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Abstract: Objectives: In this comprehensive breast cancer (BC) study, we aimed to identify, validate, and character-
ize key biomarkers with significant implications in BC diagnosis, prognosis, and as therapeutic targets. Methods: Our 
research strategy involved a multi-level methodology, combining bioinformatic analysis with experimental validation. 
Results: Initially, we conducted an extensive literature search to identify BC biomarkers, selecting those with report-
ed accuracies exceeding 20% in specificity and sensitivity. This yielded nine candidate biomarkers, which we subse-
quently analyzed using Cytoscape to identify a few key biomarkers. Based on the degree method, we denoted four 
key biomarkers, including progesterone receptor (PGR), epidermal growth factor receptor (EGFR), estrogen receptor 
1 (ESR1), and Erb-B2 Receptor Tyrosine Kinase 2 (ERBB2). Expression analysis using The Cancer Genome Atlas 
(TCGA) dataset revealed that PGR and EGFR exhibited significant (p-value < 0.05) down-regulation in BC samples 
when compared to controls, while ESR1 and ERBB2 showed up-regulation. To strengthen our findings, we collected 
clinical BC tissue samples from Pakistani patients and performed expression verification using real-time quantitative 
polymerase chain reaction (RT-qPCR). The results aligned with our initial TCGA dataset analysis, further validating 
the differential expression of these key biomarkers in BC. Furthermore, we utilized receiver operating characteristic 
(ROC) curves to demonstrate the diagnostic use of these biomarkers. Our analysis underscored their accuracy and 
sensitivity as diagnostic markers for BC. Survival analysis using the Kaplan-Meier Plotter tool revealed a prognostic 
significance of PGR, ESR1, EGFR, and ERBB2. Their expression levels were associated with poor overall survival (OS) 
of BC patients, shedding light on their roles as prognostic indicators in BC. Lastly, we explored DrugBank to identify 
drugs that may reverse the expression patterns , and estradiol, decitabine, and carbamazepine were singled out. 
Conclusion: Our study gives valuable insight into BC biomarkers, for diagnosis and prognosis. These findings have 
implications for BC management using personalized and targeted therapeutic approaches for BC patients.
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Introduction

Breast cancer (BC), a complex and heteroge-
neous disease, continues to be a significant 
global health concern [1-3]. BC prevalence has 
steadily increased, with millions of new cases 

diagnosed each year [4]. Multiple factors con-
tribute to this rising trend, including genetic  
predisposition, hormonal influences, lifestyle 
choices, and environmental exposures [5-7]. 
Additionally, hormonal factors, like early men-
struation, late menopause, and hormone 
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replacement therapy, can play a role. Lifestyle 
elements encompass diet, physical activity, 
and alcohol consumption [8-12].

Early and precise diagnosis is crucial for effec-
tive treatment and improved patient outcome 
[13-16]. The identification of diagnostic and 
prognostic biomarkers has played a pivotal role 
in enhancing BC detection and prognosis [17-
20]. Among these biomarkers, the genes asso-
ciated with hereditary BC, particularly BRCA1 
and BRCA2, have been extensively studied and 
acknowledged as significant contributors to BC 
susceptibility [21-23]. Moreover, beyond BRCA1 
and BRCA2 genes, various other biomarkers 
have also found their place in clinical practice.

Our present study aims to identify all the 
already-reported BC biomarkers from the litera-
ture and make a shortlist and validate a few 
more important biomarkers by a multi-level 
methodology. We started by systematically 
extracting widely recognized BC diagnostic bio-
markers from the extensive body of scientific 
literature. Recognizing the intricate interplay of 
these diagnostic biomarkers within the biologi-
cal landscape, we employed Protein-Protein 
Interaction (PPI) network analysis to construct 
an informative network. This network illumi-
nates the molecular relationships and in- 
teractions among these biomarkers, shedding 
light on their collective significance for BC 
diagnosis.

In our pursuit of precision and selectivity, we 
employed the degree method, a robust network 
analysis technique. This method allows us to 
distill the complex PPI network and spotlight 
the four most pivotal diagnostic biomarkers for 
BC. For final validation of the selective four bio-
markers, our research turned its focus towards 
The Cancer Genome Atlas (TCGA) and clinical 
samples from BC patients. Through these con-
certed efforts, we aspire to pave the way for 
more precise and personalized BC manage-
ment strategies, ultimately improving the out-
look for individuals at risk of BC.

Methods

Literature search

Information on diagnostic and prognostic bio-
markers was retrieved from SciVerse Scopus® 
(Elsevier Properties, SA, USA), Web of Science® 
(Thomson Reuters, USA), and PubMed. The 
keywords used for the search included “Breast 

cancer”, “Diagnosis”, and “Prognosis”. Only 
those expression-based biomarkers having 
more than 20% accuracy in sensitivity and 
specificity were included in the present study.

Protein-protein interaction network construc-
tion and identification of key biomarkers

The Search Tool for the Retrieval of Interacting 
Genes/Proteins (STRING) database (https://
string-db.org/) is a vital resource in the field of 
molecular biology and bioinformatics [24]. It 
serves as a comprehensive platform for the 
exploration of protein-protein interactions 
(PPIs). STRING compiles and integrates vast 
datasets, including experimental evidence, 
computational predictions, and curated knowl-
edge, to provide a holistic view of protein inter-
actions within various organisms. Researchers 
worldwide rely on STRING to unravel complex 
molecular networks, identify functional associ-
ations among proteins, and gain insight into 
biological processes. In the present study, this 
database was used to develop a PPI of the 
extracted biomarker genes.

Cytoscape is a powerful and widely-used  
software tool in the field of network biology and 
bioinformatics [25]. It enables researchers to 
visualize, analyze, and model complex biologi-
cal networks, particularly focusing on molecu-
lar interaction networks such as protein-pro- 
tein interactions, gene regulatory networks, 
and metabolic pathways. In this study, we 
employed this tool to conduct an analysis of 
PPIs and to pinpoint four key biomarkers, 
employing the degree method as our selection 
criterion.

Expression analysis of key biomarkers in The 
Cancer Genome Atlas datasets

UALCAN (https://ualcan.path.uab.edu/cgi-bin/
ualcan-res.pl) and GEPIA (http://gepia.cancer-
pku.cn/) are invaluable resources in the field  
of bioinformatics, providing researchers with 
powerful tools to explore and analyze gene 
expression data in health and disease [26, 27]. 
These databases offer an intuitive web inter-
face that grants researchers access to TCGA 
data, facilitating the exploration of gene expres-
sion profiles across various cancer types. 
These user-friendly platforms allow for the com-
parison of gene expression between tumor and 
normal tissues, making it a valuable asset for 
investigating candidate biomarkers or thera-
peutic targets. In the present study, these data-
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bases were used to analyze the expression pro-
files of key biomarkers across a BC sample 
group and control group.

Kaplan Meier plotter

The Kaplan Meier (KM) Plotter tool (https://
kmplot.com/analysis/) is a valuable resource  
in cancer research, specifically designed for 
survival analysis [28]. It harnesses extensive 
gene expression data from a variety of sources 
to provide insight into the impact of gene 
expression on patient survival. Researchers 
can easily explore the relationship between 
gene expression levels and survival outcomes 
across multiple cancer types. This tool gener-
ates Kaplan-Meier survival plots, helping scien-
tists identify genes that may serve as prognos-
tic indicators or therapeutic targets. In the 
present study, KM plotter tool was used to ana-
lyze the prognostic value of key biomarkers in 
BC. 

Ribonucleic acid (RNA) extraction and real-
time quantitative polymerase chain reaction 
(RT-qPCR)

In the study, total RNA extraction and qRT- 
PCR were carried out as follows: RNA extrac- 
tion was performed using TRIzol® reagent 
(Ambion, USA) in accordance with the manu- 
facturer’s instructions. Subsequently, cDNA 
synthesis was accomplished using the Pri- 
meScript RT reagent kit (Takara, China). The 
RT-qPCR analysis was conducted on an ABI 
7500 RT PCR system employing the SYBR 
Premix Ex Taq II Kit (Takara, China). To en- 
sure accurate quantification, all measure- 
ments were normalized to the expression level 
of glyceraldehyde phosphate dehydrogenase 
(GAPDH) within the reaction. The comparative 
threshold cycle (CT) method, which involves 
comparing CT values between a common refer-
ence RNA and the target gene RNA, was 
employed to determine the relative fold chang-
es in gene expression. Gene expression levels 
were calculated using the 2-ΔΔCT method. Each 
experiment was replicated three times. The fol-
lowing primers were used to assess key bio-
marker genes.

GAPDH-F 5’-ACCCACTCCTCCACCTTTGAC-3’, GA- 
PDH-R 5’-CTGTTGCTGTAGCCAAATTCG-3’; PGR- 
F 5’-GTCGCCTTAGAAAGTGCTGTCAG-3’, PGR- 
R 5’-GCTTGGCTTTCATTTGGAACGCC-3’; ESR1-F 
5’-GCTTACTGACCAACCTGGCAGA-3’, ESR1-R 5’- 
GGATCTCTAGCCAGGCACATTC-3’; EGFR-F 5’- 

AACACCCTGGTCTGGAAGTACG-3’, EGFR-R 5’- 
TCGTTGGACAGCCTTCAAGACC-3’; ERBB2-F 5’- 
GGAAGTACACGATGCGGAGACT-3’, ERBB2-R 5’- 
ACCTTCCTCAGCTCCGTCTCTT-3’.

Receiver operating characteristic (ROC) curve

The ROC curve is a comprehensive metric that 
amalgamates the continuous variables of sen-
sitivity and specificity. It provides a holistic 
assessment of a test’s diagnostic performan- 
ce. Traditionally, an area under the ROC curve 
(AUC) surpassing 0.7 signifies the accuracy of a 
diagnostic test. In this study, ROC curve analy-
sis was conducted using RT-qPCR expression 
data for key biomarkers.

Gene enrichment analysis

Metascape (https://metascape.org/gp/index.
html) is a valuable resource for conducting 
functional enrichment analysis [29]. It simpli-
fies the interpretation of extensive omics data 
by detecting enrichments in biological pro- 
cesses, pathways, and molecular function. 
Metascape’s intuitive interface and extensive 
gene annotation capabilities aid researchers in 
uncovering the biologic relevance of their data-
sets. This resource proves instrumental in 
advancing discoveries across a spectrum of 
research areas, spanning genomics to pro-
teomics. For our study, we used Metascape to 
perform gene enrichment analysis on the piv-
otal biomarker genes.

DrugBank database

The DrugBank database (https://go.drugbank.
com/) is a pivotal resource in the realm of  
pharmacology and drug research [30]. It is a 
comprehensive repository of detailed informa-
tion on drugs, their molecular targets, pharma-
cologic actions, and associated pathways. 
Researchers and healthcare professionals rely 
on DrugBank to access a vast wealth of data, 
including drug structures, interactions, and 
side effects, which aid in drug development, 
prescription, and patient care. In this study, we 
used DrugBank database to retrieve key bio-
marker-associated drugs.

Statistics 

For enrichment analysis, we used Fisher’s 
Exact test for computing a statistical differ-
ence. Correlational analyses were carried out 
using Pearson method. For comparisons, a 
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Student t-test was adopted. All the analyses 
were carried out in R version 3.6.3 software.

Results

Retrieval of expression-based diagnostic and 
prognostic biomarkers from the literature

After conducting an exhaustive literature se- 
arch, we extracted a total of nine expression-
based biomarkers, including HRE2/ERBB2, 
ER/ESR1, PGR, EGFR, CA27-29/MUC1, CA27-
29/MUC1, CA-125/MUC16, CEA/CEACAM5, 
MYC, and CCND1 that met our stringent crite- 
ria of having an accuracy exceeding 20% in 
both specificity and sensitivity. These biomark-
ers, along with their respective details, are pre-
sented in Table 1. Our meticulous screening 
process aimed to ensure that only the most reli-
able and clinically relevant diagnostic and prog-
nostic biomarkers for BC were included in our 
study.

Protein-protein interaction (PPI) network con-
struction and identification of key biomarkers

First, the PPIs of 9 extracted biomarkers were 
constructed with the help of STRING database. 
This comprehensive PPI network encompassed 
nine nodes and featured a total of 35 interac-
tions (Figure 1A, 1B). Subsequently, the metic-
ulously constructed PPI network was imported 

files of PGR, ESR1, EGFR, and ERBB2 in the  
BC sample group and the control group. The 
results of expression analysis by UALCAN 
showed significant alterations in gene ex- 
pression levels between these two groups. 
Specifically, PGR and EGFR were downregulat-
ed (p-value < 0.05) in BC samples when com-
pared to controls (Figure 1C). In contrast, ESR1 
and ERBB2 displayed up-regulation (p-value < 
0.05) in the BC samples (Figure 1C). 

Continuing our investigation using the GEPIA 
database, we delved deeper into the expres-
sion patterns of PGR, ESR1, EGFR, and ERBB2, 
in BC patients with different stages of cancer. 
This analysis provided insight into how the 
expression of these biomarkers changed acc- 
ording to stage. Results showed consistent 
trends. Specifically, PGR and EGFR were consis-
tently down-regulated, with a reduction in their 
expression as BC stage increased (Figure 2). 
On the other hand, ESR1 and ERBB2 exhibited 
consistent up-regulation, with an increase of 
expression as BC stage increased (Figure 2).

The findings highlight the dynamic nature of 
these biomarkers in the context of BC progres-
sion. The differential expression of PGR, ESR1, 
EGFR, and ERBB2 at different stages of the dis-
ease may have implications for understanding 
disease progression, prognosis, and the use of 

Table 1. Compilation of BC biomarkers extracted from the 
literature, meeting the criteria of specificity and sensitivity 
exceeding 20%

Sr. No Biomarker Accuracy in terms of 
specificity and sensitivity Reference

1 HRE2/ERBB2 95% [42]
2 ER/ESR1 90% [43]
3 PGR 90% [44]
4 EGFR 30-50% [45]
5 CA27-29/MUC1 30-50% [46]
6 CA-125/MUC16 30-50% [47]
7 CEA/CEACAM5 20-50% [48]
8 MYC 20-50% [49]
9 CCND1 20-50% [50]
HRE2 = Human epidermal growth factor receptor 2, ERBB2 = Erb-B2 
receptor tyrosine kinase 2, ER = Estrogen receptor, ESR1 = Estrogen 
Receptor 1, PGR = Progesterone receptor, EGFR = Epidermal growth fac-
tor receptor, CA27-29 = Cancer antigen 27-29, MUC1 = Mucin1, CA-125 
= Cancer antigen 125, MUC16 = Mucin16, CEA = Carcinoembryonic 
antigen, CEACAM5 = Carcinoembryonic antigen-related cell adhesion 
molecule 5, MYC = Myelocytomatosis, CCND1 = Cyclin D1.

into Cytoscape, where we conducted  
a detailed analysis employing the 
degree method. This analytical app- 
roach was employed to identify four 
key biomarkers, with the most crucial 
roles in BC. After analyzing PPIs,  
four biomarkers emerged as pivotal 
players in BC: PGR (Progesterone 
Receptor), ESR1 (Estrogen Receptor 
1), EGFR (Epidermal Growth Factor 
Receptor), and Erb-B2 Receptor Tyro- 
sine Kinase 2 (ERBB2) (Figure 1B). 
These biomarkers were identified 
based on their significant connectivity 
within the PPI network, signifying their 
central roles in the intricate landscape 
of BC. 

Expression analysis of key biomarkers 
in The Cancer Genome Atlas datasets

We used the UALCAN and GEPIA data-
bases to scrutinize the expression pro-
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Figure 1. Construction of a Protein-Protein Interaction (PPI) network, with identification of key biomarkers, and the analysis of their expression profiles utilizing The 
Cancer Genome Atlas (TCGA) dataset by the UALCAN platform. (A) This portrays the initial step in this study, which involved constructing a PPI network of the ex-
tracted nine biomarkers, (B) This shows the PPI network constructed for the nine biomarkers, with a specific focus on the identification of four key biomarkers. The 4 
markers were selected using the degree method within the PPI network, signifying their central role within the network, and (C) Expression profiling results obtained 
from analyzing the TCGA dataset using the UALCAN platform. A p-value < 0.05 was considered significant.
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targeted therapeutic interventions tailored to 
specific stages of BC.

Survival analysis of key biomarkers

KM Plotter tool was used to explore prognostic 
implications of key biomarkers in BC. Results 
showed the roles of PGR, ESR1, EGFR, and 
ERBB2 expression for overall survival (OS) of 
BC patients. Lower expression levels of PGR 
and EGFR were associated with poor OS am- 
ong breast cancer patients (Figure 3). Higher 
expression levels of ESR1 and ERBB2 were 
linked to adverse OS outcome (Figure 3). These 
results underscore the prognostic use of the 4 
key biomarkers for predicting survival in BC 
patients.

Expression analysis of key biomarkers using 
clinical BC samples

We conducted a comprehensive analysis of 
PGR, ESR1, EGFR, and ERBB2 expression us- 
ing clinical BC tissue samples obtained from 
Pakistani patients. We meticulously followed a 
well-defined procedure, including RNA extrac-
tion, complementary DNA (cDNA) synthesis, 

and RT-qPCR analysis. Our results, consistent 
with TCGA dataset analysis, revealed signifi-
cant (p-value < 0.05) down-regulation of PGR 
and EGFR (Figure 4A) and up-regulation (p-val-
ue < 0.05) of ESR1 and CRBB2 in BC samples 
compared to controls (Figure 4A).

Furthermore, the ROC curves based on 
RT-qPCR expression data for PGR, ESR1, EGFR, 
and ERBB2 provided additional evidence of 
their accuracy and sensitivity as biomarkers 
(Figure 4B). The curves demonstrated that 
these genes possess the discriminative power 
(Figure 4B) needed to serve as reliable bio-
markers in breast cancer diagnosis and 
prognosis.

Gene enrichment analysis of key biomarkers

Gene Ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) analyses, includ-
ing the prediction of biological process (BP), 
cellular component (CC), and molecular func-
tion (MF) of the key biomarker genes (PGR, 
ESR1, EGFR, and ERBB2) were conducted 
using the Medscape tool. The identified key  
biomarker genes were highly enriched in 

Figure 2. Detailed depiction of the expression profiles of key biomarkers in breast cancer (BC) patients at different 
cancer stages and in normal control samples. Analysis was conducted utilizing the GEPIA database. A p-value < 
0.05 was considered significant.
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“ERBB3:ERBB2 complex, Shc-EGFR complex, 
and multivesicular body, internal vesicle” etc., 
CC terms (Figure 5A). Regarding MF, the identi-
fied key biomarker genes were mainly enrich- 
ed in the “epidermal-growth factor-activated 
receptor activity, estrogen response element 
binding, and RNA polymerase I core binding” 
etc., terms (Figure 5B). Concerning BP, the 
identified hub genes were mainly involved in 
“mammary gland branching involved in preg-
nancy and branching involved in mammary 
gland duct morphogenesis” etc., terms (Figure 
5C). Moreover, KEGG analysis revealed that 
PGR, ESR1, EGFR, and ERBB2 were associated 
with the dysregulation of important signaling 
pathways, including “cancer development, cen-
tral carbon metabolism in cancer, and adher-
ens junction”, etc. (Figure 5D).

Retrieval of drugs from DrugBank

DrugBank database was used to determine 
which drugs were associated with PGR, ESR1, 
EGFR, or ERBB2. By queuing the DrugBank, we 
successfully identified a few important drugs, 
including Estradiol, Decitabine, and Carba- 
mazepine (Table 2), that have the ability to 
modulate expression of these genes. This infor-
mation deserves further exploration to discover 
targeted interventions that may impact the 
expression of these biomarkers in a clinical 
setting.

Discussion

Breast cancer (BC) remains a significant global 
health concern, characterized by its high inci-

Figure 3. Survival analysis of key biomarkers using KM Plotter tool. This figure provides critical insight into the prog-
nostic value of these key biomarkers in breast cancer (BC). A significant difference in survival probability between 
high and low expression groups highlights the clinical relevance of these biomarkers to predict patient outcome. A 
p-value < 0.05 was considered significant.
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Figure 4. Expression profiling of the key biomarkers using breast cancer (BC) clinical tissue samples paired with control samples, and ROC curve analysis. (A) Expres-
sion profiling of key biomarkers using clinical tissue samples and control samples obtained from the Pakistani BC patients, and (B) RT-qPCR expression level-based 
ROC curves of the key biomarkers. A p-value < 0.05 was considered significant. ROC = Receiver operating curve, RT-qPCR = Reverse transcription quantitative real-
time PCR.
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Figure 5. Gene enrichment analysis of key biomarkers by Metascape program. (A) CC terms, (B) BP terms, (C) MF terms, and (D) KEGG terms. A p-value < 0.05 was 
considered significant. CC = Cellular Component, BP = Biological Process, MF = Molecular Function, KEGG = Kyoto Encyclopedia of Genes and Genomes.
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dence, mortality rate, and the challenges asso-
ciated with early detection and effective treat-
ment [31]. In this study, we aimed to identify all 
the already reported BC biomarkers from the 
literature and shortlist and validate a few more 
important biomarkers by multi-level methodol-
ogy. The selection of biomarkers for this study 
was guided by a meticulous review of existing 
literature and the importance of these markers 
in BC pathogenesis and progression. A total of 
nine biomarkers were gathered from the litera-
ture, satisfying the criterion of exhibiting an 
accuracy level exceeding 20% in both specifici-
ty and sensitivity. Later, after applying the 
degree method, we focused on four key bio-
markers: PGR, ESR1, EGFR, and ERBB2. 

Our TCGA datasets analysis yielded valuable 
insight into the expression patterns of these 
biomarkers in breast cancer (BC). Results  
were consistent with previous studies, reinforc-
ing the significance of these markers in BC. 
Specifically, we found that PGR and EGFR were 
significantly down-regulated in BC samples, 
aligning with research such as Suzuki et al. 
[32], which reported decreased PGR expres-
sion in BC. Contrary to this, down-regulation of 
PGR and EGFR was also observed in BC. One 
study by Lv et al. [33] investigated the expres-
sion of progesterone receptor (PGR) in BC. 
Interestingly, they found that in a subset of  
BC cases, PGR was overexpressed. This up-
regulation of PGR was associated with a spe-
cific subtype of BC, suggesting that PGR ex- 
pression can vary among different BC sub-
types. While EGFR is often associated with a 
poor prognosis, there are instances of EGFR 
up-regulation in BC. For example, Baselga et al. 
[34] explored the role of EGFR in BC. They found 
that in a subset of BC patients, EGFR was 
indeed up-regulated. This up-regulation was 
associated with a more aggressive form of BC, 
highlighting the heterogeneity in EGFR expres-

sion among BC cases. Our observation of up-
regulated ESR1 expression in BC samples  
was in line with findings from the study by 
Harrell et al. [35], that highlighted the impor-
tance of ESR1 in BC progression. Furthermore, 
the up-regulation of ERBB2 in BC samples  
was consistent with studies like the one con-
ducted by Slamon et al. [36], emphasizing the 
role of ERBB2 in BC. However, down-regulation 
of ESR1 and ERBB2 expression in BC has also 
been reported in various studies, reflecting the 
diverse molecular characteristics of BC sub-
types. For example, in a study by Rody et al. 
[37], the authors investigated BC subtypes and 
found that ESR1 expression was significantly 
down-regulated in triple-negative BC (TNBC),  
a subtype known for its lack of hormone recep-
tor expression. This down-regulation under-
scores the distinct biology of TNBC compared 
to hormone receptor-positive BC. Moreover, a 
study by Guedj et al. [38] explored the hetero-
geneity of BC and reported that a subset of 
HER2-negative BC samples exhibited down-
regulated expression of ERBB2.

To ensure the clinical relevance of our findings, 
we conducted a meticulous validation process 
using clinical samples obtained from BC 
patients in Pakistan. This validation process 
involved the extraction of total RNA, cDNA  
synthesis, and RT-qPCR analysis. The results 
obtained from this clinical validation mirrored 
the trends observed in the TCGA dataset an- 
alysis. This convergence of findings further 
strengthens the applicability of these biomark-
ers in real-world clinical settings.

To extend the significance of PGR, ESR1,  
EGFR, and ERBB2 beyond diagnosis, we ana-
lyzed the effect of their dysregulation on the OS 
of BC patients. Results revealed that lower 
expression of PGR and EGFR, coupled with 
higher expression of ESR1 and ERBB2, corre-

Table 2. DrugBank-based PGR, ESR1, EGFR, and ERBB2 gene-associated drugs
Sr. No Hub gene Drug name Effect Reference Group
1 PGR Estradiol Increase expression of PGR mRNA A21144 Approved

Decitabine A21918
2 ESR1 Estradiol Decrease expression of ESR1 mRNA A21329 Approved

Carbamazepine A21542
3 EGFR Estradiol Increase expression of EGFR mRNA A21329 Approved
4 ERBB2 Estradiol Decrease expression of ERBB2 mRNA A21329 Approved
PGR = Progesterone receptor, ESR1 = Estrogen Receptor 1, EGFR = Epidermal growth factor receptor, ERBB2 = Erb-B2 recep-
tor tyrosine kinase 2.
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lated with poorer overall survival in BC patients. 
Our findings are in line with the previous stud-
ies reporting PGR, ESR1, EGFR, and ERBB2 as 
excellent prognostic biomarkers of BC [36, 
39-41].

Moreover, one of the promising outcomes of 
our study was the identification of key drugs 
(Estradiol, Decitabine, and Carbamazepine) 
associated with the PGR, ESR1, EGFR, and 
ERBB2 biomarkers through the DrugBank data-
base. This discovery opens avenues for the 
development of targeted therapeutic appro- 
aches in BC treatment. Tailoring treatments 
based on the expression patterns of these bio-
markers may improve patient outcomes and 
reduce adverse effects.

While this study provides critical insight into  
BC diagnosis, prognosis, and treatment, it is 
essential to acknowledge its limitations. Larger-
scale clinical validation studies are warranted 
to further validate the clinical utility of these 
biomarkers. Finally, preclinical and clinical tri-
als should be conducted to translate these find-
ings into practical application for BC patients.

Conclusion

This study expands our knowledge in the field of 
BC research. The identification and validation 
of PGR, ESR1, EGFR, and ERBB2 as key bio-
markers holds significant clinical promise. 
These findings have the potential to revolution-
ize BC diagnostic and treatment strategies, ulti-
mately improving patient outcome.
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