ERBB3,

CDK6, NPNT, FANCD2, E2F3, HSD17B4, CCNB1, and NOTCH1. Table 2 summarizes the strongest

differences in gene-expression.

Table 2. Major gene-expression differences across molecular subtypes

Gene Kruskal–Wallis H p-value FDR-adjusted p-value

GATA3 979.770 1.44 × 10⁻²⁰⁹ 7.04 × 10⁻²⁰⁷

EGFR 895.973 1.98 × 10⁻¹⁹¹ 4.84 × 10⁻¹⁸⁹

MAPT 839.581 3.16 × 10⁻¹⁷⁹ 5.15 × 10⁻¹⁷⁷

AURKA 803.827 1.72 × 10⁻¹⁷¹ 2.10 × 10⁻¹⁶⁹

CCNE1 783.886 3.54 × 10⁻¹⁶⁷ 3.46 × 10⁻¹⁶⁵
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CHEK1 737.350 4.12 × 10⁻¹⁵⁷ 3.35 × 10⁻¹⁵⁵

IGF1R 726.232 1.04 × 10⁻¹⁵⁴ 7.30 × 10⁻¹⁵³

CDC25A 725.410 1.57 × 10⁻¹⁵⁴ 9.61 × 10⁻¹⁵³

CDK1 711.151 1.91 × 10⁻¹⁵¹ 1.04 × 10⁻¹⁴⁹

E2F2 688.009 1.92 × 10⁻¹⁴⁶ 9.40 × 10⁻¹⁴⁵

3.3 Somatic Mutation Profile of the Cohort

PIK3CA and TP53 were the most altered genes in the cohort and determined by somatic mutation analysis.

The PIK3CA mutations were found in 792 cases (41.73%), and the TP53 mutations were found in 659

cases (34.72%). Other frequent changes were MUC16, AHNAK2, KMT2C, SYNE1, GATA3, MAP3K1,

DNAH11, AHNAK, and CDH1. The other genes had relatively lower mutation frequencies. The

distribution of the most frequent somatic mutations among the 1,898 cases is shown in Table 3.

Table 3. Most frequent somatic mutations in the study population

Gene Mutated cases Mutation frequency (%)

PIK3CA 792 41.73

TP53 659 34.72

MUC16 326 17.18

AHNAK2 310 16.33

KMT2C 232 12.22

SYNE1 232 12.22

GATA3 230 12.12

MAP3K1 196 10.33

DNAH11 175 9.22

AHNAK 174 9.17

CDH1 172 9.06

The prevalence of the most prevalent somatic mutations is depicted in Figure 2.
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Figure 2. Frequency of Major Somatic Mutations in Breast Cancer

As depicted in the figure, the frequencies of somatic mutations differed significantly among the genes that

were studied. PIK3CA and TP53 were commonest mutated genes with less common mutations in MUC16,

AHNAK2, KMT2C, SYNE1, GATA3, MAP3K1, DNAH11, AHNAK and CDH1.

3.4 Association of Somatic Mutations with Molecular Subtypes

The frequency of somatic mutation varied greatly with the breast cancer molecular subtypes. TP53 was

found to have the best association with the subtypes then PIK3CA and GATA3. After FDR adjustment,

significant associations were also found with MAP3K1, CBFB, CDH1, MUC16, SYNE1, AKAP9,

DNAH11, RB1, AHNAK, KMT2C, SMAD4 and USH2A. Conversely, THSD7A, LIFR, SMARCB1,

PIK3R1, and AFDN were not significant after multiple-testing correction. Table 4 below shows the key

mutation-subtype correlations.

Table 4. Association between somatic mutations and molecular subtype

Gene Chi-square p-value FDR-adjusted p-value

TP53 587.624 9.54 × 10⁻¹²⁵ 1.65 × 10⁻¹²²

PIK3CA 160.848 6.53 × 10⁻³³ 5.65 × 10⁻³¹

GATA3 89.091 1.04 × 10⁻¹⁷ 6.02 × 10⁻¹⁶

MAP3K1 45.378 1.22 × 10⁻⁸ 5.26 × 10⁻⁷

CBFB 38.914 2.47 × 10⁻⁷ 8.55 × 10⁻⁶

CDH1 35.973 9.62 × 10⁻⁷ 2.77 × 10⁻⁵
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MUC16 34.454 1.93 × 10⁻⁶ 4.78 × 10⁻⁵

SYNE1 25.812 9.71 × 10⁻⁵ 2.10 × 10⁻³

AKAP9 23.849 2.32 × 10⁻⁴ 3.73 × 10⁻³

RB1 23.802 2.37 × 10⁻⁴ 3.73 × 10⁻³

3.5 Integrated Mutation and Gene-Expression Patterns

Combined analysis revealed that there were significant differences in the levels of relevant gene-

expression between mutation-positive and mutation-negative tumors. The median CDH1 expression was

significantly lower in cases with CDH1-mutations, and median GATA3 was high in GATA3-mutated

cases. CBFB, AKT1, TBX3, GPS2, RB1, PTEN, MAP2K4, NCOR1, SMAD4, TP53, MAP3K1, ERBB2,

PDE4DIP, and RUNX1 were also found to have significant differences in their expression after FDR

correction. The results show quantifiable associations between the status of mutations and transcriptomic

variations, as described in Table 5.

Table 5. Integrated analysis of mutation status and corresponding gene expression

Gene Mutated n
Non-

mutated n

Median

expression,

mutated

Median expression,

non-mutated

FDR-adjusted

p-value

CDH1 172 1,726 −1.819 0.195 2.63 × 10⁻⁵⁷

GATA3 230 1,668 0.842 0.178 6.48 × 10⁻⁴⁵

CBFB 91 1,807 −0.637 0.034 2.47 × 10⁻¹²

AKT1 76 1,822 0.742 −0.128 6.66 × 10⁻¹⁰

TBX3 101 1,797 0.945 −0.101 1.23 × 10⁻⁹

GPS2 21 1,877 −1.471 0.009 2.02 × 10⁻⁷

RB1 49 1,849 −0.840 0.055 1.55 × 10⁻⁶

PTEN 78 1,820 −0.561 0.129 2.86 × 10⁻⁶

MAP2

K4
64 1,834 −0.585 −0.122 2.97 × 10⁻⁶

TP53 659 1,239 −0.154 0.011 6.42 × 10⁻³
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MAP3

K1
196 1,702 0.097 −0.067 9.64 × 10⁻³

ERBB2 58 1,840 0.159 −0.183 2.27 × 10⁻²

Figure 3 shows the distribution of mutation-positive and mutation-negative cases of the selected genes.

Figure 3. Mutation Status Across Selected Breast Cancer Genes

The figure demonstrates that most of the genes had non-mutated cases as the highest, and cases with

mutations were much less across the chosen genes. The TP53 presented the most cases of mutations, then

GATA3, MAP3K1 and CDH1.

4. Discussion

The current research revealed a significant molecular heterogeneity in the breast cancer subtypes both at

the transcriptomic and genomic scale. Gene-expression analysis revealed significant subtype-associated

differences, especially those of GATA3, EGFR, MAPT, AURKA, CCNE1, CHEK1, IGF1R, CDC25A,

CDK1, and E2F2, suggesting that hormone-related signaling, proliferation, growth-factor pathways, and

cell-cycle regulation differed significantly across molecular groups. These data confirm the opinion that

breast cancer subtypes are not biologically similar entities that have varying molecular features. This

finding is aligned with the existing molecular classification systems which classify Luminal, HER2-

enriched and Basal-like tumors based on their typical transcriptional signatures and clinical phenotype

(Tsang & Gary, 2020). The significant difference in gene-expression patterns also indicates that there may

be subtype-specific molecular signatures with prognostic and therapeutic implications. Some of the highly

differentiated genes in the analysis performed today are those that are linked to tumor proliferation, tumor

signaling, and cell-cycle regulation. Other studies have previously utilized breast cancer gene-expression
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profiles, and in these studies, transcriptomic analysis identified potential prognostic biomarkers of

aggressive disease, especially in triple-negative breast cancer (Thalor et al., 2022). The current results

thus support the practicality of expression profiling to differentiate biologically significant groups of

breast cancer and to determine molecular characteristics, which can be related to disease behavior.

Somatic mutation analysis also revealed that PIK3CA and TP53 were the most commonly mutated genes

with recurrent mutations in MUC16, AHNAK2, KMT2C, SYNE1, GATA3, MAP3K1, and CDH1.

Frequencies of mutations varied considerably by molecular subtype with TP53 presenting the highest

subtype relationship, followed by PIK3CA and GATA3. These results are not new since prior evidence

has shown that breast tumors with various HER2-expression levels have different somatic mutational

profiles (Zhang et al., 2022). This kind of fluctuation suggests that genomic changes are not evenly

distributed among molecular subtypes and can help them to differ in the way they behave biologically.

The combined mutation-expression analysis was another piece of evidence that genomic and

transcriptomic changes are interrelated. Gene-positive mutations were observed in genes such as CDH1,

GATA3, CBFB, AKT1, PTEN, TP53, MAP3K1 and ERBB2 with significant variation in the levels of the

respective genes-expressions. This implies that there is the possibility of certain somatic changes having

quantifiable transcriptional effects. The same complexity of the molecules has been found in breast

cancers that exhibit heterogeneous HER2 amplification, with somatic mutations and copy-number

changes playing a role in generating significant intratumoral and intertumoral diversity (Van Bockstal et

al., 2020).

These findings may have important clinical implications. The pattern of expression and mutation in

subtypes may be useful in providing more sophisticated molecular stratification, identification of

biomarkers and targeting of therapeutic strategies. Potential genomic profiling of metastatic breast cancer

has shown that molecular characterization has the potential to determine clinically significant changes and

assist in treatment decisions (van Geelen et al., 2020). The specifically unique molecular patterns of

aggressive subtypes can also be applicable to triple-negative breast cancer, which is very heterogeneous

and difficult to treat even with the current molecular characterization (Varzaru et al., 2024). There are

some limitations that are to be taken into account. The research was grounded on secondary observational

findings and thus causal relationships were not made. There were missing data on some clinical variables

and the analysis was mostly based on the aspect of gene-expression and somatic-mutation information but

not proteomic, epigenetic and longitudinal treatment-response information. Moreover, both biological and

technical variability may affect molecular classification, an issue that has been acknowledged when it

comes to breast cancer classification (Zhang, 2023). The results of the study should be confirmed in

future research using independent cohorts, combining more layers of omics data, and determining

whether the observed molecular patterns are associated with prognosis or response to therapy.
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5. Conclusion

This study has shown that there is a high level of molecular heterogeneity among breast cancer subtypes

in terms of the joint analysis of gene-expression and somatic-mutation profiles. It was found that there are

clear subtype-related variations in genes pertaining to hormone signaling, growth-factor pathways, cell-

cycle regulation, and tumor proliferation, with GATA3, EGFR, MAPT, AURKA, CCNE1, CHEK1,

IGF1R, CDC25A, CDK1, and E2F2 displaying the strongest variation. Somatic mutation analysis also

revealed that PIK3CA and TP53 were the most commonly mutated genes, whereas TP53, PIK3CA,

GATA3, MAP3K1 and CDH1 and a number of others exhibited significant associations with molecular

subtype. The combined analysis also revealed that mutation status was associated with associated gene-

expression alterations of several genes, such as CDH1, GATA3, AKT1, PTEN, TP53, MAP3K1 as well as

ERBB2. These results suggest that genomic and transcriptomic changes have a direct relationship and

play a combined role in the molecular heterogeneity of breast cancer. These findings are in favor of the

importance of combined molecular profiling in enhancing the characterization of the subtypes and the

detection of possibly significant biomarkers. But independent cohort validation and additional molecular

layer will count. The next round of research should also consider the possibility of these subtype-specific

molecular patterns enhancing prognostic evaluation and assist in governing more specific therapeutic

approaches in breast cancer.
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