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Simple Summary: DNA damage response (DDR) is a multi-factor network that is responsible for the removal
of DNA lesions, thus enabling cells to function normally. An imbalance between the generation of reactive
oxygen species and their removal by defense mechanisms is known as oxidative stress. Previous studies
demonstrated that deregulation of the DDR network and redox imbalance are implicated in the onset and
progression of several diseases, including cancer, as well as in the outcome of chemotherapy. In this study, we
found that DDR-associated parameters and the intracellular redox status display significant differences among
lung cancer patients at baseline and correlate with the clinical responses to subsequent platinum-based therapy.
The exploitation of these results might lead to the identification of new therapeutic targets, the design of
effective and sensitive biomarkers and the development of new therapeutic regimens for the treatment of this
devastating malignancy.

Abstract: Background/Objectives: DNA damage response (DDR) is a network of molecular pathways
associated with the pathogenesis and progression of several diseases, as well as the outcome of chemotherapy.
Moreover, the intracellular redox status is essential for maintaining cell viability and controlling cellular
signaling. Herein, we analyzed DDR signals and redox status in peripheral blood mononuclear cells (PBMCs)
from lung cancer patients with different response rates to platinum-based chemotherapy. Methods: Several
DDR-associated signals and redox status, expressed as the GSH/GSSG ratio, were measured in two lung cancer
cell lines (A549, H1299), two normal fibroblast cell lines (WS1, 1BR3hT) and PBMCs from 20 healthy controls
and 32 lung cancer patients at baseline (17 responders and 15 non-responders to subsequent platinum-based
chemotherapy). Results: Higher levels of endogenous/baseline DNA damage, decreased GSH/GSSG ratios and
augmented apurinic/apyrimidinic sites, as well as lower nucleotide excision repair (NER) and increased
interstrand cross-links (ICL) repair efficiencies were observed in lung cancer cell lines compared with normal
ones (all P<0.05). Moreover, PBMCs from lung cancer patients showed reduced GSH/GSSG ratios, augmented
apurinic/apyrimidinic sites, decreased NER and ICL repair capacities and lower apoptosis rates, compared
with healthy controls (all P<0.001). Interestingly, PBMCs from responder patients are characterized by reduced
GSH/GSSG ratios, augmented apurinic/apyrimidinic sites, decreased NER and ICL repair capacities and higher
apoptosis rates, compared with non-responders patients (all P<0.01). Conclusions: Together, DDR-associated
parameters and redox status measured in PBMCs from lung cancer patients at baseline are associated with the
therapeutic benefit of platinum-based chemotherapy.

Keywords: DNA Damage Response (DDR); lung cancer; PBMCs; platinum-based chemotherapy;
clinical response; redox status; oxidative stress; apurinic/apyrimidinic (AP) sites; Nucleotide
Excision Repair (NER); Interstrand Cross-links Repair (ICL/R)

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202411.2073.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 November 2024 d0i:10.20944/preprints202411.2073.v1

1. Introduction

Lung cancer remains one of the most-diagnosed malignant diseases over decades, characterized
by high mortality rates, with over 2 million cases per year rising worldwide [1]. Based on the
histology of the cancer cells, lung cancer can be categorized into two types, small cell lung cancer
(SCLC) that comprises about 15% of lung cancers and non-small cell lung cancer (NSCLC) that
accounts for 85% of all cases and can be further subdivided into three histological types:
adenocarcinoma, large cell carcinoma and squamous cell carcinoma [2]. Despite considerable
progress in understanding, diagnosing and treating the disease, further advances seem obligatory.
One major challenge appears to be the identification of accurate predictive biomarkers that can be
utilized in the clinic to improve treatment design [3].

Lung cancer has early been related to cigarette smoking and many carcinogenic compounds
have been identified in tobacco ever since [4]. These substances induce DNA damage contributing to
genomic instability associated with the high mutational burden of lung cancer cells. Nevertheless, a
significant percentage of patients who develop lung cancer have not ever used tobacco, implying
further DNA damaging factors such as environmental pollution, radiation, exposure to industrial
hazardous agents etc. pose as risk factors, interplaying with genetic predisposition [5,6].

The human genome is constantly exposed to multiple exogenous (genotoxic chemicals, UV light,
ionizing radiation, etc.) and endogenous DNA damaging factors (e.g., oxidation, alkylation,
hydrolysis, mismatch of DNA bases) [7-9]. Genotoxic stress may also emerge from several cellular
processes, such as replication and transcription [10,11]. Specifically, the generation and response to
Reactive Oxygen Species (ROS) remain among the most well-studied genotoxic mechanisms, as
cancer cells are frequently characterized by impaired regulation of ROS. Several pathways are
involved in ROS regulation as their function is critical for cell signaling and metabolism. Disrupted
ROS levels lead to pathological outcomes and disease development [12,13], while redox status has
been highlighted as critical for both cancer progression and chemotherapy response [14]. Particularly
in lung cancer, evidence suggests that oxidative stress is critical for the onset and progression of the
disease, as lungs are more susceptible due to their exposure to oxygen and blood circulation [15].
Moreover, ROS are capable of directly inducing DNA lesions, including oxidized purines and
pyrimidines, single-strand breaks (SSBs), double-strand breaks (DSBs) and abasic (AP;
apurinic/apyrimidinic) sites [16-18]. Specifically, AP-sites are common DNA lesions that may occur
both spontaneously, due to oxidative stress, and as intermediates of DNA repair pathways, such as
Base Excision Repair (BER) [19]. Repair of AP-sites includes their cleavage and SSBs formation that
may result in DSBs during DNA replication. As such, AP-sites levels have been suggested as a
possible biomarker for oxidative stress and BER capacity, while it has been proposed that could even
predict survival in resected NSCLC patients [19]. Moreover, a key factor of BER, the
Apurinic/apyrimidinic endonuclease 1 (APE1), has been underlined as a therapeutic target in
NSCLC, as its inhibition resulted in excessive DNA damage and augmented tumor cell death in vitro
and in vivo [20].

Interestingly, genotoxic drugs like platinum-based compounds have been reported to induce
oxidative stress-related cytotoxic effects, either by directly generating ROS or by blocking the
antioxidant system [21-23]. As a result, redox status appears to be crucial for response to
chemotherapy-based treatment [14,24-26]. Glutathione, a key antioxidant factor, has been found to
react with cisplatin and regulate resistance to this drug [26-30]. GSH, the reduced form of
glutathione, binds and deactivates cisplatin molecules, thus preventing them from reaching the DNA
and forming adducts [28,29]. In parallel, GSH reacts with the cisplatin-induced ROS, interfering with
ROS-mediated cytotoxicity [29]. In particular, cisplatin cytotoxicity depends on the glutathione levels
and the expression of the nuclear factor erythroid 2-related factor 2 (NRF2), which controls the
transcription of glutathione components in lung cancer [29] and other tumor cells [31].

To confront the above challenges and ensure genomic stability, cells have developed a complex
system of molecules and pathways, commonly known as the DNA damage response (DDR) network,
including sensors of the lesion sites, cell cycle kinases, signaling cascades and effector proteins that
maintain genomic integrity [32,33]. Disruption of the function of DDR network contributes to
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genomic instability and is involved in tumorigenesis. Furthermore, recent data have shown that DDR
strongly impacts the immune system suggesting crucial therapeutic implications [34,35]. Specifically,
defects in repair mechanisms may lead to the accumulation of cytosolic DNA resulting in stimulation
of innate immune response and/or genomic mutations. These effects increase tumor mutational
burden and levels of MHC-presented neoantigens, thus potentiating anti-tumor immune response
[36-38].

Lung cancer is currently commonly treated with chemotherapy, molecular-targeted therapy,
immunotherapy, radiation therapy and surgery [1,2]. The standard of care for most advanced
NSCLC-patients includes platinum-based chemotherapy [39], thanks to its cytotoxicity. These drugs
function by inducing the formation of DNA monoadducts that are almost exclusively repaired by
nucleotide excision repair (NER), and interstrand cross-links (ICL), which are repaired by NER,
translesion synthesis, Fanconi anemia pathway, homologous recombination (HR) and
nonhomologous end-joining (NHE]) [18].

In this study, we tested the hypothesis that redox status and DDR-related parameters of lung
cancer patients at baseline correlate with therapeutic benefit from subsequent platinum-based
treatment. Towards this, we evaluated GSH/GSSG ratio (a reliable estimation of cellular redox status),
apurinic/apyrimidinic sites, and several DDR parameters, including the endogenous/baseline DNA
damage, the efficiencies of critical DNA repair mechanisms and the apoptosis rates in normal and
lung cancer cell lines, as well as in peripheral blood mononuclear cells (PBMCs) from healthy controls
and lung cancer patients at baseline.

2. Materials and Methods

2.1. Patients

A total of 32 lung cancer patients were included in this study: seventeen (n = 17) patients with
partial response to therapy (PR; 3 females/14 males; median age, 66 years; range, 49-82) , five (n =5)
with stable disease (SD; 2 females/3 males; median age, 68 years; range, 65-76) and ten (n = 10) with
progressive disease (PD; 3 females/7 males; median age, 68.5 years; range, 62-81) (Table 1). Twenty
(n=20) healthy individuals were also included as controls (HC; 8 females/12 males; median age 61.4
years; range, 41-82). PBMCs were isolated from freshly drawn peripheral blood and purified using
the standard Ficoll gradient centrifugation, as previously described [40]. Cells were resuspended in
freezing medium (90% Fetal Bovine Serum, 10% Dimethyl sulfoxide) and stored at -80°C until further
processing. The study was approved by the Institutional Review Board of Soteria Hospital (No.
15627/11.6.2020 and 25950/10.10.2022), and all subjects provided informed consent. The study was
conducted according to the Declaration of Helsinki.

Table 1. Patients and disease characteristics.

Patients (N=32)

Characteristic N Years % of Total
Sex
Male 24 - 75
Female 8 - 25
Age
Median - 67.5 -
Range - 49-82 -
Histology
squamous 10 - 31,3
Non-squamous 17 - 53,1
Small cell 5 - 15,6
Stage
I-1I/LD 4 - 12,5

I 7 - 21,9
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4
v 21 - 65,6
Smoking
Never 3 - 9,3
Current 3 - 9,3
Former 24 - 75
PD-L1 expression
<1% 7 - 21,9
1-50% 7 - 21,9
>50% 7 - 21,9
Therapy
Chemotherapy 18 - 56,2
Chemotherapy - 14 i 5,8
Immunotherapy combination
Response
PR 17 - 53,1
SD 5 - 15,6
PD 10 - 31,3

2.2. Cell Lines

Human 1BR3hT cells (immortalized normal skin fibroblasts; provided by Dr. Maria Fousteri,
Institute for Fundamental Biomedical Research, BSRC "Alexander Fleming") and H1299 cells
(epithelial-like non-small-cell lung carcinoma; provided by Prof. Athanassios Kotsinas, National and
Kapodistrian University of Athens) were maintained in Dulbecco’s modified Eagle’s medium
(DMEM), supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. Human
A549 cells (non-small-cell lung carcinoma; provided by Dr. Panagiotis Georgiadis, National Hellenic
Research Foundation) were maintained in DMEM/Ham’s F12 (1:1) medium supplemented with 10%
FBS and 1% penicillin-streptomycin. Human WS1 cells (normal skin fibroblasts; provided by Dr.
Panagiotis Georgiadis, National Hellenic Research Foundation) were maintained in DMEM,
supplemented with 1% non-essential amino acids, 10% FBS and 1% penicillin-streptomycin.

2.3. Measurement of Nucleotide Excision Repair (NER) — Alkaline Comet Assay

To assess the NER capacity of cell lines or PBMCs, cells were irradiated with ultraviolet C (UVC)
(100 J/m? and 5 J/m? respectively), incubated in the appropriate culture medium for 0-6h at 37°C,
harvested and stored in freezing medium at -80°C. DNA damage was measured using alkaline comet
assay as follows: an appropriate cell suspension was diluted in 120pl of 1% low-melting point agarose
and 70ul were loaded onto glass slides pre-coated with 1% standard agarose and covered with
coverslip. Slides were then left to dry at 4°C for 30min. Next, slides were covered with an alkaline
lysis buffer (NaCl 2.5 M, EDTA 0.1 M, Tris 0.01 M; pH=10 and 1% Triton X-100) for 2h at 4°C. After
lysis, slides were placed in an electrophoresis tank. Electrophoresis was performed at 25V, 225mA
for 30min in the comet assay tank at 4°C. Afterward, slides were washed in neutralizing buffer (0.4
M Tris; pH=7.5) and, subsequently, deionized H:O, and left to dry overnight. After staining with
SYBR™ Gold nucleic acid gels stain (Thermo Fisher Scientific, #511494), slides were photographed
with a 10x microscopy lens under UV light. Comet parameters (Olive Tail Moment-OTM) were
analyzed by Image ] Analysis/Open Comet v1.3.1 (https://cometbio.org/). For each sample, 2 gels
were scored and the average OTM value of 150 cells was calculated.

2.4. Measurement of the Interstrand Cross-Links Repair

Cell lines or PBMCs were treated with cisplatin (25pg/ml and 5pg/ml respectively) for 3h at 37°C
in the appropriate culture medium, incubated in drug-free medium for 0-24h at 37°C, harvested and
stored in freezing medium at -80°C. The ICL repair was measured using Southern blot analysis, as
described previously [41].
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2.5. GSH/GSSG Ratio and Abasic Sites

The GSH/GSSG ratio was measured using a luminescence-based system that detects and
quantifies total glutathione (GSH+GSSG), oxidized glutathione (GSSG) and the GSH/GSSG ratio,
according to manufacturer’s protocol (GSH/GSSG-Glo Assay, #V6612, Promega). Abasic sites were
evaluated using the OxiSelect Oxidative DNA Damage Quantitation Kit (Cell Biolabs; #STA-324)
according to the manufacturer’s protocol.

2.6. Apoptosis Rates

PBMCs were incubated with variable cisplatin doses (0-150 pg/ml) for 3h at 37°C in complete
RPMI-1640 medium and then cultured in cisplatin-free medium for 24h. Apoptosis rates were
measured using the Cell Death Detection ELISA PLUS kit (Roche Diagnostics Corp., #11.774.425.001,
Mannheim, Germany). Experiments were performed as described by the manufacturer.

2.7. Western Blot Analysis

Cell lysates were prepared in RIPA Lysis Buffer System (Santa Cruz Biotechnology, #sc-24948)
according to the manufacturer’s protocol. Protein electrophoresis was performed in 4-20% FastGene
PAGE Gels (Nippon Genetics, #PG-5420) with MOPS buffer (Nippon Genetics, #PG-MOPS10).
Subsequently, the proteins were transferred to nitrocellulose membranes (GE Healthcare, Amersham
Protran 0.45um, #10600002), which were incubated for 1h at room temperature with 5% nonfat dry
milk in Tris-buffered saline-Tween 20 (TBST) followed by incubation with primary antibodies (Cell
Signaling Technology; YH2AX, #80312; 3-tubulin, #15115]; 3-actin, #3700) diluted in either nonfat dry
milk or BSA (5%) in TBST overnight at 4°C. Then, the membranes were washed with TBST and
incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (Cell Signaling
Technology; anti-mouse IgG: HRP, #7076S; anti-rabbit IgG: HRP, #7074S) for 1h at room temperature.
After washing with TBST, the bound antibody complexes were visualized using the Pierce™ ECL
Western Blotting Substrate (Thermo Scientific, #32106) and BioRad Gel Doc XR Imaging Systems.

2.8. Statistical Analysis

Unpaired t test with Welch's correction was applied for p-value determination. The results were
of statistical significance when P < 0.05. All statistical analyses and graph design were carried out
with GraphPad Prism 8.0.1. The mean + SD was used to present the data.

3. Results

3.1. DDR-Associated Parameters in Lung Cancer Cell Lines

DDR-related signals were analyzed in two lung cancer cell lines (A549, H1299) and two normal
fibroblast cell lines (WS1, 1BR3hT). For all parameters examined, similar results were obtained for
the cell lines of each group. First, the endogenous/baseline DNA damage was evaluated using
alkaline comet assay, which measures SSBs and/or DSBs. As seen in Figure 1A, the
endogenous/baseline DNA damage was found to be significantly higher in lung cancer cell lines than
in normal ones (P <0.001), showing accumulation of DNA lesions in malignant cells when there is no
known exogenous genotoxic attack. To further investigate the formation of the endogenous/baseline
DNA damage, we measured intracellular factors that lead to the formation of SSBs and DSBs, such
as redox dysregulation and AP-sites. Interestingly, the GSH/GSSG ratio was found decreased, while
AP-sites were augmented in cancer cells, compared with the normal ones (all P <0.001; Figure 1B, C).
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Figure 1. DDR-associated parameters in cell lines at baseline. (A) Bar charts showing the
endogenous/baseline DNA damage in normal and lung cancer cell lines measured by comet assay.
(B) Redox status expressed by the GSH/GSSG ratio at untreated cell lines. (C) Baseline AP-sites levels
for all cell lines. Error bars represent SD; ***P < 0.001. The experiments shown were based on a
minimum of three independent repeats.

Then, the efficiency of NER was evaluated. That is, all cell lines were irradiated with 100 J/m?2
UVC, which induces cyclobutane pyrimidine dimers (CPDs) and 6—4 photoproducts (6-4PPs), DNA
lesions that are repaired by the NER pathway [42], and the DNA damage was measured using
alkaline comet assay (Figure 2A). Significant differences in the efficiencies of NER were found
between malignant and normal cell lines. Indeed, lung cancer cell lines showed reduced NER
efficiency compared with normal cells (Figure 2B), resulting in higher UVC-induced DNA damage
accumulation in malignant cells, expressed as the Area Under the Curve (AUC) for DNA damage
during the whole experiment (0-6h) (P < 0.001; Figure 2C). Moreover, in both lung cancer and normal
cell lines we found that UVC irradiation reduced the GSH/GSSG ratio and increased AP-sites (P <
0.05; Figure 2D, E). Although kinetic patterns of UVC-induced AP-sites showed no significant
differences between lung cancer and normal cells (Figure 2E), augmented accumulation of AP-sites
was found in the lung cancer cell lines (P < 0.001; Figure 2F), due to increased levels of
endogenous/baseline AP-sites in these cells. Together, these data suggest that the increased
endogenous/baseline levels of DNA damage found in malignant cells may result, at least partly, from
disruption of redox homeostasis and the subsequent formation of AP-sites.
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Figure 2. DNA damage response signals in cell lines after UVC irradiation. (A) Alkaline comet assay
images of A549 lung cancer cell line at baseline and at different time-points after UVC irradiation. (B)
The kinetics of UVC-induced NER-repaired adducts using alkaline comet assay and (C) total amounts
of DNA damage expressed as AUC for DNA damage during the whole experiment (0-6h). (D) Redox
status and (E) AP-sites at different time-points after UVC irradiation. (F) Total amounts of AP-sites
expressed as AUC. Error bars represent SD; *P < 0.05, **P < 0.01, ***P < 0.001. The experiments shown
were based on a minimum of three independent repeats.

To study the efficiency of the ICL repair, cell lines were treated with 25pg/ml cisplatin for 3h
and the kinetics of ICL repair was followed for up to 24h after treatment. Significant differences in
the cisplatin-induced ICL burden were found between malignant and normal cell lines, with lung
cancer cells showing slightly higher ICL repair capacity (P < 0.05; Figure 3A). In addition, in both
lung cancer and normal cell lines, cisplatin treatment resulted in reduction of GSH/GSSG ratio (Figure
3B) and higher levels of AP-sites (Figure 3C); maximal effect on both factors analyzed was observed
at the end of the 3-h cisplatin treatment (time-point, T0). Importantly, significant differences were
observed in the GSH/GSSG ratio and AP-sites kinetic patterns after cisplatin treatment between lung
cancer and normal cells, with the malignant cells returning to baseline levels much faster than normal
cells. Moreover, robustly higher total amounts of AP-sites expressed as AUC were found in malignant
than in normal cell lines (Figure 3D). Next, the cisplatin-induced phosphorylation of H2AX at the
serine residue 139, as a marker of DSBs, was also evaluated. In all cell lines analyzed, maximal levels
of YH2AX were observed at the 24h time-point (Figure 3E).
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Figure 3. DDR-associated parameters in cell lines following cisplatin treatment. (A) The total
amounts of cisplatin-induced ICLs expressed as AUC for DNA damage. (B) Redox status and (C) AP-
sites at different time-points after cisplatin treatment. (D) Total amounts of AP-sites expressed as
AUC. (E) Western blots showing the amounts of YH2AX at different time-point after cisplatin
treatment. B-tubulin and B-actin were used as loading controls. Error bars represent SD; *P < 0.05, **P
<0.01, **P < 0.001. The experiments shown were based on a minimum of three independent repeats.

3.2. DDR Signals in PBMCs from Lung Cancer Patients

To test the hypothesis that DDR-associated signals and redox status are implicated in the
response to platinum-based chemotherapy, changes in the DDR parameters and the GSH/GSSG
ratios were evaluated in PBMCs from 20 healthy controls and 32 lung cancer patients at baseline (17
responders and 15 non-responders to subsequent platinum-based chemotherapy).

Firstly, factors implicated in the formation of DNA damage were evaluated. In line with our
previous data [43] and the cell lines’ results, compared with PBMCs from healthy individuals,
patients’ cells exhibited significantly lower GSH/GSSG ratio (Figure 4A) and higher burden of AP-
sites (Figure 4B) at baseline (all P < 0.001). Interestingly, responders to subsequent chemotherapy
were characterized by significantly lower baseline GSH/GSSG ratio and higher baseline levels of AP-
sites compared to non-responders (all P < 0.001; Figure 4A, B). In addition, the lowest doses of
cisplatin required for the induction of apoptosis at 24h were significantly higher in PBMCs from
patients at baseline compared with healthy controls (all P < 0.001), indicating that patients’” PBMCs
exhibited significantly decreased apoptosis rates (Figure 4C). In particular, non-responders at
baseline exhibited significantly lower apoptotic rates than responders, as their samples required the
highest cisplatin dose for apoptosis induction (all P < 0.001; Figure 4C).
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Figure 4. DDR-associated parameters in PBMCs at baseline (A) Bar charts showing the
endogenous/baseline redox status expressed by the GSH/GSSG ratio at PBMCs from healthy controls
(HC) and patients, responders (R) and non-responders (NR) to subsequent chemotherapy-based
treatment. (B) Baseline AP-sites levels for PBMCs. (C) Apoptosis rates at baseline for PBMCs. Error
bars represent SD; *P < 0.05, **P < 0.01, ***P <0.001. The experiments shown were based on a minimum

of three independent repeats.

Subsequently, NER efficiency was analyzed in PBMCs following irradiation with 5 J/m? UVC.
In line with our previous data [43] and the cell lines’ results, significantly lower NER capacity was
observed in lung cancer patients compared with healthy controls, resulting in higher accumulation
of NER-repaired lesions in patients’ PBMCs (P < 0.01). Intriguingly, patients who responded to
subsequent platinum chemotherapy showed significantly lower rates of NER compared with both
non-responders and healthy controls, resulting in significantly higher DNA damage burden in
responders’ cells (all P < 0.001; Figure 5A, B). Non-responders exhibit similar DNA damage levels to
healthy controls, suggesting that impaired NER efficiency might be crucial to chemotherapy
response.

In addition, we found that, in a 6-hour time frame after UVC irradiation, patients’ samples were
characterized by lower GSH/GSSG ratio and higher UVC-induced AP-sites than healthy controls,
with responders showing the lowest GSH/GSSG ratio and the highest levels of AP-sites (all P <0.01;
Figure 5C, D, E).
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Figure 5. DDR signals in PBMCs after UVC irradiation. (A) The kinetics of UVC-induced DNA
lesions using alkaline comet assay and (B) total amounts of DNA lesions expressed as AUC in PBMCs
from healthy controls and lung cancer patients. (C) Redox status and (D) AP-sites at different time-
points after UVC irradiation of PBMCs. (E) Total amounts of AP-sites expressed as AUC. Error bars
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represent SD; *P < 0.05, **P < 0.01, ***P < 0.001. The experiments shown were based on a minimum of

three independent repeats.

Next, to investigate the ICL repair efficiency, PBMCs were treated ex vivo with 5pg/ml cisplatin
for 3h and the ICL levels were analyzed up to 24h after treatment. We found that lung cancer patients
showed significantly lower ICL repair capacity than healthy controls, as depicted by higher DNA
damage burden after cisplatin treatment (P < 0.001). In line with the NER capacity, responders’ cells
showed much lower ICL repair capacity than non-responders, resulting in significantly higher
accumulation of ICLs in responders’ PBMCs (P < 0.001, Figure 6A, B). Once again, non-responders
show DNA damage levels equivalent to the ones of healthy controls. The GSH/GSSG ratio and AP-
sites within 24 hours after cisplatin treatment were also evaluated. Significantly lower GSH/GSSG
ratio and higher levels of AP-sites were obtained in patients’” samples compared with healthy
controls, with responders presenting significantly diminished GSH/GSSG ratio and augmented levels
of AP-sites compared to non-responders (all P <0.001; Figure 6C, D, E).
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Figure 6. DNA damage response parameters in PBMCs after the ex vivo cisplatin treatment. (A)
The kinetics of cisplatin-induced ICLs and (B) total amounts of ICLs expressed as AUC for DNA
damage in PBMCs from healthy controls and lung cancer patients. (C) Redox status and (D) AP-sites
at baseline and after cisplatin treatment. (E) Total amounts of AP-sites expressed as AUC in PBMCs.
Error bars represent SD; *P < 0.05, **P < 0.01, ***P < 0.001. The experiments shown were based on a
minimum of three independent repeats.

4. Discussion

The development of drug resistance poses a significant challenge to platinum-based
chemotherapy, a crucial treatment regimen employed in the therapeutic management of several
malignancies, including lung cancer [44]. Cisplatin kills cancer cells by creating intra- and inter-
strand DNA cross-links that cause genotoxic stress and cytotoxicity. Oxidative stress and ROS
generation are also linked to cisplatin's cytotoxic effects [21,24-27]. Therefore, in this study we tested
the hypothesis that redox status and DDR-related signals measured in PBMCs from lung cancer
patients might correlate with therapeutic response to platinum-based therapy.

Firstly, the redox status, expressed as the GSH/GSSG ratio was assessed. In line with previous
studies showing that in cancer cells a number of variables, such as hypoxia, aerobic glycolysis, and
oncogene activation, disrupt the redox balance and lead to ROS accumulation, we found that PBMCs
from lung cancer patients showed lower GSH/GSSG ratio than healthy controls. Prior research has
demonstrated a robust association between lung cancer and redox imbalance [45]. In fact, patients
with lung cancer had higher levels of oxidative stress biomarkers, including 8-oxodG and
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malondialdehyde, as well as reduced levels of antioxidative biomarkers, such as red cell superoxide
dismutase and glutathione peroxidase activities [46]. Of note, chronic inflammation of the lung tissue
is known to be associated with lung cancer [47]. Interestingly, cigarette smoke is known to increase
inflammation by raising the number of inflammatory immune cells in the airways and causing the
release of proinflammatory cytokines including GMCSF, TNF-«, IL-1, IL-6 and IL-8 [48].
Furthermore, DNA damage can also result in elevated ROS, which can further exacerbate oxidative
damage, creating a vicious cycle and raising the burden of DNA damage. Given that the oxidative
damage caused by ROS within cells leads to modifications of DNA bases, the greater numbers of AP-
sites observed in the lung cancer patients examined herein may be explained by increased oxidative
stress.

Importantly, significant differences in the redox status were found between patients sensitive or
resistant to subsequent platinum-based therapy. Indeed, we found that PBMCs from responders are
characterized by lower baseline and cisplatin-induced GSH/GSSG ratios, compared with non-
responders patients. Previous studies have shown that the increase in cellular GSH plays a crucial
role in cisplatin resistance because of its detoxification effect [49]. That is, before attaching to DNA,
many platinum molecules form a Pt(GS)2 conjugate with GSH, which is subsequently removed from
the cell. Even though this conjugation may deplete the antioxidant reservoir of the cells and result in
oxidative stress, high levels of GSH lower the quantity of reactive cisplatin, thus limiting its
anticancer effectiveness [50]. Therefore, it would be expected that an increase in GSH synthesis in
cancer cells will cause resistance to platinum-based regimens.

Since the generation of ROS following treatment with many anticancer drugs may augment the
treatment efficacy, there is growing interest in combining ROS-inducing agents with chemotherapy
[561-53]. Indeed, pro-oxidative anticancer drugs, including curcumin and its derivatives, Choline
Tetrathiomolybdate =~ (ATN-224), 15-Deoxy-Delta-12,14-prostaglandin ]2  (15d-PGJ2), 2-
Methoxyoestradiol and carnosol are in various stages of research and development [54]. On the other
hand, oxidative stress disrupts cellular processes, including the regulation of cell cycle, apoptosis,
and DNA repair mechanisms that are essential for antineoplastic agents to exert their maximum
cytotoxicity on cancer cells [55]. This results in the increased lipid peroxidation products, the decrease
in blood plasma's capacity to trap radicals, the reduction of the plasma levels of beta-carotene,
vitamin C and vitamin E, the induction of oxidative DNA damage, as well as the decrease in tissue
glutathione levels after chemotherapy [56]. Thus, oxidative stress can also adversely affect normal
tissues that undergo rapid proliferation, such as the heart, liver, lungs, kidneys, and gastrointestinal
system [57]. Moreover, other adverse events, such as tumor cells adaptation to oxidative stress and
cell cycle changes by oxidative stress, decrease the effectiveness of chemotherapy and induce cancer
metastasis and recurrence [58]. Interestingly, combination treatment including antioxidants to reduce
the side effects of chemotherapy might potentially decrease the efficacy of anticancer agents [59].

Since cisplatin cytotoxicity is mainly due to its ability to cause DNA damage, DNA repair
capacity is expected to be one of most important cisplatin-resistance mechanisms. In this study, we
found that lung cancer patients exhibited decreased NER and ICL repair capacities, compared with
healthy controls. NER pathway is an important repair mechanism, as it is responsible for the repair
of a variety of DNA lesions caused by multiple factors such as UV light, ionizing irradiation, ROS
and chemotherapeutic drugs, including cisplatin [60]. Evidence has suggested that this pathway may
be inhibited in lung cells exposed to tobacco smoke [61], with a recent study showing correlations
between NER mutations and smoking status in NSCLC patients [62]. Specifically, an ERCC1 genetic
polymorphism was found to be increased in heavy smokers NSCLC patients [62]. ERCC1 is known
to be indispensable for NER pathway and it has been previously implicated with chemoresistance in
lung adenocarcinoma [63]. Moreover, our previous study has shown deregulation of the genes
encoding for the NER-related molecular components of the heterodimer DDB complex (DDB1 and
DDB?2) in lung cancer patients [45]. In line with the NER results, herein we found that PBMCs derived
from lung cancer patients are characterized by decreased ICL repair capacities. In addition, we found
reduced apoptosis rates in lung cancer patients. These results are in accordance with previous data
showing that the absence of apoptotic regulation prolongs the life of cancer cells and provides more
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time for mutations to accumulate, which might enhance invasiveness as the tumor grows, deregulate
differentiation pathways and promote angiogenesis [43]. Corresponding results on most DDR-
related parameters were also obtained in cell lines experiments, thus further validating the broad
applicability of our results. Interestingly, lung cancer cell lines additionally showed higher
endogenous/baseline DNA damage (both single- and double strand breaks) compared to normal
fibroblasts, partly due to the elevated levels of oxidative stress that were found in malignant cell lines.

Importantly, significant differences in the NER and ICL repair capacities were observed between
lung patients sensitive or resistant to subsequent platinum-based therapy. Indeed, following
treatment with UVC or cisplatin, limited lesion accumulation in non-responders’ PBMCs was found,
probably emerging from excessive DNA repair activity of both NER and ICL repair mechanisms,
resulting in strong resistance to apoptosis in non-responders samples. These results are in line with
previous studies in solid tumors, including lung cancer [64-67], head and neck cancer [68-71],
ovarian cancer [45,72,73], testicular cancer [72] and colorectal cancer [22], as well as in hematologic
malignancies [74-78]. These results suggest that it might be possible to predict chemotherapy
outcomes by measuring DDR signals in PBMCs derived from cancer patients.

5. Conclusions

In order to protect against genotoxic effects, cells have developed a number of genome-
protection mechanisms, which collectively referred to as DNA damage response network.
Interestingly, dysregulation of this system has been linked to the onset and progression of multiple
diseases, such as cancer, as well as the response to therapies that cause damage to DNA. In addition,
multiple diseases, such as cancer, are caused by disruption of redox homeostasis, which is necessary
for human health, with oxidative stress also playing a crucial role in the cytotoxicity of platinum
drugs. Therefore, herein we investigated the relationship between the therapeutic benefit of
platinum-based regimens, the redox status and the DDR-related signals of PBMCs derived from
patients with lung cancer at baseline. We found that redox status expressed as the GSH/GSSG ratio,
the apurinic/apyrimidinic sites, the DNA repair capacity of critical DNA repair mechanisms, namely
NER and ICL repair, and the apoptosis rates display significant differences among patients and
correlate with the clinical responses to platinum-based therapy. These findings might be exploited as
tools to design novel non-invasive predictive biomarkers and might contribute to the identification
of lung cancer patients who are more likely to benefit from this type of therapy.
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