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ARTICLE INFO ABSTRACT
Keywords: Genetic mutations and impaired DNA repair mechanisms in cancer not only facilitate tumor progression but also
Chemotherapy resistance reduce the effectiveness of chemotherapeutic agents, particularly cisplatin. Combination therapy has emerged as

Personalized cancer therapy

Prognostic biomarkers signal transduction
Survival analysis

Transcriptomics

a promising strategy to overcome resistance. Comprehensive transcriptomic analyses, supported by integrated
comparative bioinformatics and experimental approaches, are essential for identifying biomarkers and novel
therapeutic targets underlying drug resistance. In this study, we performed overall survival and mutation ana-
lyses, examining 23 double-strand break repair proteins across more than 7500 tumors spanning 23 distinct
cancer types. Our findings identify ATM (ataxia-telangiectasia mutated) as a key protein with the highest mu-
tation frequency.

Using CRISPR/Cas9, we investigated the effects of ATM mutations on signalling pathways that influence the
cellular response to cisplatin. ATM knockout enhanced cisplatin cytotoxicity by activating alternative cell death
pathways, including oxidative stress-induced senescence and necroptosis. Microarray analysis revealed a regu-
latory interplay between ATM and NRF2 in the activation of oxidative stress-induced senescence. Specifically,
ATM knockout promoted senescence by increasing reactive oxygen species (ROS) accumulation and down-
regulating NRF2 expression.

To enhance combination therapy, integrating genetic profiling with advanced tools such as CRISPR/Cas9 to
target oxidative stress-induced senescence may provide innovative strategies to overcome drug resistance,
thereby advancing personalized cancer treatment. These approaches lay the foundation for the development of
personalized cancer therapies tailored to the unique mutational landscape of individual patients, offering
promising prospects for improving treatment outcomes.

1. Introduction double-strand breaks (DSBs), which are among the most detrimental
forms of DNA lesions [4,5]. To maintain genomic stability and preserve

DNA damage is an inevitable consequence of cellular metabolism, cellular function, mammalian cells employ a complex DNA damage
resulting from both endogenous factors such as reactive oxygen species response (DDR), which halts the cell cycle and initiates repair mecha-
(ROS) and exogenous factors such as ultraviolet (UV) radiation [1-3]. nisms to restore the integrity of the genome [5,6]. However, if these
This damage can manifest in single-strand breaks (SSBs) and repair mechanisms fail or are overwhelmed, mutations can accumulate,
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leading to cellular dysfunction and contributing to the development of
age-related diseases and cancer [7]. Cancer progression is driven by the
accumulation of genetic mutations, as well as the impairment of key
defence systems, including DNA repair mechanisms and cellular death
pathways [8]. While the individual impact of these mutations may be
minimal, their cumulative effects can significantly alter cellular func-
tion, making them crucial drivers of cancer initiation and progression
[8]. Moreover, the presence of mutations leads to resistance to cancer
therapies, particularly chemotherapeutic agents [9].

Cisplatin resistance is one of the most common challenges encoun-
tered in cancer chemotherapy [10]. Cisplatin induces cell cycle arrest
and apoptosis by binding to DNA and forming crosslinks [11,12].
However, its effectiveness is often limited by drug resistance, which can
result from mutations in drug target sites or changes in related cellular
pathways [13]. Especially, acquired mutations in DNA repair and cell
death genes can reduce cisplatin sensitivity, prompting the exploration
of combination therapy as a strategy to overcome resistance. Successful
combination therapy requires identifying biomarkers to develop drugs
that bypass resistance mechanisms and improve treatment outcomes.

An integrated approach that combines biomarker expression
profiling with genetic polymorphism analysis is crucial for accurately
assessing a patient’s drug resistance status. The impact of specific bio-
markers can vary depending on tumor type, stage, metastasis, and
patient-specific factors such as age, gender, and genetic background. To
avoid the identification of conflicting or unreliable biomarkers, a
comprehensive bioinformatic analysis is necessary. In this regard, we
conducted a thorough investigation into the mutations and survival data
of 23 proteins involved in the double-strand break DNA repair (DSB)
mechanism across 23 distinct cancer types. Using theedistinct parame-
ters, we identified mutation hotspots in protein-coding regions, with
particular focus on missense, nonsense, and frameshift mutations. Our
analysis revealed ATM (ataxia-telangiectasia mutated) as a key protein
with the highest mutation frequency, particularly missense mutations,
which varied across different cancer types. Notably, these mutations
were observed in a subset of lung cancer patient samples, positioning
ATM as a potentialcandidate for a predictive biomarker in lung cancer.

Additionally, we explored the effect of 23 distinct DNA repair pro-
teins on survival across multiple cancer types by encompassing more
than 7500 patient samples. We found that several biomarkers with high
expression levels were associated with poor survival outcomes, partic-
ularly in lung, kidney, breast, and liver cancers. These findings highlight
the need for personalized therapeutic approaches that take into account
the unique mutational and expression profiles of individual patients.

The advent of CRISPR/Cas9 gene-editing technology has garnered
significant attention in the scientific community for its potential to
manipulate the genome in cancer cells [14]. The CRISPR/Cas9 platform
provides a powerful tool to investigate the functional roles of specific
genes or mutations in the context of cancer development [15-17]. By
utilizing CRISPR/Cas9-based ATM knockout lung cancer cells, we
assessed how targeting ATM influences cisplatin sensitivity. In the
presence of ATM, cell death pathways, particularly apoptosis and
autophagy, are activated in response to cisplatin exposure. However, the
activation of cell death pathways was observed at higher doses of
cisplatin. This suggests that existing mutations in ATM could restrict the
proper response of these signalling pathways, leading to reduced
sensitivity to cisplatin.

In contrast, the knockout of ATM through combination therapy has
activated alternative cell death pathways. In particular, oxidative stress-
induced senescence and necroptosis have been identified as key mech-
anisms responsible for the increased cisplatin sensitivity observed by
ATM knockout. Oxidative stress, which results from an imbalance be-
tween the production of reactive oxygen species (ROS) and the antiox-
idant defence system, can trigger senescence, a stable arrest of the cell
cycle that plays an important role in tumor suppression. Focusing on the
genes or pathways that drive oxidative stress-induced cellular senes-
cence could provide new opportunities for inhibiting cancer progression
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and overcoming drug resistance [18].

In our study, we performed microarray hybridization and bio-
informatic analyses to uncover the interaction between ATM and nu-
clear factor (erythroid-derived 2)-like 2 (NRF2), a key regulator of the
antioxidant response. Our findings are consistent with the existing
knowledge in the literature [19,20]. Additionally, it demonstrates that
senescence induced by oxidative damage is regulated through NRF2 and
ATM signalling pathways. The suppression of NRF2, either directly or
indirectly, significantly promoted cellular senescence, highlighting its
potential as a therapeutic target for overcoming cisplatin resistance
[21].

Thus, understanding the complex interplay between DNA repair, cell
death pathways, and drug resistance mechanisms is essential for
developing more effective cancer therapies. The integration of novel
technologies such as CRISPR/Cas9 with biomarker profiling offers
exciting prospects for personalized medicine, contributing ultimately to
improve outcomes for those with cancer.

2. Material and methods
2.1. Determination of mutational hotspot sites

We determined the mutational hotspot sites in 23 genes involved in
DSB. The UniProt database and cBioPortal, an open-access platform for
exploring cancer genomics data, open the opportunity to detect the
domains for each gene [22,23]. The sequence data of more than 7500
tumor patients were classified into three categories: missense mutations,
nonsense mutations, and frameshift mutations.

Initially, data were downloaded from the open-access databases on
the cBioPortal website (https://www.cbioportal.org/) by entering 23
different cancer studies and gene names. Subsequently, a more in-depth
analysis was performed separately for each of the 23 genes. Rather than
focusing on the total number of mutations found for each gene, the
analysis specifically identified the number of missense, nonsense, and
frameshift mutations in the domain regions. After determining the total
number of mutations in the different domain regions, each gene was
compared, and regions with a high density of mutations were identified.
Supplementary Table S1 presents a representative example of the mu-
tation analysis of the ATM gene obtained via the cBioportal platform.
Our focus directed to those genes with the highest mutational hotspots,
and ATM has been selected.

2.2. Overall survival analysis

To assess the survival probability of cancer patients associated with
the mRNA expression of 23 DSB genes, we utilized the Cancer Genome
Atlas (TCGA) dataset obtained from cBioportal (https://www.cbiop
ortal.org; accessed between 2020 and 2021) as our primary data
source. The TCGA dataset provided comprehensive information on 23
different cancer types, encompassing the expression levels of 23 distinct
DSB genes, as well as five pathoclinical key parameters: age, race,
gender, metastasis, and tumor stage. Combining multiple existing co-
horts into a single, unified dataset can significantly support the identi-
fication and validation of reliable prognostic biomarkers [24]. For this
purpose, we have performed survival analyses using the Kaplan-Meier
(KM) plotter, a platform for performing survival analysis using tran-
scriptomic data of large patient cohorts.

At the outset of the analysis, separate Excel files were generated for
each parameter using data obtained from cBioPortal. Within these files,
patient outcomes were encoded as “1” for surviving patients and “0” for
deceased patients. Regarding the age parameter, each of the seven age
groups (10-20, 20-30, 30-40, 40-50, 50-60, 60-70, 70-80) was
analyzed separately. Subsequently, we conducted Kaplan-Meier survival
analyses for each DSB gene (as stated in a previous [25]), utilizing the
SPSS program (IBM Corp. Released 2015. IBM SPSS Statistics for Win-
dows, Version 23.0. Armonk, NY: IBM Corp).
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Table 1
Selected primer for gPCR experiment.
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Gene Symbol Forward Primer Reverse Primer

GAPDH TTCGACAGTCAGCCGCATCT CCGACCTTCACCTTCCCCAT
CDKN2A CTGCCCAACGCACCGAATAG CCACCAGCGTGTCCAGGAAG

IL8 CTTTCCACCCCAAATTTATCAAAG CAGACAGAGCTCTCTTCCATCAGA
IL6 CCGGGAACGAAAGAGAAGCT GCGCTTGTGGAGAAGGAGTT

To determine the statistical significance, we employed the “log-rank”
test statistics. By applying this statistical test, we identified survival
curves that exhibited noteworthy differences. Specifically, we consid-
ered survival curves with a p-value below 0.05 as statistically significant.
We selected the cancer types most affected by genes responsible for poor
patient survival.

2.3. Knockout of ATM using CRISPR/nCas9-mediated genome editing

Gene knockout of ATM was conducted as previously described
(performed by Dr. Yaping Yu at the Center for Genome Engineering,
Cumming School of Medicine, University of Calgary) [26]. The
CRISPR-Cas9 system was employed to delete ATM using the pSpCas9
(BB)-2A-GFP (pX458) plasmid, incorporating a short guide RNA
sequence targeting exon 9 of ATM (5-TACGTTCCCCATGTCGCTGT-3").
All short guide oligonucleotides were synthesized, annealed, and
inserted into the pX458 plasmid, with successful cloning verified
through DNA sequencing at the University of Calgary’s DNA laboratory.

Forty-eight hours following transfection of A549 CRISPR-ATM cells,
the cells were collected, and genomic DNA was extracted utilizing the
KAPA Express Extract Kit (Kapa Biosystems) in accordance with the
manufacturer’s guidelines. PCR was performed to amplify genomic DNA
fragments of ATM surrounding the short guide RNA target site.

2.4. Cytotoxicity assay

To detect the cytotoxicity of anticancer drugs, we used the resazurin
reduction assay, which measures the cellular metabolic activity rather
than direct cytotoxicity and is influenced by stress responses such as
senescence or growth arrest, which may not involve immediate
apoptosis or necrosis [27,28]. Specifically, the impact of cisplatin, car-
boplatin, and 5-fluorouracil was investigated over a concentration range
of 0.003-100 pM, targeting both ATM"/* A549 and ATM /= A549
cancer cell lines. To execute the experiments, the cells were seeded into
96-well plates, and upon reaching 70 %-80 % confluence, they were
treated with the drugs for 72 h. Subsequently, the cells were incubated
for 4 h with 20 pL resazurin (Sigma-Aldrich, Taufkirchen, Germany) per
well, diluted in double-distilled water (ddH50). The fluorescence was
detected using an excitation wavelength of 544 nm and an emission
wavelength of 590 nm with the Infinite M2000 Pro™ plate reader
(Tecan, Crailsheim, Germany). ICsy values were calculated using
nonlinear regression analysis in Microsoft Excel.

2.5. Microarray-based expression profiling for predicting canonical
pathways

To investigate the transcriptomic landscape of ATM-driven gene
regulation in A549 cells, we performed microarray hybridization
expression analyses. Both ATM '+ and ATM/~ A549 cells were exposed
to ICso concentrations of cisplatin (9.91 uM and 3.36 pM, respectively)
for 24 h. After treatment, total RNA was extracted using the InviTrap®
Spin Universal RNA Mini Kit from Invitek Molecular (Berlin, Germany).
The extracted RNA was then converted to complementary DNA (cDNA),
labeled, and hybridized onto Affymetrix GeneChips® using the human
ClariomS™ assay (Affymetrix, Santa Clara, CA, USA) at the Genomics
and Proteomics Core Facility of the German Cancer Research Center
(DKFZ, Heidelberg, Germany). The gene expression was analyzed with

Chipster software (version 3.16.3, https://chipster.csc.fi/) (accessed on
June 21, 2020), focusing on differential expression and statistical sig-
nificance determined by the empirical Bayes t-test (p < 0.05).

Chipster software is an open-source software used for bioinformatics
analyses. Specifically, Chipster can be employed for the comparison of
data derived from different databases. For instance, it can be used for
differential expression analysis to compare gene expression levels. In our
study, we initially prepared data from ATM*/* and ATM~/~ A549 cells
without cisplatin treatment using the Chipster software and visualized
the results through the IPA (Ingenuity Pathway Analysis) software from
Ingenuity Systems (Redwood City, CA, USA, content version 51963813,
released on July 31, 2023) (Fig. 4). Subsequently, we compared the data
from cisplatin-treated ATM*/* A549 cells with that of wild-type A549
cells not exposed to any treatment using the Chipster software and
uploaded IPA software to visualized (corresponding to the ATM'/*
A549 data shown in Fig. 5). The same analysis was also applied to
compare cisplatin-treated ATM /=~ A549 cells with untreated counter-
parts (corresponding to the ATM /~ A549 data shown in Fig. 5). We
compared the impact of cisplatin on these cell lines by generating gene
expression-based heatmaps and analyzed canonical signalling pathways
using activation z-scores and p-values as key metrics.

2.6. Quantitative real-time q-PCR for validating relative gene expression

After performing transcriptomic analyses, our objective was to
validate the microarray hybridization findings through q-PCR analysis.
For this purpose, we designed primers using the Primer BLAST online
tool (https://www.ncbi.nlm.nih.gov/nucleotide/, accessed in 2023) and
obtained them from Eurofins Genomics (Ebersberg, Germany). The
specific primers selected for the study are listed in Table 1. The
expression of GAPDH was selected as an internal control.

Subsequently, we treated ATM'/* and ATM /=~ A549 cancer cells
with cisplatin concentrations equivalent to their respective ICsg values
0f 9,91 pM and 3,36 pM, respectively, for 24 h. Total RNA extraction was
performed using the InviTrap® Spin Universal RNA Mini Kit (Invitek
Molecular, Berlin, Germany), followed by mRNA to ¢cDNA conversion
using the LunaScript® RT SuperMix Kit cDNA Synthesis Kit (New En-
gland Bio Labs, Darmstadt, Germany).

For gene amplification, we utilized the EvaGreen master mix (5 x
Hot Start Taq EvaGreen® q-PCR Mix (no ROX); Axon Labortechnik,
Kaiserslautern, Germany) following the manufacturer’s instructions. Q-
PCR was conducted on a CFX384TM instrument (Bio-Rad, Munich,
Germany) using a 38-well plate and running 40 cycles. The PCR run
conditions included an initial denaturation phase at 95 °C for 15 s,
followed by a gradient annealing step ranging from 62 °C to 47 °C for 30
s, and finally, an elongation step at 72 °C for 1 min. To determine the
fold-change in gene expression, we employed the comparative Cq (2-
AACq) method [29].

2.7. Cell cycle analysis

Cells were seeded at a density of 3 x 10° cells per well in 6-well
plates and treated with distinct cisplatin concentrations (9.91 pM for
ATM™* A549 cells and 3.36 uM for ATM /~ A549 cells) for 24 h.
Following treatment, both cell lines were fixed with ethanol and stored
at —20 °C for an additional 24 h. Fixed samples were then subjected to
centrifugation (4000 rpm, 10 min) and re-suspended in 500 pL of cold
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PBS supplemented with 20 pg/mL RNase (Roche Diagnostics, Man-
nheim, Germany). Then, we used 50 pg/mL propidium iodide (PI)
(Sigma-Aldrich, Darmstadt, Germany) for staining. Stained samples
were measured using a NovoCyte Quanteon flow cytometer (Agilent)
and data analysis was performed using FlowJo software (version 10.8.1)
(BD Life Sciences). For each sample, 10,000 cells were recorded. The
gating was performed by forward and side scatter properties (FSC-H/
SSC-H), and further gating for single cells (PI-YG561nm 615/20-A/PI-
YG561nm 615/20-H) in a linear manner was applied to remove dou-
blets or debris. PI staining was detected using a 561 nm laser and 615/
20BP filter. Each experimental procedure was independently replicated
three times. Data analysis was further completed using GraphPad Prism
6 (La Jolla, CA, USA) software for presentation and interpretation.

2.8. Detection of apoptosis

Apoptotic and necrotic cell populations were assessed and quantified
using Annexin V/PI staining, following established protocols [30]. This
methodology was recently described in detail in our prior study [31].
Annexin V is a calcium-dependent phospholipid-binding protein that
interacts specifically with phosphatidylserine (PS). During the initiation
of apoptosis, PS translocates from the inner leaflet of the plasma mem-
brane to the extracellular surface. Propidium iodide (PI), a
membrane-impermeable dye, is excluded by viable or early apoptotic
cells with intact membranes, but it intercalates with DNA in cells un-
dergoing late apoptosis or necrosis, emitting red fluorescence.

ATM"/* A549 and ATM /= A549 cancer cells were exposed to
varying concentrations of cisplatin (9.91 pM and 3.36 pM, respectively)
for 72 h. Subsequently, the cells were stained with Annexin V and PI
(BioVersion/Biocat, Heidelberg, Germany) under dark conditions and
analyzed using a BD Accuri™ C6 Flow Cytometer. Each experiment was
independently conducted in triplicate to ensure reproducibility.

2.9. Detection of reactive oxygen species

We investigated the response of ATM /" and ATM /~ A549 cancer
cells in terms of the generation of reactive oxygen species (ROS). Cells
were cultured at a density of 3 x 10° cells per well and exposed them to
varying concentrations of cisplatin (9.91 uM for ATM '+ A549 cells and
3.36 pM for ATM~/~ A549 cells) for 24 h. Following treatment, cells
were collected, washed with PBS, and resuspended in 1 mL PBS. To
assess oxidative stress, cells were incubated at 37 °C for 30 min with 10
pM 2'7-dichlorodihydrofluorescein diacetate (H,DCFH-DA) from Sigma-
Aldrich. As a positive control, cells were treated with 50 pM H505 for 15
min. Live cell staining was performed using 10 pL of DAPI (50 pg/mL).
The fluorescence intensity was measured using the median fluorescence
intensity of HoDCFH-DA in a NovoCyte Quanteon flow cytometer (Agi-
lent). The data analysis was performed using FlowJo software (version
10.8.1) (BD Life Sciences). 20,000 cells were recorded for each sample
by flow cytometry. Single cells were gated based on forward and side
scatter properties (FSC-A/SSC-A), and further gating (FSC-A/FSC-H) in a
linear manner was applied to remove doublets or debris. Living cells,
indicated by DAPI negative staining, were detected using a 405 nm laser
and 445/45BP filter, while HoDCFH-DA fluorescence was detected using
a 488 nm laser and 525/45BP filter. Each experimental condition was
independently replicated three times, and data were analyzed using
GraphPad Prism 6 software.

2.10. Detection of cellular senescence

To assess cellular senescence in the absence of ATM, we employed
the senescence-associated fp-galactosidase (SA-p-gal) staining protocol
using a commercially available kit (Senescence -Galactosidase Staining
Kit, Cell Signalling Technology, Hitchin, Herts, UK Cat no. #9860) [32].
ATM ™/~ and ATM*/* A549 cancer cell lines were seeded at a density of
3 x 10° cells per well in 6-well plates. After a 24 h incubation, the cell
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Table 2
Specific mutational hotspot sites and the mutation frequency therein of 23 DSB-
related genes.

Mutation Total
Hotspots
Domain

Gene Missense  Nonsense  Frameshift
mutation

number

ATM 44 2 3 PI3_PI4 kinase 49
domain

(2714-2961)

PI3_PI4 kinase 43
domain

(2323-2567)
DEAD/DEAH 32
box helicase
(671-838)

NUC194 25
domain

(1814-2209)

DNA double- 22
strand break

repair and V(D)

J recombination
protein XRCC4
(1-334)

Ku70/ku80 20
p_barrel domain
(252-453)

Ku70/ku80 18
N_terminal

a/pdomain

(37-255)

SNF2 family N- 18
terminal

domain

(156-463)

RAD51 17
(43-205)

RAD51 17
(83-338)

RAD51 17
(83-338)

AAA domain 16
(6-262)

DEAD/DEAH 15
box helicase
(551-710)

DNA ligase N- 13
terminus

(14-209)

Nbs1 (683-746) 10
MRE11 DNA- 8
binding

presumed

domain

(294-461)
p-Lactamase 8
superfamily

domain

(23-148)

RAD52/22 7
family double-

strand break

repair protein
(35-180)

SET domain 7
(150-262)

XLF cernunos, 5
XRCC4-like

factor, NHEJ
component

(11-172)

DNA repair 5
metallo-

p-lactamase
(914-1019)

RADS51 5
(64-338)

Zinc finger 3
motif (377-402)

ATR 37 3 3

BLM 29 0 3

PRKDC 21 3 1

XRCC4 20 0 2

XRCC5 15 1 4

XRCC6 14 0 4

RAD54L 17 0 1

XRCC2 14 1 2

RAD54B 11 5 1

RADS51 15 1 1

RADS50 13 1 2

WRN 12 2 1

LIG4 11 1 1

NBN 7 1 2
MRE11 7 1 0

DCLR1B 8 0 0

RAD52 6 0 1

SETMAR 6 0 1

NHEJ1 4 1 0

DCLR1A 3 2 0

XRCC3 3 0 2

APLF 2 1 0
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Fig. 1. Gene mutation analysis across 23 different cancer types. (A) The distribution of mutation profiles associated with ATM. (B) Percentage distribution of total
mutations in the ATM gene, including both coding and non-coding regions. (C) Percentage distribution of mutations located exclusively in the coding regions of the

ATM gene.

lines were exposed to distinct concentrations of cisplatin (9.91 pM for
ATM*/* A549 cells and 3.36 pM for ATM /= A549 cells) for 24 h.
Following the treatment, the growth medium was aspirated, and the
cells were rinsed twice with 1X phosphate-buffered saline (PBS). Sub-
sequently, cells were fixed by adding 1 mL of 1X Fixative Solution per
well and incubated at room temperature for 10-15 min. After fixation,
the cells were washed twice with 1X PBS. Next, 1 mL of -galactosidase
staining solution was added to each well, and the plates were incubated
at 37 °C overnight in a dry, CO»-free incubator. Finally, the stained cells
were examined under a light microscope equipped with a camera, using
a 10 x or higher objective lens. For each of sample, we selected more
than 5 images to calculate the percentage of senescent cells. The per-
centage of SA-p-gal-positive cells (blue staining) was calculated by
counting the number of positive cells versus the total number of cells,
with a minimum of 100 cells counted per condition.

2.11. Single cell electrophoresis (comet assay)

We utilized the comet assay (by using the Oxiselect™ Comet Assay
Kit (3-Well Slides) from Cell Biolabs/Biocat (Heidelberg, Germany).
ATM*/* A549 cells and ATM /~ A549 cells were initially seeded at a
density of 3 x 10° cells per well in 6-well plates. These cells were then
treated with cisplatin concentrations corresponding to their respective
ICso values (9.91 pM for ATM '+ A549 cell and 3.36 yM for ATM 7/~
A549 cell 24 h) and H,0,, (as a positive control) at a concentration of 50
pM for 15 min.

Following treatment, cells were collected, centrifuged at 3000 x g for
10 min, and reconstituted in PBS. Cell suspensions at a concentration of
1 x 10° cells/mL were mixed with molten agarose (at a ratio of 1:6) at
37 °C. The resulting mixtures were spread onto comet slides and incu-
bated in darkness at 4 °C for 30 min. Slides were then immersed in a pre-
chilled lysis buffer (containing NaCl, EDTA solution, and 10 x lysis so-
lution at pH 10.0) for 1 h at 4 °C. After lysis, slides were transferred to a
pre-chilled alkaline electrophoresis solution buffer (containing NaOH,

EDTA solution, and distilled water) for 40 min at 4 °C in darkness.

The slides were placed in an electrophoresis chamber filled with the
alkaline electrophoresis solution buffer, and electrophoresis was con-
ducted at 20 V for 20 min. After electrophoresis, slides underwent two
washes with pre-chilled distilled water for 5 min each. Subsequently,
slides were immersed in cold ethanol (70 %) for 5 min and air-dried.
Once dried, 100 pL of Vista Green DNA dye (diluted at a ratio of
1:10,000 in TE buffer) was added to each slide and incubated for 15 min
at room temperature. Fifty comets from each treatment group were
randomly selected and analyzed using OpenComet, a software tool in-
tegrated within Image J, developed by the National Institutes of Health.
Tail DNA% served as the parameter for quantifying DNA damage [33].
The images obtained showed comets which were captured using a 10 x
objective lens, highlighting detailed structural and compositional
features.

3. Results
3.1. Determination of mutational hotspot sites

We concentrated on mutations in domain site to detect most pre-
dictive biomarker in cancer patients. We determined mutation hotspot
sites for 23 genes involved in DSB. Finally, we focused on ATM as the
most probable predictive target. As displayed in Table 2, ATM contained
the highest mutation numbers in comparison of specific mutational
hotspot sites of the selected 23 genes involved in DBS. Supplementary
Table 1 provides a more detailed representation of the ATM mutation
analysis derived from the 23 selected cancer cases. Additionally, Fig. 1A
visually illustrates the distribution of ATM mutations across the 23
cancer cases. Fig. 1B illustrates the percentage distribution of total
mutations observed in both coding and non-coding regions of the ATM
gene across 23 distinct cancer types. In this study, however, we pri-
marily focused on mutations located within the coding regions.
Accordingly, Fig. 1C presents the percentage-based frequency of
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Fig. 2. Biomarkers associated with poor patient survival in lung cancer, as identified through overall survival analysis, are presented (p < 0.05)

mutations identified exclusively in the coding regions.
3.2. Overadll survival analyses

To identify effective biomarkers, we investigated DSB repair genes
with high expression levels associated with poor survival across 23
distinct cancer types. The identified biomarkers are presented in Sup-
plementary Fig. S1. These findings emphasize the substantial biological
diversity among cancer types and the context-dependent nature of
prognostic biomarkers. Notably, a higher number of prognostic bio-
markers were identified in kidney, breast, liver, sarcoma, lung, thyroid,
and cervical cancers, suggesting these malignancies may involve more
complex and heterogeneous biological mechanisms. Our aim was to
focus on one of the cancer types with the highest number of identified
prognostic biomarkers, making lung cancer the focal point of this study.
Given its clinical significance, lung cancer was selected as the primary
focus of this study. The biomarkers identified through survival analysis
for lung cancer are presented in Fig. 2.

3.3. Cytotoxicity assay

The cytotoxicity assay was conducted using cisplatin, carboplatin,
and 5-fluorouracil. We compared the differences between the ATM ™"
A549 and ATM /~ A549 cell lines. Upon treatment for 72 h, the ATM 7/~
A549 cells exhibited diminished cell viability compared to the wild-type
cells in response to the afore-mentioned drugs (cisplatin, carboplatin,
and 5-fluorouracil).

Specifically, the ATM '~ A549 cells demonstrated ICsq values at a

cisplatin concentration of 3.36 + 1.31 uM, a carboplatin concentration
of 14.5 £+ 12.55 pM, and a 5-fluorouracil concentration of 0.5 £+ 0.08
pM. In comparison, the wild-type cells exhibited ICsg values at a
cisplatin concentration of 9.91 + 2.5 pM, a carboplatin concentration of
39.3 + 4.3 pM, and a 5-fluorouracil concentration of 1.7 + 0.6 pM
(Fig. 3).

3.4. Microarray-based mRNA expression profiling for predicting
canonical signalling pathways

For comprehensive transcriptomic analysis of ATM, we performed
microarray hybridization-based expression profiling analyses and
consecutive Ingenuity Pathway Analysis (IPA). Firstly, to investigate the
effects of ATM knockout by using CRISPR/Cas9 technologies, we
compared mutant and wild-type A549 cancer cells without cisplatin
exposure using IPA analysis (Fig. 4). The absence of ATM impacted
signalling pathways involved in cancer cell proliferation, ultimately
leading to the suppression of cellular proliferation. It was clearly
observed that the NRF2-mediated oxidative stress response, mTOR,
EIF2, NOTCH4, and WNT/p-catenin signalling pathways were down-
regulated by ATM knockout.

To comprehensively elucidate the mechanisms underlying the
enhancement of cisplatin sensitivity through ATM knockout, we con-
ducted a microarray hybridization expression profiling analysis via IPA
to compare mutant and wild-type A549 cancer cells under treatment
with cisplatin (Fig. 5). The data obtained indicate that, in the presence of
ATM, cisplatin response predominantly activated pathways related to
autophagy, intrinsic pathway for apoptotic signalling, and MYC-
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Fig. 3. The cell viability of ATM"/* and ATM /= A549 cells by using different
concentrations of cisplatin, carboplatin, and 5-fluorouracil.

mediated apoptotic signalling. However, in the absence of ATM, the
cellular response to the drug shifted, leading to an increased activation
of alternative cell death pathways. As illustrated in Fig. 5, despite lower
concentrations of cisplatin, the activation of necroptosis, oxidative stress
induced senescence and ferroptosis cell death signalling pathways was
heightened, while the sub-pathways of autophagy, such as mitophagy
and macroautophagy, appear to lose their influence. Especially, oxida-
tive stress-induced senescence promotes cancer cell death, potentially
mediated by the downregulation of NRF2. ATM may exert its effects on
ROS through its interaction with NRF2, which could influence senes-
cence triggered by oxidative stress.

At this point, mutations present in the ATM gene may render the
response to cisplatin more resistant and lead to the activation of cell
death signalling pathways only at higher concentrations of cisplatin. In
the context of treatment development, employing combination thera-
pies that target distinct cell death pathways through different agents
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may represent a promising strategy rather than increasing drug dose
concentrations.

3.5. Quantitative real-time q-PCR for validating relative gene expression

To validate the microarray hybridization findings, we selected three
upregulated and three downregulated genes from both sets including
ATM ™/~ A549 and ATM™* A549 and performed quantitative PCR
(qPCR). The qPCR results were compared with the microarray data, and
linear regression analysis along with Pearson correlation coefficients
were calculated (Fig. 6A and B). The results were consistent with and
supportive of the microarray data. To demonstrate the activation of the
oxidative stress induced senescence signalling under ATM knockout,
qPCR was performed after cisplatin exposure for two and experimental
sets. In the ATM knockout A549 cancer cells following cisplatin expo-
sure, the results revealed an upregulation in the expression of CDKN2A,
IL8, and IL6, which play active roles in the oxidative stress-induced
senescence signalling pathway (Fig. 6C). Particularly, IL8 and IL6 are
two well-characterized factors involved in senescence [34,35].

3.6. Cell cycle analysis

ATM is an important part of cell cycle machinery. Thus, possible
mutations in ATM result in a change of the cell cycle process upon
specific cellular stimuli. Especially, the altered cellular responses after
drug treatment by existing mutations may open opportunities for cancer
cells to resist the detrimental effects of anticancer drugs. In the absence
of functional ATM, cisplatin-induced S-phase arrest decreased, but G2/
M arrest considerably increased even at low cisplatin concentrations
(Fig. 7).

3.7. Apoptosis

To investigate the effect of ATM knockout on apoptosis, we per-
formed an Annexin-V apoptosis assay. Following cisplatin exposure, an
increase in necrosis was observed under ATM knockout, whereas
apoptosis was more pronounced in wild-type cells (Fig. 8).

After cisplatin exposure, the percentage of necrotic (dead) cells
increased from 50.8 % to 60.3 % in ATM /~ A549 cells, whereas in
ATM '+ A549 cells, the percentage of necrotic (dead) cells rose from
6.11 % to 19.6 %. In ATM /~ A549 cells, apoptotic cells slightly
decreased from 2.44 % to 0.94%. In contrast, in ATM™* A549 cells,
apoptotic cells increased from 0.46 % to 5.84 %. These values represent
the average of three repetitions conducted at different times.

3.8. Detection of reactive oxygen species

We investigated the relation between ATM knockout and ROS by
different cisplatin concentrations. We measured increased ROS levels
depending on ATM knockout despite the exposure to only low concen-
tration of cisplatin (Fig. 9). By employing the microarray hybridization
technology, gene expression patterns were scrutinized to unravel the
intricate interplay between ATM knockout and the cellular defence
mechanisms against ROS. Our findings suggest that ATM knockout dis-
rupted the intricate network of genes involved in ROS defence, thereby
compromising the cell’s ability to combat oxidative stress.

3.9. Detection of cellular senescence

To determine the effect of ATM knockout on cellular senescence, we
performed f-galactosidase (p-Gal) staining. Despite exposure to lower
concentrations of cisplatin under ATM knockout, cellular senescence
was enhanced (Fig. 10). The percentage of cells exhibiting senescence
was higher under ATM knockout.
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Comparative transcriptomic analyses of ATM** and ATM"- A549 cell lines
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3.10. Single cell electrophoresis (comet assay) Especially, the alkaline comet assay is employed to assess oxidative DNA
damage. Knockout of the ATM gene leads to a ROS increase, which

In order to assess DNA damage in ATM*/* A549 and ATM /~ A549 exacerbated oxidative DNA damage, further supporting the tail forma-
cells, we utilized the alkaline comet assay (as shown in Fig. 11). tion observed in the comet assay. Moreover, the absence of ATM
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rendered cells more susceptible to the elevated ROS levels in the pres-
ence of cisplatin. The ATM knockout led to a significant increase in the
tail moment of cells in the comet assay following cisplatin exposure. In
contrast, we also observed a relatively lower comet tail moment in
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ATM "+ A549 cells. Cisplatin-induced DNA damage typically results in a
reduced tail moment due to the formation of interstrand crosslinks.
However, cisplatin not only causes DNA damage through the formation
of interstrand crosslinks but also induces oxidative stress by increasing
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ROS production, which may contribute to further DNA damage.

Our acquired data revealed a discernible disparity in the DNA
damage profiles, with the ATM '~ A549 cell line manifesting height-
ened susceptibility to cisplatin-induced damage at a concentration of
3.36 pM. In comparison, the wild-type cell line exhibited a reduced
percentage of DNA damage even upon exposure to a higher cisplatin
concentration (9.91 pM). This observed discrepancy suggests that the
absence of ATM renders cells considerably vulnerable to cisplatin.

4. Discussion

ATM, a key member of the phosphatidylinositol-3 kinase-related
kinase (PIKK) family, plays a crucial role in the DNA damage response
(DDR) by phosphorylating over 700 proteins, including p53, CHK2, and
MDM2 [36-39]. These phosphorylations initiate signalling pathways
such as apoptosis, senescence, and autophagy, maintaining cellular
homeostasis [40]. However, arising mutations in ATM disrupt these
mechanisms, contributing to aging, cancer progression, and therapy
resistance.
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Whole-genome sequencing studies reveal that ATM mutations,
particularly missense variants within the kinase domain, are prevalent
in therapy-resistant cancers [39,41,42]. These mutations reduce ATM’s
kinase activity or protein expression, leading to impaired DDR and drug
resistance [39,43]. However, the effect of mutations on drug resistance
remains elusive. Hence, we performed a comparative analysis of mul-
tiple datasets in this study to select most predictive biomarkers in 23
cancer types. A comprehensive mutational analysis of 23 proteins
involved in DSB mechanism was conducted across over 7500 tumors
representing distinct cancer types in three parameters. The findings
revealed that ATM exhibit the highest mutation frequency among the
analyzed proteins. Particularly, missense mutations were observed to be
the predominant type in ATM protein rather than frameshift and
nonsense mutations. Mutation analysis executed via c-BioPortal reveals
that the highest frequency of mutations in coding regions is observed in
stomach, colorectal, bladder, breast, prostate, kidney, skin, head and
neck, and lung cancer cases. These findings highlight the complex het-
erogeneity of various cancer cases, emphasizing the importance of
tailoring treatment strategies based on cancer type. This underscores the
necessity of developing personalized therapeutic approaches for effec-
tive cancer treatment management.

In addition, we conducted comprehensive bioinformatic analyses by
using c-BioPortal to evaluate the effects of 23 proteins involved in the
DSB mechanism across 23 different cancer types. From a broad
perspective, our findings revealed that the high expression of identified
biomarkers was associated with poor survival in liver, kidney, breast,
and lung cancer cases according to various parameters (as shown in
Supplementary Fig. 1). In the obtained data set, we observed that high
expression of ATM was linked to poor survival exclusively in breast
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cancer. For lung cancer, the high expression of RAD54B, XRCC6, XRCC3,
and DCLREIB was identified as biomarkers associated with poor sur-
vival outcomes in distinct parameters (as shown in Fig. 2).

Platinum-based chemotherapies are cornerstone treatments for
various cancers, exerting their cytotoxic effects primarily through DNA
damage and the induction of apoptosis [44,45]. Prolonged use of
platinum-based drug exposure increases mutation rates, altering drug
responses and enabling cancer survival via alternative pathways. The
most detrimental consequence of mutations is the limitation of cisplatin
efficacy due to the development of resistance [46]. Combination ther-
apies can delay resistance, but validating biomarkers as drug targets by
experimental studies is necessary [47]. Therefore, we performed cyto-
toxic experiments to observe the consequences of ATM knockout in the
presence of cisplatin. The results demonstrated that ATM knockout en-
hances cisplatin sensitivity. Considering the heterogeneity of mutations
across different cancer types, experimental analyses tailored to specific
cancer types are likely to provide greater opportunities for the devel-
opment of personalized treatments.

Mechanistic insights from expression profiling data disclose the un-
derlying mechanisms of increased cisplatin sensitivity. [48-52]. Senes-
cence is a complex phenotype characterized by distinct changes in
morphology, gene expression, metabolism, and other biological pro-
cesses that occur in a time-dependent manner [53]. Cellular senescence
is a fundamental stress response program that has evolved to serve
specific physiological functions, including embryonic development and
wound healing [54]. Currently, senescence is recognized as a highly
dynamic state that is neither strictly irreversible nor fully reversible
[54]. While ATM knockout has been previously shown to suppress
senescence, our transcriptomic analysis reveals that ATM knockout
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activates the oxidative damage induced senescence signalling pathway
[48,55]. This activation occurs through an imbalance in cell death
mechanisms caused by increased reactive oxygen species (ROS) levels.

In the presence of ATM, apoptosis is the predominant response to
cisplatin treatment. However, ATM knockout shifts the balance, pro-
moting necroptosis, ferroptosis, and oxidative damage-induced senes-
cence. ATM acts as a defence mechanism, maintaining ROS levels within
a manageable range [56]. If inhibited, ROS levels rise, triggering alter-
native cell death pathways to restore cellular homeostasis. Despite lower
cisplatin concentrations, ROS accumulation was significantly higher in
ATM knockout cells compared to wild-type A549 cancer cells, enhancing
cisplatin sensitivity through oxidative damage-induced senescence.

To further investigate these mechanisms, we employed Ingenuity
Pathway Analysis (IPA) and Chipster software to identify key genes
involved. Our findings reveal a critical interplay between ATM and
nuclear factor (erythroid-derived 2)-like 2 (NRF2). NRF2 is known as a
central transcription regulator of the antioxidant response [57-59].
NRF2 downregulation following ATM knockout reduces cellular resil-
ience to oxidative stress, exacerbating ROS accumulation. Previously,
NRF2 inhibition suppressed the DNA damage response (DDR) by
downregulating ATM and ATR expression, highlighting a critical feed-
back loop essential for maintaining cellular integrity [59]. However,
there is no evidence of regulatory crosstalk between ATM and oxidative
stress induced senescence through NRF2 downregulation.

The key point here is that prolonged cisplatin exposure, resulting in
an increased mutation rate, may lead to changes in the drug’s response.
One of the potential reasons for resistance may be the inability of
apoptotic signalling pathways to function as required in the presence of
ATM. Existed mutations associated with ATM may hinder the cellular
response to the administered drug. However, a potential solution to
acquired resistance in cancer patients could be the activation of other
cell death pathways through modified combination therapy strategies.
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