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Abstract: Objectives: Ovarian cancer is a highly lethal gynecological malignancy, often diagnosed late, resulting in 
high mortality. While BRCA1 and BRCA2 mutations are known risk factors, the broader genetic landscape needs 
comprehensive profiling to identify additional diagnostic markers or therapeutic targets. The current study aims to 
explore the genetic landscape of various cancer-susceptible genes in ovarian cancer patients. Methods: The genetic 
landscape of ovarian cancer was investigated by analyzing 27 genes via next-generation sequencing (NGS) in 50 
ovarian cancer patients. Results: Mutations were detected in four genes: Breast Cancer 1 (BRCA1) (62%), Cyclin-
Dependent Kinase 4 (CDK4) (58%), MutS Homolog 2 (MSH2) (48%), and Phosphatase and Tensin Homolog (PTEN) 
(22%). Pathogenic mutations were identified in BRCA1 (p.Tyr1853Ter and p.Gln1848Ter), CDK4 (p.Arg24His), and 
PTEN (p.Tyr29Ter), occurring in 11 patients. Interestingly, these pathogenic mutations were absent in The Cancer 
Genome Atlas (TCGA) dataset and the gnomAD for the Asian population, suggesting their unique presence in the 
Pakistani cohort. Functional assays revealed that these mutations significantly reduced the mRNA and protein 
expression levels of BRCA1, CDK4, and PTEN, as demonstrated by Reverse Transcription Quantitative Polymerase 
Chain Reaction (RT-qPCR) and Immunohistochemistry (IHC) analyses. Receiver Operating Characteristic (ROC) curve 
analysis confirmed the potential of these genes as biomarkers, with downregulated expression accurately distin-
guishing between normal and cancerous tissues. Structural validation of mutated proteins using Ramachandran 
plots and Protein Structure Analysis (ProSA-web) analysis confirmed the stability of the mutations. Drug prediction 
and molecular docking identified Resveratrol as a potential therapeutic agent, indicating strong binding affinities 
with BRCA1, CDK4, and PTEN proteins. Conclusion: These findings provide novel insights into the genetic underpin-
nings of ovarian cancer in the Pakistani population and suggest potential targets for therapeutic intervention.
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Introduction

Ovarian cancer remains a formidable challenge 
in the realm of women’s health, posing a signifi-
cant global burden due to its high mortality 
rates and elusive nature [1, 2]. Traditionally, the 
diagnosis and prognosis of ovarian cancer 
patients often depend on the detection of 
BRCA1/2 mutations [3, 4]. The low survival rate 
of ovarian cancer patients indicates that, 
beyond BRCA1/2 mutations, additional gene 
mutations may play a role in ovarian cancer 
development. Moreover, recent studies in ge- 
nomic research have substantiated evidence of 
the participation of numerous other genes in 

the onset and progression of ovarian cancer [5, 
6]. Consequently, there is a growing imperative 
to explore the broader spectrum of genetic 
alterations to better comprehend the etiology 
of ovarian cancer and pave the way for more 
effective diagnostic and therapeutic interven-
tions [7-10].

The quest to unravel the complex genetic under-
pinnings of ovarian cancer has led to an expand-
ing understanding of the role played by non-
BRCA genes in disease susceptibility [11]. 
Beyond the well-established BRCA1/2 muta-
tions, a myriad of other genes (CDH1, PALB2, 
PTEN, STK11, TP53, ATM, CHEK2, BARD1, 
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BRLP1, RAD51C, and RAD51D) have emerged 
as potential contributors to ovarian cancer 
development [12, 13]. This paradigm shift has 
prompted a comprehensive exploration of 
genetic mutations in the additional 27 genes 
(Figure 1) implicated in ovarian cancer suscep-
tibility, necessitating advanced molecular tech-
niques for thorough genomic profiling.

The selected panel of genes encompasses 
diverse functions, ranging from DNA repair 
mechanisms to cell cycle regulation, reflecting 
the multifaceted nature of ovarian cancer sus-
ceptibility. By scrutinizing these genes with 
high-throughput NGS, we aim to identify genet-
ic mutations, uncover potential gene interac-
tions, and elucidate the intricate network of 
genetic factors contributing to ovarian cancer 
development in Pakistani patients.

Furthermore, understanding the broader genet-
ic landscape of ovarian cancer holds profound 
implications for personalized medicine. Un- 
raveling the specific genetic alterations in indi-
vidual patients can guide tailored therapeutic 
strategies, optimize surveillance protocols, and 
enhance overall patient outcomes. As we delve 
into the unexplored genetic intricacies of ovari-
an cancer, our study not only seeks to expand 

ed consent, ensuring transparency and respect 
for individual autonomy. 

Inclusion and exclusion criteria

The inclusion criteria for ovarian cancer 
patients in the current study included individu-
als with a confirmed diagnosis of ovarian can-
cer, as histologically verified by biopsy reports, 
who were willing to participate in the research. 
Exclusion criteria included patients with a his-
tory of other malignancies, those currently 
undergoing treatment for ovarian  cancer, and 
those unable or unwilling to provide informed 
consent. Patients with incomplete medical 
records or insufficient tissue samples for genet-
ic analysis were also excluded from the study. 
Clinical information of the included prostate 
cancer patients is detailed in Table 1.

Nucleic acid isolation

DNA extraction was conducted using the organ-
ic method [15], while RNA isolation followed the 
TRIzol method [16]. The 260/280 ratios were 
meticulously examined to determine the purity 
of both the DNA and RNA samples, ensuring 
the quality and integrity of the genetic material 
obtained using these extraction methods.

Figure 1. This illustrates the compilation of the 27 ovarian cancer susceptibil-
ity genes analyzed in this study through Next-Generation Sequencing (NGS).

the current knowledge base 
but also strives to pave the 
way for more targeted and 
effective interventions in the 
diagnosis, prevention, and 
treatment of this devastating 
disease.

Methodology

Sample collection

We collected a total of 50 
ovarian cancer tissue sam- 
ples and 10 adjunct control 
tissue samples, sourced from 
patients who underwent sur- 
gery at the Nishtar Hospital, 
Multan, Pakistan. The ethical 
aspects of our study were 
meticulously overseen, with 
approval granted by the Ethics 
Committee of Nishtar Medical 
College in adherence to the 
Helsinki guidelines [14]. Be- 
fore collecting the samples, 
each patient provided inform- 
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Next-generation sequencing (NGS)

NGS was conducted using the Ion Torrent S5 
system (Thermo Fisher Scientific, Waltham, 
MA, United States), with automated library 
preparation facilitated by Ion Chef (Thermo 
Fisher Scientific, Waltham, MA, United States). 
The Ion Chef system encompasses the follow-
ing stages: fragmentation, adapter ligation  
onto PCR products, and clonal amplification. 
Following library preparation, DNA libraries 
were quantified using the Real-Time Step One 
PCR System (Thermo Fisher Scientific, Wal- 
tham, MA, United States). Prepared samples 
were then loaded onto an Ion 530™ chip using 
Ion Chef (Thermo Fisher Scientific, Waltham, 
MA, United States). Sequencing was conducted 
on the Ion S5™ Plus instrument (Thermo Fisher 
Scientific, Waltham, MA, United States).

For NGS data analysis on the Torrent Suite 
5.14.0 platform, specific plugins such as 
“SampleId” and “Coverageanalysis” were em- 
ployed. The uniformity of base coverage 
exceeded 98% in all batches, and the base cov-
erage was consistently over ×20 across all tar-
get regions. It is worth mentioning that this NGS 
method is limited to detecting variations within 
the ±10 nucleotide coding sequence and may 
not capture variations beyond this range.

Variant classification

The genetic variations identified in patients 
were classified into five classes: benign (C1), 
likely benign (C2), variant of uncertain signifi-
cance (VUS, C3), likely pathogenic (C4), and 
pathogenic (C5). This classification adhered to 
the guidelines outlined by the Evidence-based 
Network for the Interpretation of Germline 

Mutant Alleles (ENIGMA) (https://enigmacon-
sortium.org/). Our focus was directed specifi-
cally towards mutations with clinical relevance.

Variants were denoted by the nomenclature 
recommendations of the Human Genome 
Variation Society (https://www.hgvs.org). The 
clinical significance of the genetic variants 
identified in the current study was evaluated 
using resources such as ClinVar (https://www.
ncbi.nlm.nih.gov/clinvar/), Varsome (https://
varsome.com), and Franklin Genoox (https://
franklin.genoox.com).

gnomAD database

gnomAD, the Genome Aggregation Database 
(https://gnomad.broadinstitute.org/), is a com-
prehensive genomic resource providing numer-
ous genetic variants from over 140,000 exomes 
and 15,000 genomes [17]. It offers valuable 
insights into human genetic diversity, enabling 
researchers to evaluate variant frequencies, 
annotate functional impacts, and enhance our 
understanding of rare and common genetic 
variations across diverse populations. In the 
present study, this database was utilized to 
analyze the frequencies of the observed pa- 
thogenic mutations in Asian ovarian cancer 
patients.

cBioPortal database

cBioPortal (https://www.cbioportal.org/) is a 
web-based platform offering interactive explo-
ration of complex cancer genomics data [17].  
It facilitates the visualization and analysis of 
multidimensional cancer genomics datasets, 
assisting researchers in comprehending genet-
ic alterations, pathways, and clinical correla-
tions. cBioPortal significantly contributes to the 
advancement of cancer research by providing 
an intuitive interface for data interpretation. 
The cBioPortal database was employed in the 
present research to examine the occurrence of 
the observed pathogenic mutations in The 
Cancer Genome Atlas (TCGA) of ovarian cancer 
patients.

Transcription quantitative polymerase chain 
reaction (RT-qPCR)-based expression analysis

cDNA was synthesized using the cDNA Syn- 
thesis Mix Kit from Innovagene (Hunan, China). 
Real-time PCR was carried out employing the 

Table 1. An overview of ovarian cancer pa-
tient’s characteristics in the present study
Sr.no Characteristics Sample count (n)
1 Sex

    Male 0
    Female 50

2 Age
    >60 0
    <60 50

3 Treatment
    Pre-treatment 50
    Post-treatment 0
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SYBR Green qPCR Mix, which was also provid-
ed by Innovagene. The expression profiles of 
PTTG genes were calculated and analyzed 
using the 2-ΔΔCq method. To ensure normaliza-
tion, glyceraldehyde-3-phosphate dehydroge-
nase (GADPH) was employed as an internal 
control. The following primers were utilized for 
the amplification of GAPDH-mutated genes 
(BRCA1, CDK4, and PTEN).

GAPDH-F 5’-ACCCACTCCTCCACCTTTGAC-3’; GA- 
PDH-R 5’-CTGTTGCTGTAGCCAAATTCG-3’. BRC- 
A1-F: 5’-CTGAAGACTGCTCAGGGCTATC-3’; BRC- 
A1-R: 5’-AGGGTAGCTGTTAGAAGGCTGG-3’. CD- 
K4-F: 5’-AGGGTAGCTGTTAGAAGGCTGG-3’; CD- 
K4-R: 5’-GGTCGGCGCAGTTGGGCTCC-3’. PTEN- 
F: 5’-TGAGTTCCCTCAGCCGTTACCT-3’; PTEN-R: 
5’-GAGGTTTCCTCTGGTCCTGGTA-3’.

Receiver operating characteristic (ROC) analy-
sis

ROC curves for the expression levels of the 
mutated genes were constructed using the 
SRPLOT web resource available at https://bio-
informatics.com.cn/srplot.

Immunohistochemical analysis

A total of six tissue specimens, including two 
adjacent normal tissues, two mutated ovarian 
cancer tissues with pathogenic mutations, and 
two other ovarian cancer tissues lacking pa- 
thogenic mutations, underwent formalin fixa-
tion, paraffin embedding, and subsequent sec-
tioning into 3 μm thick slices. After deparaf-
finization and neutralization of endogenous 
catalase, the sections underwent boiling in 
sodium citrate buffer for antigen exposure. 
Subsequently, a 1-hour incubation in 5% nor-
mal goat serum blocked non-specific binding. 
The sections were then treated with anti-
BRCA1, anti-CDK4, and anti-PTEN antibodies 
(1:50 dilution; CAT#: TA322776, and CAT#: 
TA324611) at 4°C overnight, and binding was 
visualized using the avidin-biotin-peroxidase 
method. Hematoxylin counterstaining followed, 
and two experienced researchers independent-
ly assessed the results.

Gene enrichment and drug prediction analyses

DAVID (https://david.ncifcrf.gov/) is a bioinfor-
matics resource that empowers researchers to 
explore the functional significance of gene lists 
[18]. It integrates various biological data and 

offers tools for gene functional annotation, 
pathway analysis, and functional annotation 
clustering, assisting in the interpretation of 
high-throughput genomics experiments for a 
deeper understanding of biological processes. 
In the present study, this resource was utilized 
to perform the gene enrichment analysis of the 
mutated genes.

DrugBank (https://go.drugbank.com/) is a com-
prehensive pharmacological database that 
consolidates information on drug actions, inter-
actions, and targets [19]. It is a valuable 
resource for researchers, clinicians, and phar-
macologists, providing detailed data on drug 
properties, mechanisms of action, and associ-
ated pathways. DrugBank assists in drug dis-
covery, development, and personalized medi-
cine initiatives. This database was utilized in 
the current study to identify mutated gene 
expression regulatory drugs.

Molecular docking analysis

Ligand and receptor preparation and docking 
analysis: To assess the binding affinities 
between the chosen drug, Resveratrol, and the 
mutated BRCA1, CDK4, and PTEN proteins, we 
employed a molecular docking approach fa- 
cilitated by the CB-DOCK web server (http://
clab.labshare.cn/cb-dock/php/) [20]. The SDF 
structure of Doxorubicin was obtained from the 
PubChem database, and for the mutated 
BRCA1, CDK4, and PTEN proteins, we generat-
ed PDB structures using the SwissModel tool. 
Furthermore, both PROCHECK web server 
(https://www.ebi.ac.uk/thornton-srv/software/
PROCHECK) [32] and ProSA-web (https://prosa.
services.came.sbg.ac.at/prosa.php) [33] were 
utilized to verify the stability of the mutated 
BRCA1, CDK4, and PTEN-based generated 
models for further docking. Molecular docking 
involves several key steps, including ligand 
(Resveratrol) pre-processing, removal of excess 
ligands from the target proteins (macromole-
cules), elimination of crystal water molecules, 
and addition of hydrogen atoms. The molecular 
docking was carried out using the CB-DOCK 
platform to calculate the binding energies of 
the molecules across various conformations. 
The conformation with the highest hydrogen 
bond energy was selected as the active compo-
nent of the protein interaction. For visualization 
purposes, PyMol software (version 2.5.2) was 
employed.
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Sanger sequencing analysis

Five ovarian cancer samples with pathogenic 
mutations were sequenced for the entire cod-
ing region of BRCA1 using Sanger sequencing. 
The sequencing was conducted with the ABI 
PRISM DyeDeoxy Terminator Cycle Sequencing 
Kit and analyzed on an ABI 3100 Genetic 
Analyzer from Applied Biosystems, following 
the protocol described by Coppa et al. [21]. The 
reference sequence used for BRCA1 was 
NM_007294.3.

Results

In the present study, a total of 50 ovarian can-
cer cases were enrolled from January 2021  
to December 2022. Out of the 27 analyzed 
genes via NGS, various genetic mutations were 
detected in four genes: BRCA1, CDK4, MSH2, 
and PTEN. The BRCA1 gene was mutated in 31 
patients (62%), the CDK4 gene was found to be 
mutated in 29 patients (58%), the MSH2 gene 
was mutated in 24 patients (48%), and the 
PTEN gene was mutated in 11 patients (22%) 
(Figure 2A and Table 2).

In the BRCA1 gene, a total of 7 mutations were 
detected, of which 6 (85%) were benign/likely 
benign mutations and one (15%) was a patho-

genic mutation. In the CDK4 gene, a total of 5 
mutations were detected, of which 4 (80%) 
were benign mutations and one (20%) was a 
pathogenic mutation. In both cases of the 
MSH2 and PTEN genes, a total of 2 mutations 
were detected. In the MSH2 gene, both muta-
tions were benign (100%), while in the PTEN 
gene, one mutation (50%) was benign and  
one was pathogenic (50%) (Figure 2B and Table 
2).

Eleven ovarian cancer patients showed three 
clinically important pathogenic mutations in 
BRCA1, MSH2, and PTEN genes

Pathogenic mutations possess clinical signifi-
cance due to their association with the devel-
opment or progression of diseases [22, 23]. 
These mutations often disrupt normal cellular 
functions, resulting in abnormal processes  
that contribute to a pathological condition [24]. 
In the present study, a total of eleven ovarian 
cancer patients had pathogenic mutations  
in BRCA1 (p.Tyr1853Ter and p.Gln1848Ter), 
CDK4 (p.Arg24His), and PTEN (p.Tyr29Ter) ge- 
nes. Meanwhile, no pathogenic mutation was 
detected in the MSH2 gene. The distribution  
of pathogenic mutations in ovarian cancer 
patients has been reported in Figure 2.

Figure 2. Total count of overall detected mutations and pathogenic mutations in BRCA1, CDK4, and PTEN genes 
across ovarian cancer patients via Next-Generation Sequencing (NGS). (A) An overall count of detected mutations 
in BRCA1, CDK4, MSH2, and PTEN genes across ovarian cancer patients, and (B) A count of detected pathogenic 
mutations in BRCA1, CDK4, MSH2, and PTEN genes across ovarian cancer patients.
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Sanger sequencing analysis of BRCA1 muta-
tions

Following the initial identification of two pa- 
thogenic mutations, NM_007294.4:c.5559C>G 
(p.Tyr1853Ter) and NM_007294.4:c.5542C>T 
(p.Gln1848Ter), in the BRCA1 gene among 
ovarian cancer patients using NGS, we pro-
ceeded with validating these mutations using 
Sanger sequencing. This secondary validation 
step was critical to ensure the accuracy of  
our findings. The Sanger sequencing results 
unequivocally confirmed the presence of both 
pathogenic mutations across five ovarian can-
cer patients (Figure 3), reinforcing their poten-
tial role in the genetic predisposition to ovarian 
cancer in the studied cohort. 

Analysis of the pathogenic mutations in the 
TCGA dataset of ovarian cancer patients

Next, to analyze the prevalence of the patho-
genic mutations in BRCA1 (p.Tyr1853Ter and 
p.Gln1848Ter), CDK4 (p.Arg24His), and PTEN 
(p.Tyr29Ter) genes across TCGA dataset, we 
conducted a thorough analysis using cBioPor-
tal database. The analysis results revealed vari-
ous other mutations in TCGA ovarian cancer 
patients (Figures 4A, 4B and 5). Most impor-
tantly, none of the pathogenic mutations deci-

phered during the present study was found in 
the TCGA ovarian cancer patients.

Analysis of mutational frequencies across 
Asian ovarian cancer patients 

The mutational frequencies of the pathogenic 
mutations in BRCA1 (p.Tyr1853Ter and p.
Gln1848Ter), CDK4 (p.Arg24His), and PTEN 
(p.Tyr29Ter) genes were analyzed using the 
gnomAD database. The frequencies of the 
observed pathogenic mutations were 0 in the 
gnomAD database for the Asian population. 
This scenario declares that the observed patho-
genic mutations in BRCA1, CDK4, and PTEN 
genes are being reported for the first time in 
Asian ovarian cancer patients, particularly in 
the Pakistani population.

Analyzing the functional consequences of the 
pathogenic mutations in BRCA1, CDK4, and 
PTEN genes

Effect of the observed pathogenic mutations 
on the mRNA expression level of BRCA1, CDK4, 
and PTEN: To assess the impact of the observed 
mutations on the mRNA expression of BRCA1, 
CDK4, and PTEN genes, we performed RT-qPCR 
analysis in two ovarian cancer sample groups 
and one control sample group. The normal con-

Table 2. Count and type of mutations observed in BRCA1, CDK4, MSH2, and PTEN genes across ovar-
ian patients

Sr. no Gene NM:c.DNA Protein Nature  
(ClinVar)

Nature  
(In silico analysis)

No.  
patients

1 BRCA1 NM_007294.4:c.5559C>G p.Tyr1853Ter Pathogenic DC 11
2 NM_007294.4:c.5542C>T p.Gln1848Ter Pathogenic DC 11
3 NM_007294.4:c.5587T>G p.Tyr1863Asp Likely benign Non-DC 31
4 NM_007294.4:c.5530C>T p.Leu1844Phe Likely benign Non-DC 28
5 NM_007294.4:c.5347A>T p.Met1783Leu Benign Non-DC 22
6 NM_007294.4:c.5198A>G p.Asp1733Gly Benign Non-DC 24
7 NM_007294.4:c.5158A>G p.Thr1720Ala Benign Non-DC 27
8 CDK4 NM_000075.4:c.71G>A p.Arg24His Pathogenic DC 11
9 NM_000075.4:c.-60C>G ----- Benign Non-DC 29
10 NM_000075.4:c.219-31G>A ----- Benign Non-DC 14
11 NM_000075.4:c.522+8G>A ----- Benign Non-DC 21
12 NM_000075.4:c.447A>G p.Thr149= Benign Non-DC 29
13 MSH2 NM_000251.3:c.593A>G p.Glu198Gly Benign Non-DC 20
14 NM_000251.3:c.949G>A p.Val317Ile Benign Non-DC 16
15 PTEN NM_000314.8:c.87T>A p.Tyr29Ter Pathogenic DC 11
16 NM_000314.8:c.1197A>G p.Gln399= Benign Non-DC 8
DC = Disease causing.
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Figure 3. Validation of pathogenic mutations in BRCA1 gene through Sanger sequencing. A. Chromatogram of the BRCA1 mutation NM_007294.4.5559C>G 
(p.Tyr1853Ter), showing a substitution from cytosine (C) to guanine (G) at nucleotide position 5559, indicated by the red arrow. B. Chromatogram of the BRCA1 mu-
tation NM_007294.4.5542C>T (p.Gln1848Ter), showing a substitution from cytosine (C) to thymine (T) at nucleotide position 5542, also indicated by a red arrow.
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Figure 4. Oncoplot and lollipop plot-based visualization of the observed BRCA1, CDK4, and PTEN mutations across 
The Cancer Genome Atlas (TCGA) ovarian cancer patients. (A) Three rows showed percentage of ovarian cancer 
samples which are positive for BRCA1, CDK4, and PTEN mutations, and (B) lollipop plots highlighted amino acid 
change due to mutation at the protein level.
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trol sample group consisted of ten adjacent 
control samples. The first ovarian cancer sam-
ple group comprised samples with pathogenic 
mutations in BRCA1, CDK4, and PTEN genes, 
while the second group lacked such mutations. 
The results revealed no significant difference in 
the mRNA expression of BRCA1, CDK4, and 
PTEN genes between the normal group and the 
ovarian cancer sample group lacking pathogen-
ic mutations (Figure 6A). On the contrary, a sig-
nificant reduction in the mRNA expression of 
BRCA1, CDK4, and PTEN genes was revealed in 
the ovarian cancer sample group having pa- 
thogenic mutations as compared to the other 
two groups, including the normal sample group 
and ovarian cancer sample group lacking 
pathogenic mutations in the group of these 
genes (Figure 6A). Moreover, ROC curve analy-
sis demonstrated that downregulated BRCA1, 
CDK4, and PTEN genes can accurately differen-
tiate between normal and ovarian cancer 
patients (Figure 6B). 

Effect of the observed pathogenic mutations 
on the proteomic expression level of BRCA1, 
CDK4, and PTEN: To assess the impact of the 
observed pathogenic mutations on the protein 
expression of BRCA1, CDK4, and PTEN, IHC 
analysis was conducted on six tissue samples. 
This included two adjacent normal control sam-
ples, two ovarian cancer samples with patho-
genic mutations in BRCA1, CDK4, and PTEN, 
and two ovarian cancer samples lacking such 
mutations. The results indicated high staining 
for BRCA1, CDK4, and PTEN proteins in normal 
tissue and ovarian cancer samples without 
pathogenic mutations (Figure 7). On the con-
trary, the two ovarian cancer samples with 
pathogenic mutations exhibited low staining for 
BRCA1, CDK4, and PTEN proteins (Figure 7). 
Collectively, these results indicated a reduction 
in the expression of BRCA1, CDK4, and PTEN at 
the protein level in the ovarian cancer tissue 
samples having pathogenic mutations com-
pared to the other two counterparts. 

Figure 5. Detailed summery of the genetic mutations observed in BRCA1, CDK4, and PTEN across The Cancer Ge-
nome Atlas (TCGA) ovarian cancer patients. A. This panel shows the categorization of the types of genetic variants 
found. B. This panel highlights the distribution of variant types. C. This panel shows classifies single nucleotide 
variants (SNVs) based on their nucleotide changes, such as T>G, T>A, T>C, C>T, C>G, and C>A. D. This panel illus-
trates the number of variants found in each sample. E. Stacked bar graph in this panel displays the proportion of 
mutations found in specific genes.
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Figure 6. Relative expression and receiver operating characteristic (ROC) curve analysis of BRCA1, CDK4, and PTEN genes between normal, pathogenic mutated, 
and non-pathogenic mutated ovarian cancer sample groups. (A) Relative expression analysis of BRCA1, CDK4, and PTEN genes via Reverse Transcription Quantita-
tive Polymerase Chain Reaction (RT-qPCR), and (B) RT-qPCR expression-based ROC curves of BRCA1, CDK4, and PTEN genes. **P-value <0.01.
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Gene enrichment analysis of BRCA1, CDK4, 
and PTEN

Subsequently, comprehensive GO and KEGG 
enrichment analyses were conducted to gain 
insights into the functional implications of 
BRCA1, CDK4, and PTEN genes. In the realm of 
Gene Ontology (GO), our analysis revealed sig-
nificant enrichments of BRCA1, CDK4, and 
PTEN genes in various Cellular Component  
(CC) terms, such as “BRCA1-BARD1 complex, 
Cyclin D2-CDK4 complex, Lateral element, and 
BRCA1-A complex” (Figure 8A). Within Mole- 
cular Function (MF) terms, enrichments were 
observed in categories such as “H3 histone 
acetyltransferase activity, RNA polymerase II 
CTD heptapeptide repeat kinase activity, Cy- 
clin-dependent protein serine/threonine kinase 
activity, and cyclin binding” (Figure 8B). Fur- 
thermore, Biological Process (BP) terms exhib-
ited enrichments related to “Histone H3 acety-

lation, Histone H4 acetylation, centrosome 
duplication, and cellular response to alcohol” 
etc. (Figure 8C). In the context of KEGG path-
ways, BRCA1, CDK4, and PTEN genes were 
notably enriched in pathways encompassing 
“Homologous recombination, Fanconi anemia 
pathway, pancreatic cancer and melanoma” 
etc. (Figure 8D).

Ramachandran plots-based validation

The Ramachandran plot assesses the energy 
associated with stable conformational angles 
(psi, ψ, and phi, Φ) of each amino acid. Structure 
validation for mutated BRCA1, CDK4, and PTEN 
indicated over 90 percent of residues falling 
within favorable and allowed regions (Figure 
9A). ProSA-web analysis evaluated the quality 
and potential flaws in the 3D models, assigning 
Z-scores of -3.5, -5.3, and -7.3 for the peptide 
models of mutated BRCA1, CDK4, and PTEN, 
respectively (Figure 9B).

Figure 7. Immunohistochemistry (IHC)-based proteomic expression analysis of BRCA1, CDK4, and PTEN proteins 
between normal, pathogenic mutated, and non-pathogenic mutated ovarian cancer samples. A. BRCA1 expression. 
B. CDK4 expression. C. PTEN expression. Expression differences were measured based on the staining intensities.
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Figure 8. Gene enrichment analysis of BRCA1, CDK4, and PTEN genes via DAVID. (A) BRCA1, CDK4, and PTEN genes-related cellular components (CC) terms, (B) 
BRCA1, CDK4, and PTEN genes-related molecular function (MF) terms, (C) BRCA1, CDK4, and PTEN genes-related biological process (BP) terms, and (D) BRCA1, 
CDK4, and PTEN genes-related Kyoto Encyclopedia of Genes and Genomes (KEGG) terms. A P<0.05 was used as the cut-off criterion.
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Figure 9. This figure presents the structural validation of mutated BRCA1, CDK4, and PTEN protein. (A) The Ramachandran plots for the final models indicate that 
over 90% of the amino acids reside within favorable regions, and (B) The ProSA-web plot of the models yield a Z-score.



NGS analysis of ovarian cancer patients

6003 Am J Transl Res 2024;16(10):5990-6007

Drug prediction and molecular docking analy-
ses

The DrugBank database was employed to 
explore potential drugs with the capacity to 
enhance the expression of BRCA1, CDK4, and 
PTEN proteins in the context of ovarian cancer 
treatment. Within this repository, Resveratrol 
emerged as a promising drug with the potential 
to reduce the expression of BRCA1, CDK4, and 
PTEN proteins. To validate the impact of Re- 
sveratrol on expression enhancement, molecu-
lar docking analysis was conducted. Docking 
results unveiled varying binding affinities of 
Resveratrol with BRCA1, CDK4, and PTEN, 
spanning from -6.1 to -7.3 kcal/mol (Figure 10). 
These binding affinities, falling within the range 
of -6.1 to -7.3 kcal/mol, signify a relatively 
robust interaction between Resveratrol and the 
BRCA1, CDK4, and PTEN proteins (Figure 10).

Discussion

In the current study, by performing NGS analy-
sis, we conducted the mutational analysis of  
27 susceptibility genes known to play crucial 
roles in the etiology and progression of ovarian 
cancer. Among all the analyzed 27 genes, only 
four genes (BRCA1, CDK2, MSH2, and PTEN) 
were found mutated in ovarian cancer patients. 
Most importantly, clinically significant muta-
tions were observed in BRCA1, CDK4, and 
PTEN genes.

In the case of mutated BRCA1, the compro-
mised DNA repair mechanisms led to genomic 
instability, heightening the susceptibility to 
additional mutations and facilitating tumor 
development, particularly in breast and ovarian 
tissues [25-27]. Mutated CDK4 disrupted cell 
cycle regulation, fostering uncontrolled cell  
proliferation and cooperation with oncogenes, 
thereby promoting tumorigenesis in various 
cancers [28-30]. Mutated PTEN, on the other 
hand, unleashed the PI3K/AKT pathway, foster-
ing cell survival, growth, and angiogenesis 
while impeding apoptosis [31-33]. This multi-
faceted disruption of cellular processes in the 
presence of BRCA1, CDK4, and PTEN patho-
genic mutations emphasizes their pivotal roles 
in the development of ovarian cancer.

Next, the functional consequences of patho-
genic mutations in BRCA1, CDK4, and PTEN 
were assessed at both the mRNA and pro- 

tein expression levels. The downregulation of 
BRCA1, CDK4, and PTEN genes at the mRNA 
level in ovarian cancer samples with pathogen-
ic mutations suggests a potential role of these 
mutations in suppressing the expression of 
tumor-suppressive genes. The ROC curve anal-
ysis further validates the potential of these 
genes as diagnostic markers for ovarian can-
cer. At the protein level, the IHC analysis 
revealed reduced staining for BRCA1, CDK4, 
and PTEN in ovarian cancer samples with 
pathogenic mutations, indicating a correlation 
between genetic mutations and protein expres-
sion. Moreover, previous studies reported that 
pathogenic mutations predominantly manifest 
as loss-of-function mutations, culminating in 
the downregulation of gene expression among 
cancer patients [34-38]. This pattern empha-
sizes a fundamental mechanism by which 
these mutations exert their deleterious effects 
on cellular functions. The diminished expres-
sion of these proteins in the presence of patho-
genic mutations highlights their role as tumor 
suppressors and suggests a potential avenue 
for targeted therapies.

Furthermore, Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) 
pathway analyses provided insights into the 
functional implications of BRCA1, CDK4, and 
PTEN genes. Enrichments in terms related to 
DNA damage response, signal transduction, 
and histone acetylation signify the multifaceted 
roles of these genes in cellular processes. The 
involvement of these genes in pathways such 
as homologous recombination and melanoma 
further supports their significant contribution 
to ovarian cancer development. The role of 
these pathways in cancer development is 
already well studied [39-43].

Moreover, the exploration of potential drugs 
using the DrugBank database identified Re- 
sveratrol as a promising candidate with the 
capacity to enhance the expression of BRCA1, 
CDK4, and PTEN proteins. Molecular docking 
analysis reinforced the potential interactions 
between Resveratrol and the target proteins, 
suggesting its therapeutic relevance in ovarian 
cancer treatment [44]. Previous preclinical 
studies have illuminated its diverse mecha-
nisms of action, positioning Resveratrol as a 
promising candidate in the realm of cancer 
therapeutics [45, 46]. Its multifaceted proper-
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Figure 10. This figure displays the molecular docking results of Resveratrol with mutated BRCA1, CDK4, and PTEN proteins. A. BRCA1-Resveratrol docking. B. CDK4-
Resveratrol docking. C. PTEN-Resveratrol docking. The structures of BRCA1, CDK4, and PTEN proteins are depicted in yellow, pink and gray, while the Resveratrol 
drug is represented by gray and pink molecules, illustrating their docking interactions with the target proteins.
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ties include anti-inflammatory, antioxidant, and 
antiangiogenic effects, collectively contributing 
to its ability to impede cancer development  
and progression [47, 48]. Resveratrol has  
demonstrated the capacity to induce apopto-
sis, or programmed cell death, in cancer cells 
while leaving healthy cells largely unaffected. 
Importantly, the ability of Resveratrol to selec-
tively target cancer cells, induce cell cycle 
arrest, and mitigate metastatic potential has 
been observed across various cancer types, 
including breast, prostate, and colon cancers 
[47, 49, 50]. Identifying Resveratrol candidate 
drugs against mutated BRCA1, CDK4, and 
PTEN opens avenues for ovarian cancer treat- 
ment.

Conclusion

In conclusion, the present study provides com-
prehensive understanding of genetic mutations 
in BRCA1, CDK4, MSH2, and PTEN genes 
among ovarian cancer patients. The identifica-
tion of pathogenic mutations in BRCA1, CDK4, 
and PTEN, their clinical significance, and the 
downstream effects on mRNA and protein 
expression levels contribute to the ongoing 
efforts in unraveling the complexities of ovarian 
cancer biology. The population-specific nature 
of these mutations highlights the importance 
of diverse genetic studies for personalized can-
cer care. Further validation studies, functional 
assays, and clinical trials are warranted to 
translate these findings into actionable insights 
for improved diagnostic and therapeutic strate-
gies in ovarian cancer. 
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