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Abstract 

Purpose: Concomitant cisplatin (CP)-based chemo-radiotherapy is a standard-of-care 

regimen for non-small cell lung cancer (NSCLC), but intrinsic and acquired resistance to 

CP and ionizing radiation (IR) severely limits clinical efficacy. The MRN complex is 

essential for DNA double-strand break (DSB) repair and coordinates the cellular response 

to both IR-induced lesions and CP-mediated crosslinks. This study investigated the 

interaction between CP-induced adduct formation and IR-driven DSBs, evaluating 

whether inhibiting the MRE11 subunit of the MRN complex can selectively reverse 

resistance and enhance chemo-radiosensitivity in platinum-resistant NSCLC. 

Methods: A panel of nine NSCLC cell lines and two non-transformed human dermal 

fibroblast models were examined. Cellular responses to CP, IR, or their combination were 

evaluated via clonogenic survival and cell cycle analysis. Pt-GpG crosslink kinetics were 

quantified, and the DNA damage response (DDR) was monitored by tracking H2AX, 

53BP1, and RAD51 foci formation. Pharmacological MRE11 inhibition was achieved 

using the small-molecule inhibitor mirin. 

Results: Based on 72-hour half-maximal inhibitory concentrations, IC50, NSCLC lines 

were stratified into CP-sensitive (IC50< 2µM) and CP-resistant (IC50> 2µM) cohorts. CP 

significantly enhanced the radiosensitivity of the most CP sensitive cell lines, without an 

effect on radiosensitivity cell lines resistant for cisplatin. Initial Pt-GpG adduct burden did 

not correlate with baseline CP sensitivity. While CP triggered S- and G2/M-phase arrest 

across all lines, mirin selectively enhanced the radiosensitivity of CP-resistant NSCLC 

cells (A549, H1299, H838, H520, and H23; with the exception of H1975). Mechanistically, 

mirin significantly elevated Pt-GpG adduct retention and disrupted downstream DDR 

signaling (53BP1 and RAD51 foci formation) in these resistant tumor cells. In stark 

contrast, mirin significantly reduced adduct accumulation and slightly increased post-

irradiation survival in normal fibroblasts, leaving their primary DDR signaling intact. 

Conclusions: MRE11 inhibition via mirin selectively disrupts DDR signaling and 

promotes cisplatin-adduct retention in platinum-resistant NSCLC cells while sparing non-

transformed tissues. These findings establish MRE11 as a promising therapeutic target 

to overcome chemo-radioresistance in refractory lung carcinomas while protecting normal 

cells. 
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Introduction 

Lung cancer remains the leading cause of cancer-related mortality worldwide, with non-

small cell lung carcinoma (NSCLC) accounting for approximately 85% of all cases [1].  

Despite advances in targeted therapies and immunotherapy, CP-based chemotherapy, 

in combination with ionizing radiation, remains the standard of care for advanced NSCLC, 

particularly in patient’s ineligible for surgical resection [2]. However, the effectiveness of 

CP-based chemo-radiotherapy is often hindered by intrinsic or acquired resistance [1-3], 

leading to poor treatment responses and high recurrence rates [4]. 

 

The therapeutic activity of cisplatin is facilitated by an active species, created by aqueous 

hydrolysis as the drug enters the cell. This active species interacts with DNA, RNA, 

protein, membrane phospholipids, microfilaments and thiol-containing molecules. 

However, the cytotoxic effect appears to be mainly facilitated through the formation of 

DNA inter- and intra-strand crosslinks [5], where intra-strand guanine-guanine (GpG) 

crosslinks represents about 65% of all adducts [6]. Adduct formation leads to replication 

fork stalling, DNA damage and apoptosis [5,7]. However, cells can develop resistance 

through several mechanisms, including reduced intracellular CP accumulation, increased 

drug efflux [8], improved repair of CP adducts and enhanced tolerance of the subsequent 

DNA damage [9-11]. In addition, alterations in apoptotic signaling via mutations in p53 

and BCL-2 family proteins [12] also enable cells to evade the cytotoxicity of cisplatin.  

 

In comparison, IR creates clusters of damage consisting of various DNA lesions, such as 

double- and single-strand breaks, as well as base lesions [13]. Therefore, combined 

treatment with cisplatin and IR could potentially increase the complexity of induced DNA 

damage, which could have an important impact on the choice of repair pathways. 

Consequently, there is growing interest in understanding how combined treatment 

schedules affect DNA damage repair and how therapeutics can improve the initial tumour 

response and overcome acquired drug or radiation resistance. 

 

The cellular response to DNA damage induced by IR or cisplatin consists of sensing the 

damage by sensor proteins such as the MRE11-RAD50-NBS1 (MRN) complex and DNA-
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PK. These sensor proteins then initiate a signal transduction cascade, involving the 

activation of key checkpoint regulators and DNA-damage response transducing kinases, 

such as ataxia-telangiectasia-mutated (ATM) and ataxia-telangiectasia and Rad3-related 

(ATR) [14,15].  

 

The MRN complex is a key regulator of the DNA damage response, particularly in double-

strand break repair via homologous recombination repair (HRR) and non-homologous 

end joining (NHEJ) [16]. MRE11 is a core component of the MRN complex, acting as a 

critical sensor and processor for DSBs. It possesses two distinct catalytic activities that 

are both essential for DNA repair: the 3’-5’ exonuclease activity and the endonuclease 

activity. The exonuclease activity trims the ends of DNA strands to clean up dirty DNA 

ends, while the endonuclease activity is essential for DNA end resection, which creates 

overhangs and thus required for homologous recombination. 

Mirin is a potent small-molecule inhibitor that targets the MRE11 active site. By inhibiting 

both the exo- and endonuclease functions, it prevents the initial processing of DSBs and 

the MRN dependent activation of the ATM kinase [17, 18], which effectively halts the 

downstream DNA damage response signaling. Studies suggest that many CP-resistant 

NSCLCs rely on MRE11-mediated HRR for survival, making it a potential therapeutic 

target [17]. The MRN complex also acts as a "bridging unit" in DNA repair by using the 

RAD50 coiled-coil arms to physically link distant DNA ends, which is critical for repairing 

double-strand breaks (DSBs) caused by radiation and inter-strand crosslinks from 

cisplatin. This bridging is a key function that allows for efficient signaling and repair by 

bringing the broken ends together for proper ligation and DNA damage response 

activation. This tethering is a crucial step in activating cell cycle checkpoints, such as 

those mediated by ATM kinase, ensuring that cells don’t proceed with division until the 

damage is repaired. The combination of cisplatin and radiation can be more damaging, 

creating complex lesions that heavily rely on the MRN complex for their repair. Because 

of its essential role in combined treatment schedules with CP and IR, targeting the MRN 

complex is being explored as a way to increase the effectiveness of radio-chemotherapy 

by making cancer cells more sensitive to treatment. 
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Thus, we hypothesize that inhibiting the MRE11 could impair the DDR efficiency of CP-

resistant NSCLC cells, thereby increasing their sensitivity to CP and IR. To test this 

hypothesis, we first characterized NSCLC cell lines based on their sensitivity to CP. We 

then explored CP-induced DNA damage and repair mechanisms, and assessed the 

effects of MRE11 inhibition with mirin, a potent small-molecule inhibitor that inhibits both 

the exo- and endonuclease functions, on radiosensitisation in tumour cells and non-

transformed fibroblasts, in order to evaluate tumour selectivity. 
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Methods  

Cell lines, cell culture and Irradiation 

The human non-small cell lung carcinoma NSCLC cell lines H460, H661, A549, H1299, 

H1975, H838, H522, H520, H23 were used. Some of the reported genetics variations in 

these cell lines include TP53 (H1299, H661, H1975, H838, H522, H520, H23), KRAS 

(H460, A549, H23), ATM (H520 heterozygous, H23 homozygous) and ATR (H661) 

mutations. Data obtained from The Broad Institute of MIT & Harvard 

(portals.broadinstitute.org/ccle). The cell lines were obtained from American Type Culture 

Collection (ATCC, Rockville, MD, USA). The A549 cell line was maintained in MEM 

(Invitrogen) supplemented with 15% FBS plus 1% non-essential amino acids and 

antibiotics. The rest of the cell lines were maintained in RPMI1640 (Invitrogen, Paisley, 

UK) supplemented with 10% FBS plus antibiotics. Adult dermal fibroblasts (HDFA, PCS-

201-012) and neonatal dermal fibroblasts (HDFN, PCS-201-010) were cultivated in 

fibroblast basal medium (FBM, PCS-201-030, ATCC), and supplemented with low serum 

fibroblast growth kit (ATCC, PCS-201-041). All cell lines were propagated in medium 

supplemented with 5 µg/ml plasmocin (InvivoGen, Toulouse, France) as a mycoplasma 

prophylaxis and were cultivated in an atmosphere consisting of 5% CO2 and 95% air at 

37 °C. Cell lines were usually re-thawed after 3 months in culture. Cells were irradiated 

using an X-ray machine RS320 (X-Strahl Ltd, Surrey, UK) at 300 kV, 10 mA, dose rate 

1.1 Gy/min. 

 

Proliferation assay   

All NSCLC cells were harvested and plated at a density of 3 × 105 cells per well in 6-well 

(9.6 cm2/well) cell culture plates (except for H661 1,5 × 105). After 24 h the cells were 

treated with the desired reagents for durations as indicated. The cells were trypsinized 

and counted at 24 h, 48 h and 72 h after treatments using the automated cell counting 

system Luna (logos biosystems, Korea). The IC50 represents the concentration of CP 

required to reduce the total number of viable cells by 50% compared to the untreated 

controls and was estimated by a three-parameter logistic model fit using the SAS 

NLMIXED procedure (SaS. 1999; Lyles et al. 2008). 
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Clonogenic survival assay 

For the measurement of clonogenic survival, all NSCLC cells were plated at a density of 

3 × 105 cells per well in 6-well (9.6 cm2/well) cell culture plates (except for H661 1,5 × 

105) for 24 h. The next day after the treatments that are explained in the next paragraph 

in detail, cells were plated in triplicates at a density of 100-10000 cells per well depending 

on the irradiation dose and treatment conditions and colonies were counted by hand after 

10-18 days of incubation.  To examine the effect of Cisplatin or Mirin on clonogenic 

survival, cells were treated with Cisplatin (0–5 µM) or Mirin (20 µM) for indicated times. 

To investigate the radiosensitizing effects of Cisplatin, cells were irradiated with single 

doses of 0–6 Gy after 4 h of Cisplatin (0–5 µM) treatment.  To test whether Mirin has an 

influence on the radiosensitizing effect of Cisplatin, cells were treated with Mirin for 24 h 

followed by Cisplatin (0-5 µM) for another 4 h. Cells were plated in 6-well plates at a 

density of 100–1000 cells per well and irradiated with single doses of 0–6 Gy. After 48 h 

Mirin treatment, the media was changed and colonies were allowed to form at 37 °C in 

5% CO2 for 10–18 days. Cells were fixed and stained (with 96% ethanol, 15% (w/v) 

Giemsa) and destained with distilled water. Colonies were counted that had more than 

50 cells. The surviving fractions after the respective radiation dose are presented as a 

fraction of the growth of untreated colonies. 

 

Transfection with siRNA  

24h before transfection, cells were plated into 8-well (0.69 cm2) chamber slides (1,5x105 

cells/chamber) for immunofluorescence analysis or 6 well culture plates (0.4x106 

cells/well) with the respective growth medium for western blotting assay. Optimal cell 

density was optimized to reach 60-80% at the time of transfection. For each transfection 

sample, Lipofectamine® RNAiMAX reagent was diluted in Opti-MEM® (Gibco) without 

serum, antibiotics and antimycotics and mixed gently. The cells were incubated for 48 h 

at 37°C in 5% CO2. 

 

Immunoblotting 
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Cells were harvested and lysed in RIPA buffer (Thermo, Rockford, USA) supplemented 

with a 1x protease inhibitor cocktail (Roche, Mannheim, Germany) for 15 minutes at 4 °C. 

Equal amount of protein lysates were mixed with 4xLDS sample buffer (Invitrogen, 

Carlsbad, USA) and heated to 95 °C for 5 min prior to gel loading. After separation by 

NuPAGE 4–12% bis-tris or 7% tris-acetate gels (Invitrogen), proteins were transferred to 

PVDF blotting membranes (Invitrogen, CA, USA). Membranes were blocked in 5% 

defatted powdered milk/Tris–buffered saline 0.5% Tween 20 at room temperature for 1 h 

and incubated with the primary antibody overnight at 4 °C. After washing, the membranes 

were incubated with the secondary antibody conjugated with horseradish peroxidase and 

visualization was performed using SuperSignal West FemtoStable Peroxide Buffer and 

Luminol/Enhancer Solution (Thermo). ChemiDOC MP Imaging System (Biorad) was used 

for signal detection. The following antibodies were used: mouse mAb anti-ERCC1 1:1000 

(Sc17809, Santa Cruz Biotechnology), 1:1000 (2531, Cell Signalling), anti-rabbit IgG 

HRP-linked 1: 5000 (7074P2, Cell Signalling), rabbit pAb to GAPDH 1: 2000 (ab9485, 

abcam) or mouse mAb to GAPDH 1: 2000 (ab8245, abcam). 

 

Immunofluorescence microscopy  

Cells were grown onto 4- or 8-wells chamber slides. After treatment, cells were fixed with 

4.5% formaldehyde for 20 min, permeabilized for 15 min in permeabilising buffer (100 

mM Tris-HCl, pH 7.4; 50 mM EDTA, 0.5% Triton X-100) and thereafter blocked for 1 h at 

room temperature in the blocking solution (3% BSA, 0.1% Tween 20, 4xSSC). Cells were 

then incubated with the primary antibodies, i.e. rabbit anti-Rad51 1:500 (PC130-100, 

Calbiochem), rabbit anti-53BP1 1:500 (ab21083, abcam) and mouse anti γ-H2AX 1:500 

(ab22551, abcam) overnight at 4 °C. The secondary antibodies goat anti-rabbit Cy3-

conjugated antibody 1:500 (800-367-52, Jackson Immuno Research) and Alexa Fluor 488 

goat anti-mouse 1:500 (A11017, life technologies) were applied together with 4′-,6-

diamidino-2-phenylindole DAPI nuclear counterstain 1 µg/ml for 1 h at room temperature. 

Images were obtained using a fluorescence microscope Imager Z1 (Zeiss; Jena, 

Germany). 
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Measurement of Cisplatin-DNA adducts  

Cisplatin-DNA adducts in NSCLC cells were measured as previously described (Barr et 

al. 2013), with minor modifications. Briefly, cells were directly cultured and grown onto the 

Superfrost Gold Slides (ThermoFisher). Cells were treated with different concentrations 

of Cisplatin for 4 h, washed with PBS and cultured for further 20 h in drug free medium. 

After treatment, cells were fixed for 30 min in ice-cold methanol and subjected to 

proteolytic digestion with 60 µg/mL pepsin and 40 µg/mL proteinase K. Cells were blocked 

with non-specific binding sites with 5% (w/v) non-fat powdered milk in PBS at 37 °C and 

incubated at 4 °C overnight with a rat primary antibody (1:500) that specifically recognizes 

Cisplatin-GpG DNA adducts (RC-18). The secondary antibodies (anti-rat Cy3®-labelled 

antibody 1:500; Dianova, Hamburg) were applied together with 4′-,6-diamidino-2-

phenylindole DAPI nuclear counterstain 1 µg/ml (w/v) for 1 h at room temperature. Images 

were acquired on an Axioplan fluorescence microscope (Carl Zeiss GmbH, Göttingen, 

Germany). For the quantification of Cisplatin-GpG (CP-GpG) DNA adducts, fluorescence 

signals were measured by quantitative digital image analysis using the ACAS 6.0 

CytometryAnalysis System (ACAS II, Ahrens Electronics, Bargterheide, Germany). 

Levels of adducts in each sample were calculated as arbitrary fluorescence units (AFU’s), 

upon normalization of the integrated antibody-derived fluorescence from more than 100 

individual nuclei/ sample to the corresponding DNA content. Data are presented as the 

mean AFU ± 95% confidence interval (CI) from three to four independent experiments. 

 

Flow cytometry and Cell Cycle Analysis 

For cell cycle analysis, samples were washed once with PBS and then fixed with 70% 

EtOH overnight at 4°C. For the FACS analysis the fixed samples were washed once with 

PBS and then stained with DAPI (1µg/ml) in PBS overnight. The following day the 

samples were filtered and the cell cycle distribution was analysed with the FloMax and 

MultiCycle ver.3.0 software.  
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Statistical analysis 

All data were expressed as the mean ± standard error of the mean (S.E.M.). The statistical 

analysis of colony assays was performed by Nonlinear Regression (curve fit), and the 

means of two data sets were compared by a student’s t-test using the GraphPrism 6 

software (GraphPad, La Jolla, CA, USA). For each drug exposure combination, the ratio 

of counted colonies versus seeded cells at each radiation dose group was normalized by 

the plating efficiency of unirradiated control cells at the same drug exposure condition. 

The dependent observations were the logarithms of these normalized ratios from each 

experiment with at least three cell culture plates. The significance of an independent 

variable was assessed by Nonlinear Regression. Statistical significance was set at a level 

of alpha = 0.05. In order to obtain statistically relevant results from measurement of 

Cisplatin-GpG DNA adduct level experiments, at least 100 cells were analyzed from each 

sample for the calculation of the means and the variance. The results were presented 

graphically using the GraphPad Prism 6 program. The error bars shown represent the 

95% confidence interval, the probability range around the calculated mean, in which this 

is 95% with an infinite sample size. Nonlinear Regression (Curve Fit) was used for 

statistical analysis. The significance of the results of a statistical analysis is given as a p-

value (probability). The significance level was set at 5% (p = 0.05), the smaller the p-

value, the more significant the result (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
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Results 

 

Effect of cisplatin on proliferation of NSCLC cell lines 

To classify the NSCLC cell lines based on their cisplatin (CP) sensitivity, proliferation 

assays were performed using clinically relevant concentrations (1, 2, and 5 µM). CP 

treatment reduced cell proliferation in a time- and concentration-dependent manner 

across all cell lines (figure 1, supplemental figure S1). IC50 values calculated 72 hours 

post-washout ranged from 1.2 µM to 4.4 µM (table 1). Based on these values, cell lines 

were categorized into two groups: CP-sensitive (S; IC50 ≤ 2 µM: H460, H661, H522) and 

CP-resistant (R; IC50 > 2 µM: A549, H1299, H1975, H838, H23, and H520). 

 

Effect of cisplatin on cell cycle distribution of NSCLCs 

To evaluate the impact of CP on cell cycle progression, flow cytometry was performed. 

Cells were treated with 1, 2, or 5 μM CP for four hours, fixed at 0-, 24-, and 48-hours post-

washout, and analyzed. Across all cell lines, CP induced a concentration-dependent 

accumulation of cells in the S and G2/M phases at 24- and 48-hours post-washout 

(supplemental figure S2). Specifically, G2/M-phase arrest was most pronounced in H460 

cells, whereas H661 cells exhibited the highest S-phase accumulation. However, no 

generalized correlation was observed between cisplatin sensitivity (S/R status) and the 

specific pattern of cell cycle alterations.  

 

Effect of cisplatin on radiosensitivity of NSCLC cell lines 

The cells were exposed to 2 μM CP for a period of 4 hours, after which the cells were 

plated for colony formation. Following a 4 - 6 h recovery period from the effects of trypsin, 

the colonies were irradiated with 0, 2, 4 and 6 Gy, and, depending on the cell line, left to 

incubate for approximately 10 to 18 days. Cisplatin significantly enhanced the 

radiosensitivity of the most CP sensitive cell lines H460, H661 and H522 (figure 2, 

supplemental figure S3). However, no differences in radiosensitivity were observed 

between the control and cisplatin-treated groups in the other cell lines (A549, H1299, 

H1975, H838, H23 and H520). 
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Effect of cisplatin on induction and repair of IR induced DNA-DSBs 

In order to analyse the effect of cisplatin on radiation-induced DSB repair signalling, 

γH2AX was utilised as a measure of global repair signalling and RAD51 as a marker for 

HRR activity. In order to achieve this objective, the cells were subjected to concentrations 

of cisplatin ranging from 1 µM to 120 µM for a duration of 4 hours. Thereafter, they were 

irradiated with 0, 2, or 4 Gy. Subsequently, the cells were fixed at 1 hour, 4 hours and 24 

hours. The data demonstrate that concentrations of cisplatin greater than 15 µM 

significantly decrease the formation of radiation induced γH2AX (figure 3, supplemental 

figure S4), while concentrations greater than 30 µM also decreased Rad51 foci (figure 4, 

supplemental figure S5).  

 

Formation of cisplatin adducts in NSCLCs 

Measuring the formation of cisplatin adducts can further help to characterize the 

sensitivity NSCLC lines to cisplatin. To this end, an antibody that recognizes cisplatin-

guanine-guanine intra-strand adducts (Pt-GpG) was used (figure 5). The staining intensity 

of Pt-GpG intra-strand adducts at 24 h after washout of 4 h CP treatment increased with 

increasing CP concentrations (supplemental table S1). There was no correlation between 

Pt-GpG crosslink formation at 30 µM CP and IC50 in the growth assay (r = -0,2580) as 

well as clonogenic survival after treatment with 2 µM CP (r = -0,3712).  

 

 

Effect of cisplatin on Mre11 driven radiation sensitivity 

In order to study the effect of cisplatin on Mre11-driven survival, cells were treated with 

mirin, a specific inhibitor of Mre11. Initially, cell proliferation assays were performed to 

determine the working concentration for subsequent experiments. In order to achieve this 

objective, cells were exposed to varying concentrations of mirin (0–100 µM) for a period 

of two days. Thereafter, the number of viable cells was counted. Following a thorough 

evaluation of the results, 20 µM mirin treatment was selected for subsequent experiments, 

as this concentration represented the upper limit that could be used in all cell lines without 

significantly reducing proliferation (supplemental figure S6). In order to analyze the effect 

of mirin on radiation sensitivity, the cells were treated with 20 µM mirin for a period of 20 

hours, followed by a 4-hour treatment with 2 µM of cisplatin. Subsequently, the cells were 
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plated in media containing 20 µM mirin only and then left to reattach for a period of 4-5 

hours prior irradiation. The following day, the medium containing the mirin was substituted 

with a standard medium without mirin and the cells were left to incubate for a period of 10 

– 18 days. Mirin significantly increased the radiation sensitivity of cell lines that were more 

resistant to cisplatin (A549, H1299, H520 and H23), with the exception of H1975 and 

H838 (figure 6, supplemental figure S7). Conversely, no significant differences were 

observed between the control and mirin-treated groups of the most cisplatin-sensitive cell 

lines (H460, H661 and H522). However, combined treatment with cisplatin, mirin and IR 

significantly decreased the surviving fraction in all cell lines, except H1975. To further 

analyze these outcomes following the downregulation of Mre11 with siRNA instead of an 

inhibitor, experiments were performed on cisplatin-sensitive (H460) and more resistant 

(A549) cell lines. Transfection with siRNA targeting MRE11 significantly reduced the 

clonogenic survival of both cell lines. Additionally, combined treatment with siRNA and 

cisplatin significantly reduced the clonogenic survival of both cell lines (supplemental 

figure S8). 

 

 

 Effect of mirin on CP adduct formation and DSB repair.  

The results of the clonogenic survival assay show that cisplatin-sensitive and -resistant 

cells responded differently to mirin treatment. To examine whether CP-DNA adduct 

formation was also affected by mirin, the staining intensity of the Pt-GpG DNA adduct 

was scored. For this endpoint, the cells were treated with 20 µM mirin, followed by CP for 

four hours. After the cisplatin treatment, the cells were washed and supplied with mirin-

containing media. Slides were fixed at 4, 8, 12 and 24 hours after the start of cisplatin 

treatment, and the kinetics of CP-DNA adducts were obtained (figure 7, supplemental 

figure S9 and table S1). Mirin significantly increased adduct formation in cell lines that are 

more resistant to cisplatin (A549, H1299, H838, H520 and H23), again with the exception 

of H1975. However, no significant increase was observed in cell lines that were more 

sensitive to cisplatin (H460, H661 and H522). 

 

With respect to DSB repair signalling, the formation of 53BP1 repair foci for overall repair 

(mainly NHEJ) and RAD51 repair foci for HRR were evaluated. The data show that 
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combined treatment significantly reduced the initial formation of 53BP1 only in cell lines 

that are more resistant to cisplatin (A549, H1299, H838, H520 and H23), with the 

exception of H1975 (figure 8, supplemental figure S10). By contrast, no significant 

changes were observed in cell lines that were more sensitive to CP treatment (H460, 

H661 and H522). 

 

Analysis of RAD51 foci scoring in G2 cells, as determined by Cyclin B1 co-staining, shows 

that mirin alone significantly decreased initial RAD51 foci formation at 4 hours after IR in 

the A549, H23, H520 and H522 cell lines (figure 9, supplemental figure S11). Additionally, 

combined treatment significantly reduced initial RAD51 foci formation in all cell lines, 

except H661.  

 

Effect of cisplatin, mirin and combined treatment on normal fibroblast cells 

To test the effects of combined treatment schedules on normal cells, two human dermal 

fibroblast cell cultures were used: adult (PCS-201-012) and neonatal (PCS-201-010) 

fibroblasts. Initially, the effects of cisplatin, mirin, IR and combined treatment on 

clonogenic survival were evaluated. Cells in the plateau phase (cultured for 72 hours) and 

exponentially growing cells (cultured for 24 hours) were treated with 20 µM mirin for 20 

hours, followed by a 4-hour treatment with 2 µM cisplatin. After wash-out, the cells were 

then re-plated in media containing 20 µM mirin and left to reattach for 4–5 hours prior to 

irradiation with 2 Gy. The next day, the mirin-containing medium was replaced with normal 

medium and the cells were incubated for colony formation. Combined treatment with mirin 

and cisplatin shows a trend towards an increased surviving fraction in all treated groups, 

even though these findings were not significant (figure 10). 

 

 

To determine whether mirin also affects the formation of CP-DNA adducts in fibroblasts, 

cells containing Pt-GpG adducts were plated onto slides, treated with 20 µM mirin for 20 

hours, and then treated with CP (30 µM or 60 µM) for a further 4 hours. After the cisplatin 

treatment, the cells were washed and supplied with mirin-containing media. Slides were 

fixed at 4, 8, 12 and 24 hours from the start of the cisplatin treatment, thereby obtaining 

the kinetics of CP-DNA adducts. The data show different kinetics of adduct formation in 
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plateau and exponentially growing cells (figure 11). Cells in the plateau phase first 

accumulate adducts within 12 hours, followed by a slow reduction thereafter. In 

comparison, exponentially growing cells show a fast accumulation of CP adducts within 

4 hours, followed by a fast decline. Interestingly, treatment with mirin significantly 

decreased CP adduct formation in both plateau and exponentially growing neonatal 

(HDFN, PCS201-10) and adult (HDFA, PCS201-12) fibroblast cells.  

 

In addition, the effect of cisplatin, mirin and combined treatment on DNA double-strand 

break (DSB) repair signalling was determined in fibroblast cells. γH2AX and 53BP1 foci 

were scored to evaluate the effect on overall repair signalling (mainly NHEJ), and RAD51 

foci were scored to evaluate HRR repair. Overall, no significant changes were observed 

in the four groups of cells after the different treatment schedules (control, CP, mirin and 

CP + mirin), in terms of the initial or residual γH2AX, 53BP1 and Rad51 foci (supplemental 

figures S12, S13, S14). 
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Discussion 

Study Objectives and Cisplatin Sensitivity Profiling 

This study evaluates the impact of cisplatin (CP) and combined chemo-radiotherapy on 

DNA damage interactions, repair pathways, and radiosensitivity in non-small cell lung 

cancer (NSCLC) cell lines. The ultimate goal was to identify strategies that enhance the 

chemo-radiosensitivity of lung carcinomas. Initially, the sensitivity of nine NSCLC cell 

lines to CP was characterized by examining the impact of clinically relevant 

concentrations (1–5 µM) on cell proliferation, mirroring the plasma concentrations (3–6 

µM) observed in patients [19,20]. The concentrations of CP resulting in 50% inhibition of 

cell proliferation within 72 h after treatment (IC50) exhibited a range from 1.2 µM to 4.4 

µM across the panel of nine non-small cell lung cancer (NSCLC) cell lines. The reduced 

proliferation of cells in response to CP treatment is predominantly attributable to the 

induction of cell cycle arrest, specifically in the S and G2/M phases. Cisplatin was found 

to increase the S- and G2/M-phases in a concentration-dependent manner within 24 

hours of CP washout in all cell lines. This, in combination with IR, has the capacity to 

influence the cells' response to ionizing radiation [21]. It has been reported by several 

groups that cell cycle arrest occurs in response to CP treatment in a range of cell lines 

used in the present study, including those that are resistant (A549, H1299, H838, H23 

and H520) and those that are sensitive (H522 and H460) to CP treatment [22-25]. 

 

DNA Adduct Formation and Correlation with Sensitivity 

At the molecular level, cisplatin has been observed to form covalent bonds with DNA, 

predominantly intra-strand guanine-guanine (GpG) DNA crosslink adducts, with a 

reported frequency of approximately 65% [26]. These adducts have been demonstrated 

to impede DNA replication, consequently inducing cell cycle arrest and, in the absence of 

adequate repair, culminating in cell death [5, 7]. In the present study, a dose-dependent 

increase in CP-DNA adducts following cisplatin treatment was confirmed. However, 

concentrations that were comparable to the average clinical dosage of 1–2 mg/L or 3 to 

6 µM [19] were found to be indistinguishable from control groups in the present 

experimental setting. Consequently, the analysis of CP-adduct formation was conducted 

using higher CP concentrations of 15, 30 and 60 µM, in order to identify inherent 
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differences between the cell lines. It was observed that the cisplatin-resistant cell lines 

A549, H1299 and H1975 exhibited a trend to reduced level of CP adduct formation in 

comparison to the more CP sensitive cell lines. However, no significant correlation 

between Pt-GpG crosslink formation at 30 µM CP and IC50 in the growth assay (r = -

0,2580) as well as clonogenic survival after treatment with 2µM CP (r = -0,3712) was 

found.  An absence of a correlation between CP adduct levels and sensitivity to CP has 

also been documented in previous studies [23, 27, 28].   

 

Cisplatin-Mediated Radiosensitization is Cell-Line Dependent 

Because combining radiotherapy and cisplatin (CP) is a standard clinical regimen for non-

small cell lung cancer (NSCLC), this study investigated whether this combination 

systematically enhances radiosensitivity across various NSCLC cell lines. Our data 

demonstrate that cisplatin acts as a radiosensitizer exclusively in inherently CP-sensitive 

cell lines (H460, H661, and H522), whereas no sensitization occurs in more CP-resistant 

cell lines (A549, H1299, H1975, H838, H23, and H520). This highlights that cisplatin-

mediated radiosensitization is not a universal phenomenon but rather cell-line specific, 

corroborating earlier findings [29, 30]. Specifically, Toulany et al. [30] hypothesized that 

the lack of radiosensitization in the resistant A549 line stems from CP-induced activation 

of ataxia-telangiectasia mutated (ATM) signaling and subsequent cytoprotective 

autophagy. While ATM-driven DNA damage responses also mediate synergy between 

cisplatin and gemcitabine in bladder cancer [31], our findings challenge the ubiquity of 

this mechanism. Notably, the ATM-mutated lines H23 (homozygous) and H520 

(heterozygous) utilized in this study similarly failed to exhibit CP-mediated 

radiosensitization, suggesting that functional ATM signaling is not the defining factor in 

this process. Instead, cell cycle dynamics may dictate this synergy. Qiu et al. [21] recently 

demonstrated that effective radiosensitization requires cisplatin exposure during the S-

phase followed by active cell cycle progression. Consequently, the replication index 

during drug exposure and the subsequent kinetics of cell cycle progression are most likely 

the primary determinants of cisplatin-induced radiosensitization. 
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Cisplatin Interferes with DNA Double-Strand Break Repair Signaling 

The most deleterious lesion induced by ionizing radiation (IR) is the DNA double-strand 

break (DSB), which is primarily repaired via non-homologous end-joining (NHEJ) and 

homologous recombination repair (HRR). This study investigated whether cisplatin (CP) 

adducts physically or signaling-wise interfere with DSB repair pathways during combined 

treatments. Our data demonstrate that CP significantly reduces radiation-induced H2AX 

and RAD51 foci formation at concentrations exceeding 15 µM and 30 µM, respectively. 

These observations align with findings by Sak et al. [32], who reported a similar reduction 

in initial H2AX foci formation in lymphocytes post-cisplatin treatment, without affecting 

the physical rejoining of DNA strands as measured by constant-field gel electrophoresis. 

Consequently, this reduction in foci formation likely reflects impaired chromatin relaxation 

and aberrant checkpoint activation induced by CP adducts rather than a decrease in 

actual DNA breaks [33].  

Furthermore, most cell lines in this study showed no substantial alterations in 

residual foci. A notable exception occurred in the ATM-mutant lines H520 and H23, which 

exhibited significantly augmented residual H2AX foci 24 hours post-IR (p < 0.01), 

indicating a severely diminished DNA damage repair capacity. This prolonged retention 

of damage markers can be attributed to two cooperating factors: first, these specific cell 

lines possess a significantly slower proliferation rate and require a longer timeframe to 

complete the cell cycle compared to other fast-growing NSCLC models [25]; second, they 

lack functional ATM protein [34], a critical upstream kinase required for efficient DSB 

repair signaling and checkpoint coordination [35].  

 

Targeting MRE11 with Mirin Sensitizes Cisplatin-Resistant NSCLC Cells 

As a genotoxic agent, cisplatin (CP) interferes with multiple DNA repair pathways, 

including the MRN complex. The MRE11 nuclease, a core component of this complex, is 

pivotal for DNA damage signaling, lesion processing, and stalled replication fork 

resolution [36]. Downregulation of MRE11 elevates sensitivity to DNA-damaging agents 

and reduces mismatch repair activity [37]. Consequently, targeting MRE11 has emerged 

as an attractive strategy for inducing synthetic lethality, as demonstrated by its capacity 

to overcome platinum resistance in XRCC1-deficient epithelial ovarian cancers [38] and 
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selectively eliminate BRCA2-deficient cells [39]. Clinically, low MRN complex expression 

in resected gastric cancer specimens correlates with robust responses to cisplatin 

chemotherapy [40]. It has also been reported that disruption of the MRN complex or its 

components can render cancer cells sensitive to cisplatin, increasing DNA damage and 

cell death [41, 42]. Conversely, MRE11 overexpression is frequently associated with 

chemoresistance across various malignancies [17, 43]. Given the prominent role of 

MRE11 in DNA repair, we investigated whether its pharmacological inhibition via the 

small-molecule inhibitor mirin could link cisplatin- and radiation-induced damage to 

enhance radiosensitivity in NSCLC cell lines. Mirin reduced the clonogenic survival of 

NSCLC cells in a time- and dose-dependent manner, an effect that was further 

potentiated when combined with cisplatin. Crucially, with the exception of H1975, the CP-

resistant lines (A549, H1299, H838, H520, and H23) exhibited a profound decline in 

clonogenic survival following mirin monotherapy or in combination with CP. Strikingly, 

triple combination therapy (mirin + CP + IR) further suppressed the surviving fraction, 

though this synergism was restricted to a subset of the CP-resistant panel (A549, H838, 

and H520). To elucidate the underlying mechanism of this combined treatment, we 

evaluated the impact of MRE11 inhibition on Pt-GpG crosslink kinetics. While mirin did 

not alter CP-adduct levels in inherently sensitive lines (H460, H661, and H522), it 

significantly elevated adduct accumulation in the CP resistant phenotypes (A549, H1299, 

H838, H520, and H23), again with the exception of H1975. This accumulation of 

unrepaired adducts directly mirrors the clonogenic survival deficits, reinforcing MRE11 

inhibition as a promising therapeutic strategy to overcome resistance in lung carcinomas, 

particularly in platinum-refractory tumors. 

 

MRE11 Inhibition Selectively Disrupts Downstream DSB Repair Signaling 

Furthermore, we evaluated the impact of this combination therapy on DSB repair 

signaling pathways, given the established role of the MRN complex in sensing and 

processing DSBs via HRR and NHEJ [16]. Because MRE11 facilitates DNA end 

resection, a critical commitment step that promotes HRR over NHEJ, the formation of 

53BP1 and RAD51 foci was quantified as surrogate markers for NHEJ and HRR activity, 

respectively. Notably, 53BP1 was selected over H2AX because it serves as a highly 
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conserved checkpoint sensor that directly regulates DSB repair pathway choice [44]. Our 

data demonstrate that combining mirin and cisplatin significantly impairs the initial 

formation of radiation-induced 53BP1 foci. Strikingly, this inhibition was restricted to the 

CP-resistant cohort (A549, H1299, H838, H520, and H23), with the sole exception of 

H1975, while leaving CP-sensitive lines unaffected. In contrast, the combination 

significantly suppressed initial RAD51 foci formation across nearly the entire panel, 

sparing only the H661 cell line. These observations reveal that mirin potently synergizes 

with CP to disrupt HRR signaling globally, whereas it selectively compromises 53BP1-

dependent repair pathways in a predominantly platinum-resistant background. Crucially, 

this dual inhibition occurs at a low, clinically relevant cisplatin concentration (2 µM), which 

closely mirrors the established patient plasma range of 3–6 µM (1–2 mg/L). 

 

Tumor-Specific Selectivity and Safety Profile in Normal Fibroblasts 

In the final part of this study, neonatal and adult human dermal fibroblasts (HDFN and 

HDFA) were utilized as non-transformed cellular models to determine whether the 

observed radiosensitization and repair disruption were tumor-specific. Our investigation 

revealed that neither mirin nor its combination with cisplatin (CP) significantly altered the 

radiosensitivity of these normal fibroblasts; rather, a modest increase in the surviving 

fraction was observed. Regarding platinum kinetics, both fibroblast cultures demonstrated 

that proliferation rates dictate adduct dynamics: exponentially growing cells with high 

proliferation rates rapidly accumulated CP adducts within four hours, followed by a swift 

decline. Conversely, plateau-phase cells with low proliferation rates accumulated adducts 

more slowly, peaking at approximately 12 hours before undergoing a gradual reduction.  

To further characterize the impact of CP on normal tissue models, it is worth noting that 

the combined effect of cisplatin and ionizing radiation on apoptotic cell death of peripheral 

blood lymphocytes was found to be strictly additive [45]. Crucially, this additive toxicity 

was entirely independent of the proliferation status of the lymphocytes, manifesting 

consistently in both resting G0 and proliferating cells PBMCs [45]. This discrepancy likely 

reflects cell type-specific survival strategies: while structural cells like fibroblasts rely on 

active, proliferation-linked metabolic and repair pathways to process DNA lesions, 

lymphocytes are highly primed for p53-mediated apoptosis, where transcription stress 
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from cisplatin adducts combined with radiation-induced strand breaks triggers cell death 

irrespective of replication. 

Intriguingly, mirin treatment significantly decreased CP-adduct formation across all 

experimental groups in both fibroblast lines, suggesting that MRE11 inhibition exerts a 

paradoxical protective effect against adduct accumulation in non-transformed cells. This 

phenomenon provides a plausible mechanistic explanation for the slight increase in 

fibroblast survival following 2 Gy irradiation. In stark contrast, none of the NSCLC cell 

lines exhibited a decrease in CP-adduct formation upon mirin treatment, strongly 

underscoring the tumor-specific selectivity of this approach. Furthermore, no substantial 

alterations were detected in the initial formation of H2AX, 53BP1, or RAD51 foci in any 

fibroblast treatment group, indicating that their DNA damage response (DDR) signaling 

remains functionally intact. These findings align with the established paradigm that normal 

cells possess greater DDR redundancy and metabolic adaptability than cancer cells, 

thereby minimizing the risk of off-target clinical toxicity [46, 47]. 

 

Conclusion and Future Perspectives 

In summary, this study demonstrates that MRE11 inhibition via mirin effectively 

radiosensitizes platinum-resistant NSCLC cells during combined cisplatin and ionizing 

radiation treatment. Preclinically, these findings align with evidence that MRE11 

depletion, via genetic knockdown or pharmacological blockade, reverses cisplatin 

resistance in ovarian cancer cells and 3D spheroid models [47]. Clinically, an analysis of 

the randomized CALGB 89803 trial [48] in stage III colon cancer patients revealed that 

MRE11 deficiency correlates with improved long-term disease-free and overall survival, 

serving as a favorable prognostic marker independent of treatment. Validating these 

findings in larger, independent cohorts could establish MRE11 as a robust clinical 

biomarker. Consequently, mirin provides a valuable proof-of-concept for integrating 

MRE11 inhibitors into standard first-line chemo-radiotherapy regimens for locally 

advanced lung cancer. Ultimately, targeting the MRN complex represents a viable 

strategy to overcome platinum resistance and induce tumor-specific synthetic lethality. 

To advance this approach clinically, novel MRE11 inhibitors such as MU147 and 
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MU1409, which possess significantly higher potency than mirin [49], should be evaluated 

in future translational studies combining cisplatin and radiotherapy.  
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Figure 1: Effect of cisplatin on proliferation of human NSCLC cell lines. NSCLC cell 

lines (H460, A549, H661 and H1299) were exposed to cisplatin concentrations of 0, 1, 2 

and 5 µM for four hours, and the number of cells was counted at 24, 48 and 72 hours 

after CP washout. The data presented herein signifies the mean ± standard deviation of 

three to four independent experiments. Statistically significant differences compared with 

corresponding control cells (not treated with cisplatin) are shown (*P < 0.05, **P < 0.01, 

***P < 0.001). 
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Table 1: IC50 values calculated 72 hours post-washout and their 95% confidence 

intervals (CI) from 3-4 experiments.  

Cell Line IC50 Value ± CI (µM) 

H661 1,222 (1,001 — 1,492) 

H522 1,404 (1,206 — 2,005) 

H460 2,036 (1,941 — 2,135) 

H838 2,559 (2,112 — 3,184) 

H520 2,751 (2,480 — 2,919) 

H23 2,876 (1,460 — 3,392) 

H1299 3.88 (2,676 — 8,997) 

H1975 3,632 (2,501 — 5,295) 

A549 4,433 (3,451 — 5,693) 
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Figure 2: Effect of Cisplatin on human NSCLC clonogenic survival. NSCLC cells were plated 

for clonogenic survival assays after exposure to cisplatin (2 µM) for 4h. After allowing the cells to 

attach, the colonies were irradiated with 0, 2, 4 and 6 Gy and left for incubation for 10 - 18 days. 

Data represents mean + SD of 3–4 independent experiments. Statistically significant differences 

compared with corresponding control cells (not treated with cisplatin) using nonlinear regression 

(curve fit) and globally shared R2 values are shown (*P < 0.05, **P < 0.01). 
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Figure 3: Effect of Cisplatin on NHEJ repair signalling of NSCLCs. Cells plated for 

immunofluorescence assays after exposure to cisplatin (1 to 120 µM), were irradiated 

with 0 Gy and 1 Gy followed by fixations at 1 h, 4 h and 24 h and γH2AX foci were scored. 

Data represents mean + SD of 3–4 independent experiments are shown. Statistically 

significant differences compared with corresponding control cells (not treated with 

cisplatin) using student’s t test are shown (*P < 0.05, **P < 0.01, ***P < 0.001). 
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Figure 4: Effect of cisplatin on HR repair of NSCLCs. After exposure to cisplatin (1 to 
120 µM), cells were plated for immunofluorescence assays, irradiated with 0 Gy and 4 Gy 
followed by fixations at various times thereafter (1 h, 4 h and 24 h) and RAD51 foci were 
scored. The data represents mean + SD of 3–4 independent experiments. Statistically 
significant differences compared with corresponding control cells (not treated with 
cisplatin) using student’s t test are shown (*P < 0.05, **P < 0.01, ***P < 0.001). 
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Figure 5: Formation of Pt-GpG Adducts in NSCLCs. A:  Images of control and 

treatment (60 µM CP, 4 h) groups of the H460 cell line under fluorescence microscope. 

B: Pt-GpG adduct formation at 24 h after treatment with 15, 30, 60 µM Cisplatin for 4 h.  

Data represents mean + SEM of 3 to independent experiments. 
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Figure 6: Effect of cisplatin, mirin, and combined treatment on human NSCLC 

radiation sensitivity. NSCLC cell lines were treated with 20 µM mirin for 20 h followed 

by 2 µM cisplatin treatment for 4 h plated for clonogenic survival assays into mirin 

containing media for further 24 h Mirin treatment. After allowing the cells to attach for 4-5 

h, the colonies were irradiated with 0, 2, 4, 6 Gy and left for incubation with mirin 

containing media for 24 h. The media was replaced next day and colonies were left for 

incubation for 10-18 days. Mean + SD of 3–5 independent experiments are shown. 

Statistically significant differences compared with corresponding control cells (not treated 

with cisplatin) using non-linear regression (curve fit) and globally shared R2 values are 

shown (*P < 0.05, **P < 0.01, ***P < 0.001). 
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Figure 7: CP-DNA adduct kinetics after Cisplatin and Combined treatment in NSCLCs. 

Human NSCLC cell lines were plated for immunofluorescence assays and were treated with 20 

µM Mirin for 20 h followed by 30 µM and 60 µM cisplatin treatment for 4h and fixed at 4, 8, 12 and 

24h. S and R denotes cisplatin sensitive and resistant, respectively. Mean + SD of 3–4 

independent experiments are shown. Statistically significant differences compared with CP 30 µM 

are shown (*P < 0.05, **P < 0.01, ***P < 0.001, n=3). 
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Figure 8: Effect of cisplatin, mirin and combined treatment on 53BP1 repair 

signalling. Human NSCLC cells were plated for immunofluorescence assays and were 

treated with 20 µM Mirin for 20 h followed by 2 µM cisplatin treatment for 4h and were 

irradiated with 0, 1 Gy prior to fixation at 1 h and 24 h, and 53BP1 foci were scored. Mean 

+ SD of 3–4 independent experiments are shown. Statistically significant differences 

compared with corresponding control cells (not treated with Cisplatin) using student’s t 

test are shown (*P < 0.05, **P < 0.01, ***P < 0.001).  
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Figure 9: Effect of Cisplatin, Mirin and combined treatment on HR repair of NSCLCs. 

Human NSCLC cells were plated for immunofluorescence assays and were treated with 

20 µM Mirin for 20 h followed by 2 µM cisplatin treatment for 4 h and were then irradiated 

with 0, 4 Gy prior to fixation at 4h and 24h. Rad51 foci were scored in cells co-stained 

with the G2-phase marker Cyclin B1. Mean + SD of 3–4 independent experiments are 

shown. Statistically significant differences compared with corresponding control cells (not 

treated with cisplatin) are shown (*P < 0.05, **P < 0.01, ***P < 0.001). 
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Figure 10: Effect of mirin on clonogenic survival of PCS201-010 and PCS201-012 cell 

lines in exponential   and plateau phase state. Human fibroblasts were treated with 20 

µM mirin for 20 h followed by 2 µM cisplatin treatment for 4h plated for clonogenic survival 

assays into mirin containing media for further 24 h Mirin treatment. After allowing the cells 

to attach for 4-5 h, the colonies were irradiated with 0, 2 and left for incubation with m irin 

containing media for 24 h. The media was replaced next day and colonies were left for 

incubation for 18 days. The means and standard deviation (SD) of four independent 

experiments are shown. 
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Figure 11: CP-DNA adduct kinetics after Cisplatin and Combined treatment in HDFN and 

HDFA. Plateau – and Exponentially growing Human DFP and DFA cells were plated for 

immunofluorescence assays and were treated with 20µM Mirin for 20h followed by 30µM 

and 60µM cisplatin treatment for 4h and fixed at 4, 8, 12 and 24h. Means + SD of 3–4 

independent experiments are shown. Statistically significant differences compared with 

CP 30µM are shown (*P < 0.05, **P < 0.01). 
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