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Abstract 

 

Lifestyle patterns and exposure to toxic chemicals or environmental pollutants are the strongest risk factors for the chances of 

developing breast cancer, the leading and most lethal form of cancer in women. Bisphenol A (BPA), found in various consumer 

products, is known to deregulate multiple cellular signaling pathways, but its effect on cancer initiation and development in breast 

tissue has not yet been fully elucidated. Therefore, the identification of hub drivers is necessary to understand the molecular 

mechanisms underlying BPA-related malignancy and may help determine novel diagnosis and treatment strategies. This work aims 

at elucidating the molecular actors and mechanisms of action involved in BPA-induced breast cancer development using a 

bioinformatics analysis approach. A microarray dataset suitable for the study purposes was obtained from the publicly available 

Gene Expression Omnibus (GEO) repository, followed by DEG (differentially expressed genes) extraction, enrichment, and protein-

protein interaction analyses to identify the hub genes. Expressional patterns, prognostic potentials, and immune infiltration levels 

of identified targets were tested and validated in silico using GEPIA2 and KM-plotter tools. According to PPI network results, 

CCNA2 and CCNB1 were identified as critical hub genes. Validation analyses clearly indicated that the identified genes are 

extremely critical in BPA-associated breast cancer processes. Findings from this study revealed that CCNA2 and CCNB1, two cell 

cycle signaling-related hub genes that are overexpressed as a consequence of BPA exposure, are strongly associated with breast 

cancer. 
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1. Introduction 

 

Breast cancer is a lethal and common type of cancer in 

women and affects daily life in different ways. The disease 

emerges in the epithelium of the lobules or ducts (85%) in the 

glandular parts of the breast (Nardin et al., 2020). Initially, 

cancer has minimal potential for spread and generally causes no 

symptoms. However, cancer may progress over time and invade 

the surrounding breast tissue. Firstly, it spreads to the lymph 

nodes and then to other organs in the body (Zhou et al., 2021). 

World Health Organization (WHO) reports and GLOBOCAN 

cancer incidence and mortality estimates revealed that this 

cancer accounts for 11.7% of all cancer cases, with 

approximately 2.5 million cases in 2020 (Sung et al., 2021; 

WHO, 2023). Since it is a polygenic and multifactorial cancer, 

it includes complex mechanisms, signaling pathways, and 

cellular activities. The most critical issue in the treatment of the 

disease is diagnosing it at advanced stages due to the lack of 

sensitive biomarkers and effective treatment (Pei et al., 2020). 

Therefore, identifying the critical factors for this complicated 

type of cancer is very important, both to determine valuable 

diagnostics actors that can also be used in the treatment and to 

fully understand the molecular mechanism underlying the 

malignancy. 

Bisphenol A (BPA) is an intermediate compound with a 

massive production volume worldwide, especially in 
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Fig. 1. The overall workflow of the study. 

 

polycarbonate and epoxy manufacture (Fauconnier et al., 2023). 

It is widely preferred in daily used storage containers, bottles, 

and other packaging items that are frequently used in daily life 

(Dehdashti et al., 2023). BPA can be released into the 

environment during the entire production and disposal processes 

of these products. The United States Environmental Protection 

Agency (EPA) statistics show annual environmental BPA leaks 

are almost 400,000 tons (EPA, 2023). 

Preclinical studies have found that bisphenol exposure 

elevates breast cancer risk (Stillwater et al., 2020; Kwon, 2022). 

Novel research has shown that endocrine-disrupting chemicals 

(EDCs), including bisphenols, trigger breast cancer-associated 

genes and cell proliferation via binding to estrogen receptors 

(ERs) (Castillo-Sanchez et al., 2020). Impairments in the 

endocrine system in complex diseases such as birth defects and 

obesity caused by BPA have been partially clarified 

(Priyadarshini et al., 2023). However, it is unclear how BPA 

affects the onset and progression of cancer in the breast. 

Therefore, understanding the exact biological effects of 

endocrine disruptors is essential. This study aims to identify hub 

factors and pathways involved in BPA-associated breast cancer 

formation and progression via a bioinformatics approach. 

 

2. Materials and methods  

 

2.1. Collection and pre-processing of transcriptomic data 

 

The mRNA expression dataset (GSE32158), which 

includes MCF-10F cells exposed to 10 µM BPA for two weeks 

and non-treated cells, was obtained from the GEO repository 

(Barrett et al., 2013) of NCBI. Next, DEGs between BPA-

treated and control group cells were identified using the GEO2R 

web tool (GEO2R, 2023). Next, DEGs between BPA-treated 

and control cells were identified according to |logFC|>2.0 and p-

value <0.05 criteria using the GEO2R web tool (Fig. 1).  

 

2.2. Enrichment analyses of the DEGs 

 

To identify the biological and molecular functional processes 

and significantly enriched pathways of the DEGs, the DAVID 

tool was used (Huang et al., 2009; DAVID, 2023). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3. Protein-protein interaction (PPI) network analysis 

 

Co-expression relationship between DEGs was determined 

through the PPI network created using STRING (Jensen et al., 

2009; STRING, 2023). The confidence score cutoff value was 

set at 0.7. Then, the cytoHubba plug-in of Cytoscape (Shannon 

et al., 2003) was used to extract the hub genes using five widely 

preferred algorithms: Maximal Clique Centrality (MCC), 

Maximum Neighborhood Component (MNC), Degree, 

EcCentricity, and Closeness. The first fifteen genes of each 

algorithm result were ranked, and aligned genes were chosen as 

hub genes. 

 

2.4. Data validation  

 

The mRNA profiles of the core genes between tumor and 

healthy tissues in breast invasive carcinoma (BRCA) were 

verified using different sources and tools. Cumulative mRNA 

expressions of the hub genes in breast cancer patients and 

healthy individuals were analyzed using the GEPIA2 platform 

(Tang et al., 2019; GEPIA2, 2023) was used.  

The association between the expression of hub genes and 

the clinical stage of the disease was analyzed using the 

UALCAN web portal (Chandrashekar et al., 2017; UALCAN, 

2023) and the prognostic outputs of these genes on the overall 

survival of breast cancer patients were evaluated using the KM-

plotter platform (Gyorffy, 2021; KM-plotter, 2023). The 

expression correlations of hub genes in breast cancer and the 

tumor infiltration level of immune cells were visualized by the 

TIMER2.0 database (Li et al., 2020; TIMER2.0, 2023). Finally, 

to determine whether the identified hub genes were among the 

genes interacting with BPA, the CTD database was used (Davis 

et al., 2021; CTD, 2023). 

 

3. Results 

 

3.1. DEGs 

 

Based on the findings, a total of 1814 DEGs (976 up- and 

838 down-regulated) were identified (|logFC| >2 and p< 0.05). 
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Fig. 2. PPI network of DEGs constructed by STRING database. 

 

3.2. Functional characterization of DEGs 

 

To further investigate the biological themes and pathways 

including the DEGs, GO and KEGG pathway enrichment 

analyses were performed. The first fifty down and upregulated 

DEGs were used for this analysis. Based on the DEGs 

annotation, it was found that the upregulated genes were 

significantly enriched in several GO terms, such as regulation of 

cell proliferation, cell surface, and DNA helicase activity. 

Downregulated genes were significantly enriched in transport, 

oxidation-reduction processes, and cytokine receptor activity. 

According to pathway enrichment results, while upregulated 

DEGs are importantly enriched in ECM-receptor interaction, 

downregulated DEGs are enriched in the complement and 

coagulation cascades (Supplementary Table 1 and 2). 

 

3.3. Protein interaction network and hub gene detection 

 

The PPI network constructed using the STRING (Fig. 2) 

was further analyzed with Cytoscape software. Next, network 

properties were analyzed by MCC, MNC, Degree, EcCentricity, 

and Closeness algorithms of the Cytohubba plug-in of 

Cytoscape. The genes that are the intersection of the first-ranked 

15 genes with the highest score in these five algorithms were 

identified through the Venn diagram. Finally, CCNA2 and 

CCNB1 were identified as hub genes (Table 1 and Fig. 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4. Validation and analysis of hub genes 

 

Firstly, GEPIA2 was used to confirm the mRNA 

expression patterns of two genes. It was determined that the 

mRNA levels of the two identified genes were notably elevated 

in tumor tissues compared to healthy tissues (Fig. 4a and Fig. 

4d). Then, subgroup analysis was performed using UALCAN to 

uncover the expression changes of CCNA2 and CCNB1 genes in 

tumor stages. The results revealed that the relative expression of 

CCNA2 and CCNB1 increased significantly in advanced tumor 

stages (Fig. 4b and Fig. 4e). To further investigate the clinical 

importance and prognostic impacts of these hub genes in breast 

cancer, overall survival (OS) analysis was performed using the 

KM-plotter. The results showed that an increased CCNA2 

expression (HR 1.48 [1.34–1.64], P=1.9e-14) and CCNB1 (HR 

1.89 [1.71–2.1], P<1e-16) was significantly related to a poor OS 

in patients diagnosed with cancer (Fig. 4c and Fig. 4f). 

The hub gene expression with immune infiltration level in 

breast cancer correlation was detected using the TIMER gene 

module. Results showed that there was a positive correlation 

between the expression of CCNA2 and the infiltration of purity, 

B cells, CD4+ T cells, CD8+ T cells, dendritic cells, and 

neutrophils (Fig. 5a). In addition, there was a correlation 

between the CCNB1 expression and the infiltration of purity, B 

cells, and neutrophils (Fig. 5b). 

These  findings  clearly  propose  that  CCNA2  and  CCNB1  
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Table 1 

Top 15 genes ranked by five different cytoHubba computational algorithms. The intersection genes are highlighted in bold.  

 

 

 

 

 

 

 

 

 

 
 

 
 

 
 

 

 
 

 

 

 

 

 

 
Fig. 3. Venn diagram of the intersecting genes derived using five 

algorithms. 

 

may play an essential role in immune cell infiltration in patients 

with breast cancer. It is well that known genes with co-

expression patterns are co-regulated or functionally related 

(Kustatscher et al., 2017). Therefore, to determine the mRNA 

expression correlation of hub genes in breast cancer the 

correlation module of TIMER was used. Consequently, it was 

found that CCNA2 and CCNB1 expressions were highly 

correlated with each other in BRCA (Fig. 6a). Finally, the CTD 

analysis tool MyGeneVenn was used to determine whether hub 

genes are among the genes regulated in response to BPA. 

Intersection analysis of a set of genes curated by CTD and hub 

genes from this study showed that CCNA2 and CCNB1 were 

predicted to be targeted by BPA (Fig. 6b). 

 

4. Discussion 

 

The causes of polygenic diseases are blurry due to their 

complex nature, which complicates the detection of the 

contributing factors (Ceylan et al., 2019; Ritchie et al., 2021). 

Therefore, changes in the whole genome should be considered 

to elucidate the pathophysiology of multifactorial diseases such 

as breast  cancer  and  thus  determine effective therapy strategies  

 

 

 

(Ceylan, 2022). Identification of central genes through the 

bioinformatics-based transcriptome analysis approach is widely 

recognized in the scientific community and provides a molecular 

basis for related biological questions (Ceylan, 2021). The 

present study aimed to determine the carcinogenic properties of 

BPA in breast cancer and accurate targets for future therapy 

through the analysis of transcriptome data from BPA-treated 

human breast epithelial cells MCF-10F. Based on the integrated 

bioinformatics analysis, two hub genes (CCNA2 and CCNB1) 

have been identified in this study. The mRNA expression of 

these two genes was dysregulated (over 12 and 32-fold changes, 

respectively) in the BPA-treated MCF-10F cells compared to 

non-treated cells. 

The cell cycle is regulated tightly because perturbations in 

this operation can lead to crucial complications such as tumor 

development mediated by uncontrolled cell division and 

inappropriate cell proliferation (Pekarek et al., 2023). 

Dysregulation of the expression of related drivers that control 

the transitional stages of the cell cycle is well-documented in 

multiple cancers (García-Gutiérrez et al., 2019; Yesilkent and 

Ceylan, 2022). CDKs (cyclin-dependent kinases) are regulate 

cell cycle checkpoints in response to intracellular and 

extracellular signals (Niu et al., 2019). As a result, it is not 

surprising that abnormalities or impairment of CDKs and CDK-

mediated pathways are characteristic of cancers and initiate a 

chain of events that prime cancer (Ding et al., 2020). Recent 

research has shown that these cyclins are raised in breast cancer 

and are related with worse clinical outcomes (Cai et al., 2023). 

CCNA2 (also known as cyclinA2) is a type of cyclin protein and 

is expressed in nearly all tissues (Zhang et al., 2023). Numerous 

reports have reported that CCNA2 is overexpressed in different 

cancer types and is markedly related with bad prognosis (Dong 

et al., 2019). Similarly, unscheduled expression of CCNB1 

(cyclin B1) has also been shown to be associated with 

uncontrolled cell-cycle progression in several cancers (Zuryn et 

al., 2019). Therefore, targeting these factors, especially in breast 

cancer, can be an ideal strategy to prevent tumor development 

and increase the effectiveness of chemotherapy. 

Although the relationship of BPA with global health 

challenges such as diabetes and heart disorders has been largely 

proven, the mechanisms and key drivers of BPA-induced breast 

cancer  are  still   not   fully  elucidated.  Most  EDCs  stimulate  

Genes MCC Score Genes MNC Score Genes 
Degree 

Score 
Genes 

EcCentricity 

Score 
Genes 

Closeness 

Score 

CCNB1 9,22E+28 CDK1 181.0 CDK1 181.0 EGFR 0.15373 CDK1 516.93 

CCNA2 9,22E+28 CCNB1 155.0 CCNB1 156.0 CCNB1 0.13177 CCNB1 491.55 

AURKB 9,22E+28 CCNA2 154.0 CCNA2 154.0 CCNA2 0.13177 CCNA2 489.26 

BUB1 9,22E+28 BUB1 149.0 BUB1 149.0 BIRC5 0.13177 AURKB 476.64 

PLK1 9,22E+28 BUB1B 143.0 NCAPG 144.0 CHEK1 0.13177 HSP90AA1 473.56 

BUB1B 9,22E+28 AURKB 142.0 BUB1B 143.0 TYMS 0.13177 BUB1 473.41 

CHEK1 9,22E+28 NCAPG 142.0 AURKB 143.0 BRCA1 0.13177 EGFR 471.33 

AURKA 9,22E+28 TOP2A 140.0 KIF11 142.0 CDC25C 0.13177 ACTB 470.02 

TOP2A 9,22E+28 KIF11 140.0 TOP2A 140.0 ACTB 0.13177 PLK1 469.49 

BRCA1 9,22E+28 CCNB2 136.0 CCNB2 136.0 HSP90AA1 0.13177 BUB1B 468.55 

CCNB2 9,22E+28 MAD2L1 131.0 MAD2L1 131.0 CCND1 0.13177 CHEK1 467.38 

NCAPG 9,22E+28 CDC20 129.0 CDC20 129.0 PIK3R1 0.13177 AURKA 467.30 

RRM2 9,22E+28 NDC80 126.0 NDC80 126.0 H2AFX 0.13177 TOP2A 464.78 

KIF11 9,22E+28 TTK 124.0 PLK1 125.0 FN1 0.13177 BRCA1 463.13 

MAD2L1 9,22E+28 ASPM 123.0 AURKA 125.0 H2AFV 0.13177 CCNB2 462.39 
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Fig. 4. The expression validation and analysis of hub genes. The expression profiles of CCNA2 (a) and CCNB1 (d) genes in breast cancer 

within GEPIA database. Red asterisk on top of the boxplot denotes the statistically significant difference. mRNA expression patterns of the 

hub genes in breast cancer patients with cancer stages (b-e). p-values < *0.05, **0.01, ***0.001, ****0.0001. Overall survival (OS) analysis 

of hub genes in BRCA patients (c-f). 

 

Fig. 5. CCNA2 (a) and CCNB1 (b) expressional correlation and abundance of tumor-infiltrating immune cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
 

Fig. 6. Correlation of mRNA expression of CCNA2 and CCNB1 in 

patients with breast invasive carcinoma (a). Comparative 

toxicogenomic analysis and target verification in response to BPA (b). 

 

estrogen-related   responses   by  binding   to   estrogen   receptors  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(ERs), resulting in gene expression remodeling in the target 

tissue (Bondar et al., 2009). Among EDCs, BPA, as an 

estrogenic compound that has shared structural characteristics 

with ERs, can stimulate cellular responses and cell function 

through its strong estrogenic activity and can cause very critical 

undesirable effects on the health (Almeida et al., 2018).  

Several reports have revealed that due to its endocrine 

disrupting nature, BPA is associated with numerous principal 

non-communicable diseases (NCDs) such as obesity (Hong et 

al., 2023), infertility (Yadav et al., 2023), diabetes (Hwang et al., 

2018), and cancer (Li et al., 2023a).  

BPA’s potential influence on cancer initiation and 

progression, especially in estrogen-related cases, is intriguing, 

stemming from research connecting BPA exposure to intricate 

molecular pathways in cancer development and spread (Ogawa 

et al., 2023). It has been demonstrated that normal ER signaling 

supports benign functions such as differentiation and 
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development in healthy breast tissue. However, numerous 

studies have proven that the abnormal activity of ER signaling 

triggers tumor formation in breast tissue (Xue et al., 2019). ER-

alpha (α) and ER-beta (β) are two estrogen receptor subgroups 

that are thought to be the primary targets of BPA (Li et al., 

2023b). A study reported that ERα moderates cell proliferation 

in breast cancer by modulating the cell cycle checkpoints 

(JavanMoghadam et al., 2016). Another report has indicated that 

the ERα agonistic activity of BPA triggers the development of 

ER-dependent cancer by activating the estrogen response 

element (ERE) promoter (Tillett, 2009). Taken together, tuning 

both ER signaling, and cell cycle control appear to be 

synchronized mechanisms underlying the biological effect 

exerted by BPA in breast cancer formation.  

 

5. Conclusion 

 

In conclusion, the results of this study suggest that BPA, 

even at very low concentrations, causes breast cancer 

development and progression by stimulating ER signaling 

pathways and cell cycle-related factors that promote cancer cell 

proliferation. 
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Supplementary  

Suppl. Table 1. GO and KEGG pathways enrihment analysis for upregulated DEGs. 

Category Term PValue Genes 

BP 
GO:0008284~positive regulation of cell 

proliferation 
1,10E-03 

FGFBP1, TNC, LAMC2, SOX9, THBS1, 

PTHLH, CXCL5 

BP GO:0008544~epidermis development 1,30E-03 KRT14, LAMC2, CST6, PTHLH 

BP GO:0000281~mitotic cytokinesis 2,50E-03 KIF23, CEP55, ZNF365 

BP 
GO:0030198~extracellular matrix 

organization 
1,40E-02 TNC, LAMC2, SOX9, THBS1 

BP 
GO:0008608~attachment of spindle 

microtubules to kinetochore 
2,30E-02 KNL1, NDC80 

BP GO:0007267~cell-cell signaling 2,70E-02 FGFBP1, INHBA, PTHLH, CXCL5 

BP 
GO:0000082~G1/S transition of mitotic cell 

cycle 
2,80E-02 RRM2, MCM10, INHBA 

BP GO:0007062~sister chromatid cohesion 2,90E-02 KNL1, NDC80, ZWINT 

BP GO:0071397~cellular response to cholesterol 3,00E-02 INHBA, LRP8 

BP 
GO:0006271~DNA strand elongation 

involved in DNA replication 
3,80E-02 GINS1, GINS2 

BP 
GO:0032270~positive regulation of cellular 

protein metabolic process 
3,80E-02 UHRF1, INHBA 

BP GO:0042493~response to drug 4,30E-02 INHBA, THBS1, LRP8, DUSP6 

CC GO:0005615~extracellular space 4,30E-03 
FGFBP1, TCN1, LIPG, TNC, LAMC2, 

THBS1, CST6, F3, PTHLH, CXCL5 

CC GO:0000811~GINS complex 7,20E-03 GINS1, GINS2 

CC GO:0005576~extracellular region 1,30E-02 
FGFBP1, TCN1, LIPG, TNC, LAMC2, 

INHBA, THBS1, LRP8, PTHLH, CXCL5 

CC 
GO:0031298~replication fork protection 

complex 
1,70E-02 GINS2, MCM10 

CC 
GO:0000777~condensed chromosome 

kinetochore 
1,90E-02 KNL1, NDC80, ZWINT 

CC GO:0031012~extracellular matrix 3,40E-02 TNC, THBS1, EDIL3, F3 

CC GO:0009986~cell surface 4,10E-02 FGFBP1, LIPG, THBS1, F3, PROM2 

MF GO:0008201~heparin binding 7,30E-03 FGFBP1, LIPG, LAMC2, THBS1 

MF GO:0043138~3'-5' DNA helicase activity 1,70E-02 GINS1, GINS2 

MF 
GO:0005200~structural constituent of 

cytoskeleton 
3,10E-02 KRT14, NDC80, KRT6B 

KEGG_PATHWAY hsa04512:ECM-receptor interaction 8,1E-03 TNC, LAMC2, THBS1 

KEGG_PATHWAY hsa04510:Focal adhesion 4,1E-03 TNC, LAMC2, THBS1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Suppl. Table 2. GO and KEGG pathways enrihment analysis for downregulated DEGs. 

Category Term PValue Genes 

BP GO:0006956~complement activation 1,70E-02 C1S, C1R, CFB 

BP 
GO:0043030~regulation of macrophage 

activation 
2,00E-02 RORA, SLC7A2 

BP GO:0006809~nitric oxide biosynthetic process 2,90E-02 RORA, SLC7A2 

BP GO:0016601~Rac protein signal transduction 4,20E-02 CDH13, RHOU 

BP GO:0006810~transport 4,40E-02 CLCA2, LAPTM5, ABCG1, SLC7A2 

BP GO:0055114~oxidation-reduction process 4,40E-02 
SDR16C5, DHRS9, MAOA, HSD17B2, 

CYP4B1 

BP 
GO:0010906~regulation of glucose metabolic 

process 
4,90E-02 PDK4, RORA 

CC GO:0005886~plasma membrane 7,70E-03 

KLRC2, PLCL1, FHL1, CXCR4, 

SLC7A2, GHR, IL1RL1, CLEC2B, 

GPNMB, BASP1, CLCA2, CDH13, 

RHOU, IL6R, GPM6B, ABCG1, CFB 

CC 
GO:0005887~integral component of plasma 

membrane 
9,10E-03 

GHR, CLEC2B, GPNMB, KLRC2, 

CLCA2, LAPTM5, GPR137B, ABCG1, 

SLC7A2 

CC 
GO:0005789~endoplasmic reticulum 

membrane 
3,60E-02 

SDR16C5, RTN1, DHRS9, HSD17B2, 

CYP4B1, ABCG1 

CC GO:0072562~blood microparticle 4,20E-02 C1S, C1R, CFB 

MF GO:0004896~cytokine receptor activity 2,70E-03 GHR, IL1RL1, IL6R 

MF GO:0030246~carbohydrate binding 8,30E-03 CLEC2B, KLRC2, GALNT15, CHI3L1 

MF 
GO:0047035~testosterone dehydrogenase 

(NAD+) activity 
1,50E-02 DHRS9, HSD17B2 

MF GO:0004745~retinol dehydrogenase activity 3,80E-02 SDR16C5, DHRS9 

KEGG_PATHWAY hsa00830:Retinol metabolism 1,30E-02 SDR16C5, DHRS9, ADH1B 

KEGG_PATHWAY 
hsa04610:Complement and coagulation 

cascades 
1,50E-02 C1S, C1R, CFB 

 

 


