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Abstract: Lung cancer remains a substantial health challenge, with distinct genetic factors influencing disease sus-
ceptibility and progression. This study aimed to decipher the landscape of DNA repair gene mutations in Pakistani 
lung cancer patients using Whole Exome Sequencing (WES) and to investigate their potential functional implica-
tions through downstream analyses. WES analysis of genomic DNA from 15 lung cancer patients identified clinically 
important pathogenic mutations in 6 DNA repair genes, including, BReast CAncer gene 1 (BRCA1), BReast CAncer 
gene 2 (BRCA2), Excision Repair Cross Complementing rodent repair deficiency, complementation group 6 (ERCC6), 
Checkpoint Kinase 1 (CHEK1), mutY DNA glycosylase (MUTYH), and RAD51D (RAD51 Paralog D). Kaplan-Meier (KM) 
analysis showed that pathogenic mutations in BRCA1, BRCA2, ERCC6, CHEK1, MUTYH, and RAD51D genes were 
the prognostic biomarkers of worse OS in lung cancer patients. To explore the functional impact of these mutations, 
we performed Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and Immunohistochemistry 
(IHC) analyses. Our results revealed a down-regulation in the expression of the mutated genes, indicating a potential 
link between the identified mutations and reduced gene activity. This down-regulation could contribute to compro-
mised DNA repair efficiency, thereby fostering genomic instability in lung cancer cells. Furthermore, targeted bisul-
fite sequencing analysis was employed to assess the DNA methylation status of the mutated genes. Strikingly, hy-
permethylation in the promoters of BRCA1, BRCA2, ERCC6, CHEK1, MUTYH, and RAD51D was observed across lung 
cancer samples harboring pathogenic mutations, suggesting the involvement of epigenetic mechanism underlying 
the altered gene expression. In conclusion, this study provides insights into the genetic landscape of DNA repair 
gene mutations in Pakistani lung cancer patients. The observed pathogenic mutations in BRCA1, BRCA2, ERCC6, 
CHEK1, MUTYH, and RAD51D, coupled with their down-regulation and hypermethylation, suggest a potential con-
vergence of genetic and epigenetic factors driving genomic instability in lung cancer cells. These findings contribute 
to our understanding of lung cancer susceptibility and highlight potential avenues for targeted therapeutic interven-
tions in Pakistani lung cancer patients.
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Introduction

Lung cancer remains one of the most preva- 
lent and aggressive malignancies globally, ex- 
erting a significant toll on both public health 
and healthcare systems [1, 2]. Its diverse clini-
cal manifestations, coupled with the intricate 
interplay of genetic and environmental factors, 
have fueled an urgent need to unravel the 
genetic underpinnings of lung cancer [3, 4]. 
One promising avenue in this pursuit is Whole 

Exome Sequencing (WES), a powerful genomics 
technique that offers unprecedented resolution 
in dissecting the intricate landscape of genetic 
alterations underlying various cancers, includ-
ing lung cancer [5, 6].

WES has revolutionized the field of genomics  
by enabling the comprehensive interrogation  
of coding regions within the human genome [7, 
8]. Unlike whole genome sequencing, which 
sequences the entirety of an individual’s DNA, 
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detection of mutations with high precision, 
offering a nuanced view of the genetic altera-
tions driving tumorigenesis. The current re- 
search also sought to investigate the analysis 
of expression and promoter methylation of the 
mutated genes. The study delves into the 
genetic alterations within six DNA repair gen- 
es, including BReast CAncer gene 1 (BRCA1), 
BReast CAncer gene 2 (BRCA2), Excision Re- 
pair Cross Complementing rodent repair defi-
ciency, complementation group 6 (ERCC6), 
Checkpoint Kinase 1 (CHEK1), mutY DNA glyco-
sylase (MUTYH), and RAD51D (RAD51 Paralog 
D) shedding light on potential drivers of lung 
cancer within this unique patient population.

Methodology

Sample collection and preparation

Sample selection: This research received ethi-
cal approval from the research and ethics com-
mittee of the Pakistan Agriculture Research 
Center (PARC), Pakistan. Tumor tissue speci-
mens were selected from a group of 15 pa- 
tients diagnosed with lung cancer and admit-
ted to District Head Quarter (DHQ), Teaching 
Hospital, Dera Ismail Khan, Khyber Pakhtun- 
khwa (KPK) between 2019 and 2023. Thorough 
clinical and pathological details were gathered 
for every patient, encompassing factors like tu- 
mor stage, histological subtype, and previous 
treatment experiences. The study adhered to 
the Helsinki guidelines [25], and prior to ac- 
quiring the samples, informed consent was 
obtained from the patients. Clinical information 
of the subjects is given in Table 1.

Tissue procurement: Surgical resection of the 
lung cancer patients was performed to obtain 
representative tumor tissue. Tissue samples 
were immediately snap-frozen in liquid nitrogen 
to preserve genetic material and stored at 
-80°C until nucleic acid extraction.

Nucleic acid extraction: Genomic DNA was 
extracted from tumor tissue using the organic 
method [26] while RNA was extracted using the 
TRIzole method [27]. The quantity and quality 
of extracted DNA and RNA were assessed  
using NanoDrop 2000 Spectrophotometer 
(Thermo Fisher Scientific, Waltham, MA, USA) 
and gel electrophoresis technique [28].

Table 1. An overview of lung cancer patient’s 
characteristics in the present study
Sr. no Characteristics Sample count (n)
1 Sex

    Male 15
    Female 0

2 Age
    > 60 2
    < 60 13

3 Smoking
    Non-smoker 14
    Smoker 1

WES selectively captures the protein-coding 
regions, known as exons [9]. This approach 
strikes a balance between depth of coverage 
and cost-effectiveness, making it an ideal tool 
for identifying key genetic variations underlying 
diseases, such as lung cancer [9, 10].

The genetic basis of lung cancer is multifacet-
ed, encompassing an intricate interplay be- 
tween inherited genetic predisposition and so- 
matic mutations acquired during a patient’s 
lifetime [11-14]. These somatic mutations can 
accrue in crucial genes involved in diverse cel-
lular processes, including DNA repair mecha-
nisms [15-17]. DNA repair pathways, responsi-
ble for maintaining the integrity of the genome, 
are particularly pertinent in lung cancer, where 
genomic instability and accumulation of muta-
tions are prevalent hallmarks [18-20]. Conse- 
quently, genetic alterations in DNA repair genes 
can critically impact disease initiation, progres-
sion, and response to treatment.

The genetic diversity present within different 
populations plays a pivotal role in shaping dis-
ease susceptibility, progression, and treatment 
outcomes [21, 22]. Given the unique genetic 
makeup of Pakistani individuals, it is impera-
tive to decipher the mutational landscape of 
lung cancer in this ethnic group. Past studies 
have demonstrated that certain genetic vari-
ants may be enriched in specific populations 
due to founder effects, population bottlenecks, 
or distinct environmental exposures [23, 24].

The current study addresses this gap by pre-
senting a comprehensive WES analysis of lung 
cancer samples obtained from Pakistani pa- 
tients. The utilization of WES allows for the 
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Library preparation and Whole Exome Se-
quencing

Library construction: High-quality genomic DNA 
samples having an A260/A280 ratio within the 
range of 1.8 to 2.0 were used to prepare DNA 
libraries for sequencing. The DNA was frag-
mented using the mechanical method, followed 
by end-repair and adapter ligation steps.

Exome enrichment: DNA libraries were subject-
ed to exome enrichment using biotinylated cap-
ture probes designed to target exonic regions 
of the human genome [29]. This step selective-
ly captures protein-coding sequences, enhanc-
ing sequencing depth and coverage.

PCR amplification: Captured DNA fragments 
were amplified using PCR to increase the am- 
ount of DNA available for sequencing while 
maintaining relative representation of different 
genomic regions.

Sequencing process

Sequencing platform: Prepared libraries were 
sequenced using a high-throughput next-gener-
ation sequencing platform (Illumina, NovaSeq).

Paired-end sequencing: Paired-end sequenc-
ing was performed to obtain sequence data 
from both ends of the DNA fragments. This 
strategy provides additional confidence in read 
alignment and variant detection.

Read length and depth: Sequencing runs were 
configured to generate paired-end reads with 
sufficient read length (150 base pairs) to 
ensure accurate alignment. The depth of se- 
quencing was determined to achieve high cov-
erage (98%) across exonic regions.

Data generation: The sequencing run produc- 
ed raw data in FASTQ format, containing the 
sequences of each read along with correspond-
ing quality scores.

Bioinformatics analysis

Data preprocessing: Raw sequencing data 
underwent preprocessing steps, including ad- 
apter trimming and quality filtering. Cutadapt 
software was used in this study for this purpose 
[30].

Read alignment: Processed reads were align- 
ed to the reference human genome (GRCh38) 
using alignment algorithms like Burrows-Whee- 
ler Aligner (BWA) [31].

Variant calling: Variant calling software Geno- 
me Analysis Toolkit (GATK) was used to identify 
(Single Nucleotide Variants) SNVs and small 
indels [32]. The variant calling process involv- 
ed base quality recalibration and local realign-
ment around indels.

Variant annotation: Detected variants were 
annotated using the ClinVar database to pro-
vide clinical significance of the observed 
variants.

Mutational frequencies analysis

The Genome Aggregation Database (GnomAD) 
[33] is a comprehensive resource that aggre-
gates and harmonizes genetic variant data 
from diverse human populations. It compiles 
genomic information from thousands of indi-
viduals, making it a valuable tool for research-
ers and clinicians alike. GnomAD offers a vast 
collection of variant frequencies, annotations, 
and functional predictions, aiding in the identi-
fication of rare and common genetic variations. 
In this study, the GnomeAD database was used 
to analyze the frequencies of observed muta-
tions in the Asian population.

Kaplan-Meier analysis

The Kaplan-Meier (KM) analysis delving into 
mutated and wild-type patient cohorts offers 
valuable insights into survival disparities [34]. 
By meticulously tracking time-to-event out-
comes, this method illuminates how genetic 
mutations impact patient prognosis. As the 
analysis progresses, survival curves for each 
group materialize, revealing potential distinc-
tions in survival rates. This statistical method 
was applied to examine the differences in over-
all survival (OS) outcomes between lung cancer 
patients with and without genetic mutations. A 
P < 0.05 was used as the cutoff criterion for 
KM analysis.

Reverse transcription-quantitative polymerase 
chain reaction (RT-qPCR)

The RNA extracted was transcribed into com-
plementary DNA (cDNA) using the Prime-Script 
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ed through boiling with sodium citrate buffer, 
while endogenous peroxidase inhibitors were 
added to inhibit peroxidase activity. To prevent 
non-specific binding, the tissue sections were 
blocked in 5% goat serum for 1 hour. Following 
that, separate drops of anti-BRCA1, BRCA2, 
ERCC6, CHEK1, MUTYH, and RAD51D antibod-
ies (dilution ratio: 1:300; MA1-137, MA1-137, 
24291-1-AP), MA5-15145, PA5-27855, and 
PA5-27195) were applied onto the sections  
and incubated overnight at 4°C. Subsequently, 
secondary antibody (anti-rabbit) was added 
and incubated. Afterward, diaminobenzidine 
was introduced for color development, followed 
by hematoxylin re-staining. Finally, the staining 
results were assessed by blocking and photo-
graphing the sections.

cBioPortal analysis

The cBioPortal database stands as a pivotal 
platform in the realm of mutational analysis, 
facilitating an in-depth exploration of genomic 
alterations across The Cancer Genome Atlas 
(TCGA) samples of different cancer types [36]. 
With its user-friendly interface and comprehen-
sive data integration, researchers and clini-
cians can gain invaluable insights into the intri-
cate landscape of somatic mutations, copy 
number variations, and other genetic aberra-
tions implicated in tumorigenesis. In the pres-
ent study, we used this database to analyze 
clinically significant mutations across TCGA 
lung cancer samples.

Enrichment analysis 

The MetaScape database stands as a vital 
resource in the realm of biological data analy-
sis [37]. With its comprehensive collection of 
functional annotation and gene set enrichment 
tools, MetaScape empowers researchers to 
unravel intricate biological insights. By integrat-
ing diverse omics data and leveraging cutting-
edge algorithms, it unveils complex relation-
ships among genes, proteins, and pathways. In 
this study, we used this valuable resource for 
Gene Ontology (GO) and KEGG (Kyoto Ency- 
clopedia of Genes and Genomes) analyses of 
the mutated genes. A P < 0.05 was used as the 
cutoff criterion for the functional enrichment 
analysis.

Drug prediction analysis

In our study, we harnessed the drug prediction 
feature of the DrugBank (http://www.drugbank.

RT reagent kit (TaKaRa, Dalian, China). RT-qPCR 
analysis was performed on an ABI 7500 Real-
Time PCR System (Applied Biosystems, USA) 
using the SYBR Premix Ex Taq TM II kit (TaKa- 
Ra). The expression levels were normalized to 
GAPDH. All experiments were independently 
conducted in triplicate. The 2^(-ΔΔCt) method 
was employed to assess the relative expres-
sion of each mutated gene [35]. A student t-test 
was applied to find differences in expression 
levels between two groups.

Receiver operating curve (ROC) generation

Based on the RT-qPCR expression data, ROC 
curves of mutated gene expression were gener-
ated using the SRPLOT web source (https://bio-
informatics.com.cn/srplot).

Library preparation for targeted bisulfite se-
quencing analysis

In brief, total DNA (1 µg) was fragmented into 
approximately 200-300 bp fragments using a 
Covarias sonication system (Covarias, Woburn, 
MA, USA). Following purification, the DNA frag-
ments underwent repair and phosphorylation 
of blunt ends using a mixture of T4 DNA poly-
merase, Klenow Fragment, and T4 polynucleo-
tide kinase. The repaired fragments were then 
3’ adenylated using Klenow Fragment (3’-5’ 
exo-) and ligated with adapters containing 
5’-methylcytosine instead of 5’-cytosine and 
index sequences using T4 DNA Ligase. The con-
structed libraries were quantified using a Qubit 
fluorometer with the Quant-iT dsDNA HS Assay 
Kit (Invitrogen, Carlsbad, CA, USA) and sent to 
Beijing Genomic Institute (BGI), China for tar-
geted bisulfite sequencing. Following sequenc-
ing, the methylation data was normalized into 
beta values.

Immunohistochemical (IHC) evaluation

For this study, IHC staining was performed on 
selective lung cancer samples having mutated 
and wild-type copies of the gene. Tissues were 
fixed in formalin and embedded in paraffin wax. 
Subsequently, sections of the tissues were 
obtained. The tissue sections underwent a se- 
quential treatment with alcohol, starting with 
xylene, followed by a series of decreasing al- 
cohol concentrations (100%, 95%, 90%, 80%, 
and 70%). Tissue antigen retrieval was achiev- 
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ca) database [38], a comprehensive resource 
that provides valuable information on drug-tar-
get interactions and drug-related data. Levera- 
ging this feature, we aimed to identify potential 
drugs that could target the hub genes identified 
in our study. By exploring the vast database of 
drug-target interactions, we sought to uncover 
drugs that may have regulatory effects on the 
expression of mutated genes.

Results

Sequencing and genomic variants

WES analysis produced a median of 98 million 
data reads per individual (with a range of 8 mil-
lion to 173 million reads). This led to a median 
coverage of 96.6% (ranging from 92.3% to  
98%) and 90% (ranging from 31.7% to 95.3%) 
for bases sequenced at least 10 and 50 times, 
respectively.

We extensively performed manual analyses on 
variants found within a set of 400 DNA repair 
genes. Variants were classified as either benign 
and likely benign, variant of uncertain signifi-
cance (VUS), or pathogenic and likely pathogen-
ic according to American College of Medical 
Genetics and Genomics (ACMG) recommenda-
tions [39]. 

In 400 DNA repair genes that were chosen for 
analyses, we identified 6 mutated genes in- 
cluding BRCA1, BRCA2, ERCC6, CHEK1, MUT- 
YH, and RAD51D in Pakistani lung cancer 
patients. A total of 42 non-silent variants were 
found in BRCA1 (n = 14), BRCA2 (n = 10), 
ERCC6 (n = 6), BRCA2 (n = 5), MUTYH (n = 5), 
and RAD51D (n = 2) genes (Table 2 and Figure 
1). Among 14 observed BRCA1 mutations, 12 
mutations were benign and 2 were pathogenic 
(Table 2). Among 10 mutations observed in the 
BRCA2 gene, 7 mutations were benign, 1 was 
likely benign and 2 were pathogenic (Table 2). 
In the case of ERCC6, CHEK1, MUTYH, and 
RAD51D, in total 4, 4, 4, and 1 mutations were 
benign while 2, 1, 1, and 1 mutations were 
pathogenic, respectively (Table 2).

Clinically important genomic variants in 
BRCA1, BRCA2, ERCC6, CHEK1, MUTYH, and 
RAD51D genes

Pathogenic variants are of great clinical signifi-
cance as they play a crucial role in disease 

development [40]. In the current study am- 
ong DNA repair-associated mutated genes, two 
clinically important pathogenic variants were 
observed in each BRCA1 (p.Arg1699Trp and 
p.Asp1692His), BRCA2 (p.Leu24Ter and p.
Trp31Ter), and ERCC6 (p.Arg1221Ter and p.
Trp31Ter) gene (Table 2). In the case of CHEK1 
(p.Gln346X), MUTYH (p.Gln426Ter), and RA- 
D51D (p.Trp314Ter), one clinically important 
pathogenic variant were observed in each of 
these genes (Table 2).

Frequencies of pathogenic mutations across 
Asian lung cancer patients in the GnomAD 
database

To assess the frequencies of pathogenic vari-
ants across lung cancer patients in Asian po- 
pulation, we analyzed the GnomAD database. 
Results showed that detected pathogenic vari-
ants in the present study, including BRCA1 (p.
Arg1699Trp and p.Asp1692His), BRCA2 (p.
Leu24Ter and p.Trp31Ter), ERCC6 (p.Arg- 
1221Ter and p.Trp31Ter), CHEK1 (p.Gln346X), 
and MUTYH (p.Gln426Ter) had 0.000 muta- 
tional frequencies in the Asian lung cancer 
patients across GnomAD database. This find- 
ing underscores the distinct genetic makeup of 
the Asian population in relation to these spe-
cific pathogenic mutations in the context of 
lung cancer. Consequently, these results con-
tribute significantly to our understanding of the 
genetic landscape of lung cancer within the 
Asian demographic and emphasize the impor-
tance of considering population-specific genet-
ic factors in the prognosis and treatment of this 
disease.

Survival analysis of lung patients having 
pathogenic mutations in BRCA1, BRCA2, 
ERCC6, CHEK1, MUTYH, and RAD51D genes

In the current research, we used KM curve 
analysis to assess the OS of the lung cancer 
patients harboring pathogenic mutations in 
BRCA1, BRCA2, ERCC6, CHEK1, MUTYH, and 
RAD51D genes. In view of analysis results, 
BRCA1, BRCA2, ERCC6, CHEK1, MUTYH, and 
RAD51D pathogenic mutation were the prog-
nostic biomarkers of worse OS in lung cancer 
patients, as lung cancer patients with patho-
genic mutated copies of these genes showed 
poor OS as compared to the other lung cancer 
patients with wild-type copies (Figure 2). This 
finding showed the potential role of these 
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Table 2. Count and types of mutations observed in BRCA1, BRCA2, ERCC6, CHEK1, MUTYH, and 
RAD51D genes across lung cancer patients
Sr. no Gene NM:c.DNA Protein Nature No. patients
1 BRCA1 NM_007294.4:c.5095C>T p.Arg1699Trp Pathogenic 3
2 NM_007294.4:c.5074G>C p.Asp1692His Pathogenic 4
3 NM_007294.4:c.5579A>C p.His1860Pro Benign 4
4 NM_007294.4:c.5576C>G p.Pro1859Arg Benign 11
5 NM_007294.4:c.5558A>C p.Tyr1853Ser Benign 4
6 NM_007294.4:c.5531T>G p.Leu1844Arg Benign 7
7 NM_007294.4:c.5411T>A p.Val1804Asp Benign 2
8 NM_007294.4:c.5402G>A p.Gly1801Asp Benign 1
9 NM_007294.4:c.5347A>T p.Met1783Leu Benign 13
10 NM_007294.4:c.5198A>G p.Asp1733Gly Benign 7
11 NM_007294.4:c.5158A>G p.Thr1720Ala Benign 9
12 NM_007294.4:c.5044G>A p.Glu1682Lys Benign 11
13 NM_007294.4:c.5024C>T p.Thr1675Ile Benign 4
14 NM_007294.4:c.4991T>C p.Leu1664Pro Benign 1
15 BRCA2 NM_000059.4:c.71T>G p.Leu24Ter Pathogenic 4
16 NM_000059.4:c.92G>A p.Trp31Ter Pathogenic 4
17 NM_000059.4:c.53G>A p.Arg18His Benign 11
18 NM_000059.4:c.128A>G p.Asn43Ser Benign 13
19 NM_000059.4:c.167A>C p.Asn56Thr Benign 1
20 NM_000059.4:c.223G>C p.Ala75Pro Benign 1
21 NM_000059.4:c.322A>C p.Asn108His Benign 5
22 NM_000059.4:c.502C>A p.Pro168Thr Benign 5
23 NM_000059.4:c.865A>C p.Asn289His Benign 2
24 NM_000059.4:c.868G>C p.Val290Leu Likely Benign 1
25 ERCC6 NM_000124.4:c.3661C>T p.Arg1221Ter Pathogenic 5
26 NM_000124.4:c.3445G>T p.Glu1149Ter Pathogenic 3
27 NM_000124.4:c.4322C>T p.Thr1441Ile Benign 1
28 NM_000124.4:c.4315G>C p.Ala1439Pro Benign 3
29 NM_000124.4:c.3965G>T p.Gly1322Val Benign 3
30 NM_000124.4:c.3689G>C p.Arg1230Pro Benign 3
31 CHEK1 NM_001274:c.1036C>T p.Gln346X Pathogenic 4
32 NM_001114122.3:c.1411A>G p.Ile471Val Benign 1
333 NM_001114122.3:c.1260A>G p.Arg420= Benign 1
34 NM_001114122.3:c.93T>C p.Thr31= Benign 8
35 NM_001114122.3:c.105C>T p.Val35= Benign 9
36 MUTYH NM_001048174.2:c.1276C>T p.Gln426Ter Pathogenic 4
37 NM_001048174.2:c.1517G>A p.Arg506Gln Benign 3
38 NM_001048174.2:c.1460C>T p.Ser487Phe Benign 3
39 NM_001048174.2:c.930G>C p.Gln310His Benign 1
40 NM_001048174.2:c.929A>G p.Gln310Arg Benign 1
41 RAD51D NM_002878.4:c.941G>A p.Trp314Ter Pathogenic 3
42 NM_002878.4:c.494G>A p.Arg165Gln Benign 9
BReast CAncer gene 1 = BRCA1, BReast CAncer gene 2 = BRCA2, Excision Repair Cross Complementing rodent repair defi-
ciency, complementation group 6 = ERCC6, Checkpoint Kinase 1 = CHEK1, mutY DNA glycosylase = MUTYH, RAD51D = RAD51 
Paralog D.
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Figure 1. Total count of overall detected mutations and pathogenic mutations in six DNA repair genes (BRCA1, 
BRCA2, ERCC6, CHEK1, MUTYH, and RAD51D) across lung cancer patients via WES. (A) An overall count of detected 
mutations in BRCA1, BRCA2, ERCC6, CHEK1, MUTYH, and RAD51D genes across lung cancer patients, and (B) A 
count of detected pathogenic mutations in BRCA1, BRCA2, ERCC6, CHEK1, MUTYH, and RAD51D genes across 
lung cancer patients. Whole Exome Sequencing = WES, BReast CAncer gene 1 = BRCA1, BReast CAncer gene 2 = 
BRCA2, Excision Repair Cross Complementing rodent repair deficiency, complementation group 6 = ERCC6, Check-
point Kinase 1 = CHEK1, mutY DNA glycosylase = MUTYH, RAD51D = RAD51 Paralog D.

Figure 2. Kaplan-Meier survival analysis comparing two lung cancer sample groups: one harboring mutated copies 
of the BRCA1, BRCA2, ERCC6, CHEK1, MUTYH, and RAD51D genes, and the other possessing the wild-type copies 
of these genes. BReast CAncer gene 1 = BRCA1, BReast CAncer gene 2 = BRCA2, Excision Repair Cross Comple-
menting rodent repair deficiency, complementation group 6 = ERCC6, Checkpoint Kinase 1 = CHEK1, mutY DNA 
glycosylase = MUTYH, RAD51D = RAD51 Paralog D.

pathogenic mutations as prognostic biomark-
ers, shedding light on their significance in pre-

dicting the clinical outcomes of lung cancer 
patients.
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Reverse transcription-quantitative polymerase 
chain reaction (RT-qPCR) analysis of BRCA1, 
BRCA2, ERCC6, CHEK1, MUTYH, and RAD51D 
genes expression

Expression analysis of BRCA1, BRCA2, ERCC6, 
CHEK1, MUTYH, and RAD51D genes was per-
formed through RT-qPCR among two groups of 
the sample, i.e. first group consisted of lung 
cancer patients with wild-type genes (devoid of 
pathogenic mutations) and the second group of 
lung cancer samples which harbor pathogenic 
mutations in those genes. Results of the an- 
alysis revealed that BRCA1, BRCA2, ERCC6, 
CHEK1, MUTYH, and RAD51D genes showed 
significant down-regulation in the lung cancer 
sample group that harbor pathogenic muta-
tions as compared to the wild-type group of 
lung cancer patients which do not harbor pa- 
thogenic mutations in these genes (Figure 3A).

Moreover, significant sensitivity and specificity 
were observed in the ROC curves for BRCA1 
(AUC: 0.714, p-value < 0.05), BRCA2 (AUC: 1.0, 
p-value < 0.05), ERCC6 (AUC: 0.671, p-value < 
0.05), CHEK1 (AUC: 1.0, p-value < 0.05), 
MUTYH (AUC: 0.910, p-value < 0.05), and 
RAD51D (AUC: 0.671, p-value < 0.05) based on 
their expression levels, as illustrated in Figure 
3B.

Promoter methylation analysis of BRCA1, 
BRCA2, ERCC6, CHEK1, MUTYH, and RAD51D 
via bisulfite sequencing

The bisulfite-seq technique was employed in 
this study to analyze the promoter methylation 
patterns of BRCA1, BRCA2, ERCC6, CHEK1, 
MUTYH, and RAD51D genes. This analysis was 
carried out in two distinct groups of lung cancer 
patients: the first group consisted of patients 
with wild-type genes (devoid of pathogenic 
mutations), while the second group included 
patients with lung cancer samples harboring 
pathogenic mutations in these genes. The 
results of the analysis revealed that the lung 
cancer patient group having pathogenic muta-
tions exhibited lower beta values in the promot-
ers of BRCA1, BRCA2, ERCC6, CHEK1, MUTYH, 
and RAD51D genes compared to the lung can-
cer patient group having wild-type copies of 
these genes (Figure 4). These findings under-
score the phenomenon of hypermethylation in 
these genes within the lung cancer patient 
group having pathogenic mutations (Figure 4).

Immunohistochemistry-based proteomic 
expression analysis of BRCA1, BRCA2, ERCC6, 
CHEK1, MUTYH, and RAD51D genes

In our study, we conducted a proteomic ex- 
pression analysis of BRCA1, BRCA2, ERCC6, 
CHEK1, MUTYH, and RAD51D, within specific 
lung cancer tissue samples, which were mutat-
ed for the respective gene using the IHC tech-
nique. The outcome of this analysis unveiled a 
distinct pattern: the protein expression levels 
of these genes were noticeably reduced (stain-
ing: low) in the lung cancer sample having 
pathogenic mutated copies of these genes 
(Figure 5) when compared to the wild-type  
sample having wild-type copies of these genes 
(staining: high). This finding strongly suggests a 
correlation between the presence of mutations 
and the down-regulation of protein expression 
for these genes in lung cancer tissues. 

Analysis of clinically important variants in 
BRCA1, BRCA2, ERCC6, CHEK1, MUTYH, and 
RAD51D genes across the cancer genome 
atlas lung cancer samples

In our study, a comprehensive analysis of 
pathogenic variants within the BRCA1, BRCA2, 
ERCC6, CHEK1, MUTYH, and RAD51D genes 
was conducted using the cBioPortal database 
across TCGA lung cancer samples. Intriguingly, 
the findings illuminated a significant disparity, 
as among all the observed variants in TCGA 
lung cancer samples, the pathogenic variants 
detected among Pakistani lung cancer patients 
in BRCA1 (p.Arg1699Trp and p.Asp1692His), 
BRCA2 (p.Leu24Ter and p.Trp31Ter), ERCC6 
(p.Arg1221Ter and p.Trp31Ter), CHEK1 (p.Gln- 
346X), and MUTYH (p.Gln426Ter) were cons- 
picuously absent within the TCGA lung cancer 
dataset (Supplementary Figure 1). This compel-
ling revelation underscores the distinctiveness 
of these variants within the Pakistani popula-
tion, highlighting the potential genetic hetero-
geneity that contributes to the unique land-
scape of lung cancer susceptibility in this 
specific demographic.

Enrichment analysis of BRCA1, BRCA2, 
ERCC6, CHEK1, MUTYH, and RAD51D genes

Next, we performed GO and KEGG enrichment 
analyses. Among GO terms, BRCA1, BRCA2, 
ERCC6, CHEK1, MUTYH, and RAD51D genes 
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Figure 3. Relative expression and ROC curve analysis of BRCA1, BRCA2, ERCC6, CHEK1, MUTYH, and RAD51D genes between two lung cancer sample groups: one 
harboring pathogenic mutated copies of the BRCA1, BRCA2, ERCC6, CHEK1, MUTYH, and RAD51D genes, and the other possessing the wild-type copies of these 
genes. (A) Relative expression analysis of BRCA1, BRCA2, ERCC6, CHEK1, MUTYH, and RAD51D genes via RT-qPCR, and (B) RT-qPCR expression-based ROC curves 
of BRCA1, BRCA2, ERCC6, CHEK1, MUTYH, and RAD51D. A P < 0.05 was used as the cut-off criterion. Reverse transcription-quantitative polymerase chain reac-
tion = RT-qPCR, AUC = Area Under the Cover, BReast CAncer gene 1 = BRCA1, BReast CAncer gene 2 = BRCA2, Excision Repair Cross Complementing rodent repair 
deficiency, complementation group 6 = ERCC6, Checkpoint Kinase 1 = CHEK1, mutY DNA glycosylase = MUTYH, RAD51D = RAD51 Paralog D.
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Figure 4. Targeted bisulfite sequencing-based methylation level exploration of BRCA1, BRCA2, ERCC6, CHEK1, MU-
TYH, and RAD51D genes between two lung cancer sample groups: one harboring pathogenic mutated copies of 
the BRCA1, BRCA2, ERCC6, CHEK1, MUTYH, and RAD51D genes, and the other possessing the wild-type copies of 
these genes. A P < 0.05 was used as the cut-off criterion. BReast CAncer gene 1 = BRCA1, BReast CAncer gene 2 = 
BRCA2, Excision Repair Cross Complementing rodent repair deficiency, complementation group 6 = ERCC6, Check-
point Kinase 1 = CHEK1, mutY DNA glycosylase = MUTYH, RAD51D = RAD51 Paralog D.

were enriched in “consensed nuclear chromo-
some, lateral element, chromosome, telomeric 
region, condensed chromosonme, and synap-
tonemal structure” etc., CC terms (Supple- 
mentary Figure 2A), “gamma-tubulin binding, 
Tubulin binding, damaged DNA binding, and 
DNA-dependent ATPAse activity” etc., MF terms 
(Supplementary Figure 2B), “DNA double st- 
rand repair via homologous recombination, 
recombinational repair, and double strand 
break repair” etc., BP terms (Supplementary 
Figure 2C), and “homologous recombination, 
fanconi anemia pathway, base excision repair, 
and nucleotide excision repair” etc., KEGG 
terms (Supplementary Figure 2D).

Drug prediction analysis of BRCA1, BRCA2, 
ERCC6, CHEK1, MUTYH, and RAD51D genes

In this comprehensive study, we leveraged the 
DrugBank database to systematically investi-
gate potential therapeutic options for enhanc-
ing the expression of mutated down-regulat- 
ed genes, including BRCA1, BRCA2, ERCC6, 
CHEK1, MUTYH, and RAD51D. Our meticulous 
analysis unveiled a diverse array of promising 
drug candidates, including Acetaminophen, 
Estradiol, Cytarabine, and Bortezomib with the 
capacity to up-regulate the expression of these 
target genes (Table 3). These findings hold sig-
nificant implications for advancing our under-
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Figure 5. IHC-based proteomic expression analysis of BRCA1, BRCA2, ERCC6, CHEK1, MUTYH, and RAD51D genes between two lung cancer samples: one harbor-
ing pathogenic mutated copies of the BRCA1, BRCA2, ERCC6, CHEK1, MUTYH, and RAD51D genes, and the other possessing the wild-type copies of these genes. 
IHC = Immunohistochemistry, BReast CAncer gene 1 = BRCA1, BReast CAncer gene 2 = BRCA2, Excision Repair Cross Complementing rodent repair deficiency, 
complementation group 6 = ERCC6, Checkpoint Kinase 1 = CHEK1, mutY DNA glycosylase = MUTYH, RAD51D = RAD51 Paralog D.
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Table 3. DrugBank-based BRCA1, BRCA2, ERCC6, CHEK1, MUTYH, and RAD51D associated drugs
Sr. No Hub gene Drug name Effect Reference Group
1 BRCA1 Acetaminophen Increase expression of BRCA1 mRNA A20418 Approved

Estradiol A21155
2 BRCA2 Acetaminophen Increase expression of BRCA2 mRNA A20418 Approved

Estradiol A21155
3 ERCC6 Acetaminophen Increase expression of ERCC6 mRNA A20418 Approved

Cytarabine A20508
4 CHEK1 Acetaminophen Increase expression of CHEK1 mRNA A20418 Approved

Cytarabine A20508
5 MUTYH Bortezomib Increase expression of MUTYH mRNA A21437 Approved

Acetaminophen A20418
6 RAD51D Acetaminophen Increase expression of RAD51D mRNA A20418 Approved

Estradiol A21155
BReast CAncer gene 1 = BRCA1, BReast CAncer gene 2 = BRCA2, Excision Repair Cross Complementing rodent repair defi-
ciency, complementation group 6 = ERCC6, Checkpoint Kinase 1 = CHEK1, mutY DNA glycosylase = MUTYH, RAD51D = RAD51 
Paralog D.

standing of potential avenues for modulating 
DNA repair mechanisms and may pave the way 
for novel therapeutic strategies in the realm of 
genetic stability and cancer prevention.

Discussion

In this study, we analyzed genetic variants in a 
set of 15 lung cancer tissue samples from the 
Pakistani population. Employing the WES tech-
nique, our focus was directed toward pinpoint-
ing the prevalent mutations within a compre-
hensive repertoire of 400 DNA repair genes. 
The extensive reservoir of genomic insights 
generated through this study holds the poten-
tial to revolutionize our existing comprehension 
of lung cancer, subsequently propelling the 
advancement of tailored therapeutic approach-
es for lung cancer patients.

Outcomes of this study have illuminated signifi-
cant clinically important Pakistani population-
specific pathogenic mutations within 6 key  
DNA repair genes, including BRCA1 (p.Arg- 
1699Trp and p.Asp1692His), BRCA2 (p.
Leu24Ter and p.Trp31Ter), and ERCC6 (p.
Arg1221Ter and p.Trp31Ter) gene (Table 2).  
In case of CHEK1 (p.Gln346X), MUTYH (p.
Gln426Ter), and RAD51D (p.Trp314Ter). These 
findings resonate profoundly with the intricate 
landscape of DNA repair and maintenance 
mechanisms, shedding light on potential links 
between these genetic aberrations and lung 
cancer development. 

BRCA1 and BRCA2 genes are mainly involved  
in maintaining genomic stability [41]. Mutations 
in those genes are widely recognized for their 
pivotal roles in hereditary breast and ovarian 
cancers, emerging evidence suggests their 
potential involvement as causative factors in 
lung cancer as well [42, 43]. Although patho-
genic mutations in those genes are more com-
mon in breast and ovarian tissues, their signifi-
cance in lung cancer pathogenesis has gained 
attention due to their roles in DNA repair mech-
anisms and maintenance of genomic integrity 
[44, 45]. Dysfunctional BRCA1 and BRCA2 
genes could compromise the cell’s ability to 
repair DNA damage, potentially leading to an 
accumulation of mutations in lung cells and 
increasing the risk of tumorigenesis [46]. Re- 
cent studies have reported the presence of 
BRCA1 and BRCA2 mutations in lung cancer 
patients, particularly in individuals with a st- 
rong familial history of these mutations [47, 
48].

ERCC6, an essential component of the tran-
scription-coupled nucleotide excision repair 
pathway, plays a pivotal role in rectifying DNA 
damage [49]. A study by Ma et al. highlighted 
ERCC6 mutations in lung cancer patients, 
implying its potential contribution to genomic 
instability and tumorigenesis [50]. CHEK1, a 
key regulator of cell cycle checkpoints and DNA 
damage responses, is another gene that gain- 
ed massive attention recently [51]. Mutations 



WES analysis of lung cancer patients

5001 Am J Cancer Res 2023;13(10):4989-5004

in CHEK1 might lead to unchecked and in- 
creased cell division [52]. A study conducted by 
Alorjani et al. reported frequent CHEK1 muta-
tions in a subset of lung cancer cases, indicat-
ing their possible involvement in disease onset 
[53]. MUTYH, responsible for DNA base exci-
sion repair, has garnered interest due to its 
connection with oxidative DNA damage [54]. 
Mutations in MUTYH could lead to the accumu-
lation of DNA lesions, possibly contributing to 
lung cancer progression [55]. Recent studies 
demonstrated the presence of MUTYH muta-
tions in lung adenocarcinomas, suggesting a 
role in the mutational landscape of the disease 
[56, 57]. RAD51D, an essential component of 
homologous recombination repair, has im- 
plications for genome stability [58]. RAD51D 
mutations could impair DNA repair processes 
and contribute to genomic alterations in lung 
cells [59]. A study by Grundy et al. identified 
RAD51D mutations in lung squamous cell carci-
nomas, hinting at their potential involvement in 
the disease’s molecular mechanism [60].

The presence of mutated genes has been cor-
related with poorer OS outcomes in cancer 
patients [61, 62]. In our study, detected pa- 
thogenic mutations in BRCA1, BRCA2, ERCC6, 
CHEK1, MUTYH, and RAD51D have demon-
strated a significant association with reduced 
OS in mutated lung cancer patients relative to 
the wild-type patients. This underscores the 
clinical relevance of mutated genes as poten-
tial prognostic indicators and therapeutic tar- 
gets.

Moreover, targeted bisulfite-seq, RT-qPCR, and 
IHC analyses revealed that BRCA1, BRCA2, 
ERCC6, CHEK1, MUTYH, and RAD51D genes 
were significantly hypermethylated and down-
regulated in mutated lung cancer samples as 
compared to the wild-type lung cancer sam-
ples. This down-regulation could compromise 
DNA repair pathways, heightening mutation 
accumulation and genomic instability in can- 
cer cells. These findings align with the concept 
that gene expression alterations contribute to 
oncogenesis [63, 64].

Moreover, the analysis of pathways indicated 
substantial engagement of mutated BRCA1, 
BRCA2, ERCC6, CHEK1, MUTYH, and RAD51D 
genes in the modulation of various important 

pathways, encompassing “homologous recom-
bination”, “fanconi anemia pathway”, “base 
excision repair”, and “nucleotide excision re- 
pair” among lung cancer patients.

Conclusion

In summary, using the WES technique, we have 
identified clinically important pathogenic muta-
tions in six DNA repair genes, including BRCA1, 
BRCA2, ERCC6, CHEK1, MUTYH, and RAD51D 
across Pakistani lung cancer patients for the 
first time. Further downstream analysis show- 
ed that mutations in those genes were also 
prognostic biomarkers of worse OS in Pakistani 
lung cancer patients.
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Supplementary Figure 1. Mutational analysis results of BRCA1, BRCA2, ERCC6, CHEK1, MUTYH, and RAD51D genes across TCGA lung cancer samples via cBio-
Portal platform.
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Supplementary Figure 2. GO and KEGG analyses of BRCA1, BRCA2, ERCC6, CHEK1, MUTYH, and RAD51D genes 
via Metascape. (A) BRCA1, BRCA2, ERCC6, CHEK1, MUTYH, and RAD51D genes-related CC terms, (B) BRCA1, 
BRCA2, ERCC6, CHEK1, MUTYH, and RAD51D genes-related MF terms, (C) BRCA1, BRCA2, ERCC6, CHEK1, MUTYH, 
and RAD51D genes-related BP terms, and (D) BRCA1, BRCA2, ERCC6, CHEK1, MUTYH, and RAD51D genes-related 
KEGG terms. A P < 0.05 was used as the cut-off criterion.


