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Abstract

:

This study aims at analyzing the impact of the pharmacological inhibition of DNA damage response (DDR) targets (DNA-PK and ATR) on radiosensitization of bladder cancer cell lines of different molecular/histological subtypes. Applying DNA-PK (AZD7648) and ATR (Ceralasertib) inhibitors on SCaBER, J82 and VMCUB-1 bladder cancer cell lines, we revealed sensitization upon ionizing radiation (IR), i.e., the IC50 for each drug shifted to a lower drug concentration with increased IR doses. In line with this, drug exposure retarded DNA repair after IR-induced DNA damage visualized by a neutral comet assay. Western blot analyses confirmed specific inhibition of targeted DDR pathways in the analyzed bladder cancer cell lines, i.e., drugs blocked DNA-PK phosphorylation at Ser2056 and the ATR downstream mediator CHK1 at Ser317. Interestingly, clonogenic survival assays indicated a cell-line-dependent synergism of combined DDR inhibition upon IR. Calculating combined index (CI) values, with and without IR, according to the Chou–Talalay method, confirmed drug- and IR-dose-specific synergistic CI values. Thus, we provide functional evidence that DNA-PK and ATR inhibitors specifically target corresponding DDR pathways retarding the DNA repair process at nano-molar concentrations. This, in turn, leads to a strong radiosensitizing effect and impairs the survival of bladder cancer cells.
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1. Introduction


Bladder cancer (BC) is the ninth most common cancer worldwide, with a yearly incidence of approximately 430,000 cases, and it ranks 13th in terms of yearly mortality from cancer [1]. Histologically, bladder cancer comprises a heterogeneous group of tumors, including urothelial carcinomas (UC), and rare subtypes, such as pure squamous cell carcinomas (SCC). Nevertheless, the range of treatments available so far do not consider the broad spectrum of heterogeneity but depend rather on the stage of urothelial cancers. For localized disease, the anatomy of the bladder provides an inherent advantage, as the internal mucosal lining is accessible via a simple catheterization process. This allows for the instillation of intravesical therapies, such as chemotherapeutic agents [2] and bacillus Calmette–Guérin vaccine [3]. The current standard of care varies between the stages of disease; essentially, all >T2 or N0/N+ tumors are managed with neoadjuvant chemotherapy followed by radical cystectomy with pelvic node dissection. An organ-sparing approach for MIBC (muscle-invasive bladder cancer) is trimodal therapy (TMT), consisting of maximal transurethral resection of the bladder tumor (TUR-BT) followed by concurrent chemotherapy and radiotherapy. However, only about 30–50% of patients respond initially and most patients will progress or become refractory to treatment [4,5]. In this setting, chemotherapy is given concurrently with radiotherapy as a radiosensitizer [6]. The concept of radiosensitization is not new [7]; however, in the era of targeted therapies and immune checkpoint modulators, many clinical trials are focusing on combining radiotherapy with these new agents [8].



A special focus is on the inhibition of the DNA damage response (DDR) pathways to substantially impair the DNA repair mechanisms of malignant cells [9]. Although all the mechanisms of DNA damage repair are incredibly complex, there are, however, four main established pathways through which DNA damage is repaired: non-homologous end-joining (c-NHEJ), microhomology-mediated end-joining (MMEJ), single-strand annealing (SSA) and homologous recombination (HR). MMEJ and SSA pathways are much less studied and are often collectively known as alternative end-joining (a-EJ) pathways. HR provides the greatest fidelity because it uses sister chromatids to repair double-strand breaks (DSBs) but can only occur in the S and G2 phases of the cell cycle [10]. Both EJ pathways can occur throughout the cell cycle, although a-EJ is more active during the S phase [11]. Instead of using template strands in HR, c-NHEJ ligates two strands of DNA across a break. If HR cannot repair a DSB, the error-prone c-NHEJ becomes the dominant pathway [12]. So far, there are accumulating studies proposing radiosensitizing in various tumor entities, such as pancreatic and breast cancers, by targeting two main players in the DDR network, i.e., ataxia telangiectasia and Rad3-related kinase (ATR) and DNA-dependent protein kinase (DNA-PKcs) [13,14,15,16]:




	
ATR, along with ataxia-telangiectasia mutated kinase (ATM), plays a significant role in activating the DNA response. ATR under physiological conditions is known to protect against replication stress and to safeguard genomic stability during replication by preventing the breakage or ‘collapse’ of stalled replication forks [17]. ATR promotes the recruitment of ATRIP, the regulatory partner of ATR, thereby allowing the ATR–ATRIP complex to recognize the replication protein A bound ssDNA at DNA damage sites or stressed replication forks [18]. The ATR-dependent DNA damage repair is known to follow the HR pathway [19]. ATR initiates the S and G2 cell cycle checkpoint through CHK1 phosphorylation [15], which in turn mediates CDC25A-C phosphorylation, leading to blocking of CDK1 and CDK2 (thus preventing cell cycle progression) [20]. Inhibition of these pathways causes a dramatic increase in replication initiation, or, rather, a lack of cell cycle arrest with an eventual mitotic catastrophe due to the lack of DNA repair. Furthermore, ATR-CHK1 activation has been associated with the expression of PD-L1 expression on irradiated tumor cells in a type I IFN signaling-dependent manner [21,22].



	
DNA-PKcs, which belongs to the phosphoinositide 3-kinase (PI3K)-related protein kinase (PIKK) family, just like ATR and ATM, plays a central role in regulating c-NHEJ. c-NHEJ can repair DSBs of varying complexity, such as those with incompatible ends or damaged bases [23]. The DSB end-recognition is detected by the Ku70/80 heterodimer (Ku), which serves as a scaffold for the assembly of the components of the c-NHEJ machinery, including DNA-PKcs, the XRCC4-DNA ligase IV complex, and XRCC4-like factor (XLF) [24]. The role of DNA-PK in regulating the cell cycle is still not completely understood. However, DNA-PK demonstrates cross-talk between ATM/ATR and plays a role in checkpoint recovery, albeit in a cellular context [25,26]. DNA-PK inhibitors have also been documented to substantially enhance PD-L1 expression in irradiated cancer cells via cGAS/STING pathway activation in a p53-deficient background [27].








In the field of bladder cancer, there are several clinical trials focusing on combining chemoradiotherapy with immune checkpoint modulators [9], but there are no clinical trials focusing on DNA damage response pathway inhibitors combined with ionizing radiation to target bladder cancer. This study aims at assessing the impact of a potent and selective DNA-PK inhibitor (DNA-PKi: AZD7648) and an ATR inhibitor (ATRi: Ceralasertib) to foster radiosensitization of bladder cancer cells in vitro.




2. Materials and Methods


2.1. Cell Lines


The urothelial cell lines, UROtsa, J82 and VMCUB-1, were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). SCaBER, a basal-type bladder cancer cell line with squamous characteristics, was kindly gifted by Prof. Wolfgang Schulz/Dr. Michèle Hoffmann (Düsseldorf University Hospital, Düsseldorf, Germany). All cell lines were cultured using DMEM (Dulbecco’s Modified Eagle’s Medium) (Sigma-Aldrich, Deisenhofen, Germany) supplemented with 10% FCS (Gibco Laboratories, Berlin, Germany), 2 mM L-glutamine, and 1% penicillin/streptomycin at 37 °C with 5% CO2, and successfully underwent an identity check (Multiplexion GmbH, Immenstadt, Germany) prior to the experiments. All cells and clones were regularly tested for mycoplasma infection using the PCR-based Venor® GeM Mycoplasma Detection Kit (Minerva Biolabs, Berlin, Germany).




2.2. Small Molecule Inhibitors


The DNA-PK inhibitor AZD7648 and the ATR inhibitor Ceralasertib (AZD6738) were purchased from Selleck Chemicals (Houston, TX, USA, product codes: S8843 and S7693).




2.3. Ionizing Radiation (IR) Source and Setup


Irradiation was performed using a medical patient linear accelerator (LINAC). Cell culture plates containing the cells and culture media were irradiated using 6 MV X-Ray beams and placed at a maximum dose depth of around 1.5 cm. The table height was adjusted so that the distance from the source to the buildup surface was 100 cm. Another 3 cm of water equivalent material was placed on the opposite surface of the cell culture plates to allow backscatter.




2.4. Western Blot


Cells were cultured at a density of 3.33 × 104 cells/cm2 and allowed to attach overnight. AZD7648 and Ceralasertib (0.1–10 µM in DMSO) were added two hours before irradiation. At a time 1 h after treatment, cells were pelleted before lysis in 50 mM Tris, 150 mM NaCl, 10 mM EDTA, 1% IGEPAL, 0.5% sodium deoxycholate, and 0.1% SDS. Protein concentrations of lysis supernatants were quantified using a Pierce™ BCA Protein Assay kit (ThermoFisher, Carlsbad, CA, USA). An amount of 20 µg total protein lysate was separated by SDS-PAGE with a Mini-PROTEAN Tetra vertical electrophoresis cell (Bio-Rad Laboratories, Munich, Germany), transferred to nitrocellulose membranes using a Mini Trans-Blot electrophoretic transfer cell (Bio-Rad Laboratories, Munich, Germany). The membranes were incubated in 5% w/v BSA or 5% w/v non-fat dry milk blocking buffer followed by incubation with primary antibodies: anti-ATR (Cell Signaling Technology, Danvers, MA, USA, 2790, 1:1000), anti-ATR-pTyr1989 (Abcam, ab223258, 1:1000), anti-CHK1 (Cell Signaling Technology, Danvers, MA, USA, 2360, 1:1000), anti-CHK1-pSer317 (Cell Signaling Technology, Danvers, MA, USA, 2344, 1:250), anti-DNA-PK (Cell Signaling Technology, Danvers, MA, USA, 2344, 1:1000), anti-DNA-PK-pSer2056 (BoserBio, P00645, 1:1000), anti-GAPDH (Cell Signaling Technology, Danvers, MA, USA, 8884, 1:4000), and anti-PARP (Cell Signaling Technology, Danvers, MA, USA, 9542, 1:1000).




2.5. Neutral Comet Assay


SCaBER cells were cultured at a density of 3.33 × 104 cells/cm2 and allowed to attach overnight. AZD7648 and Ceralasertib (10 µM in DMSO) were added two hours prior to irradiation. Cells were pelleted and resuspended at indicated time intervals (0–6 h after irradiation) in PBS. According to the manufacturer’s instructions, a neutral comet assay was performed using the CometAssay single-cell gel electrophoresis assay kit (R&D Systems, Minneapolis, MN, USA). The cell suspension was mixed 1:10 with LMAgarose (37 °C), and 50 µL was spotted onto pre-warmed comet slides. After overnight lysis (4 °C), slides were incubated in 4 °C chilled TBE buffer (90 mM Tris-base, 90 mM boric acid, 2 mM Na2EDTA, pH 8.5) for 15 min and then exposed to a 21 V current for 45 min in 4 °C chilled TBE buffer. After fixation in 70% ethanol and drying, slides were stained with 1:10,000 diluted HD DNA Green Stain (Intas Science Imaging, Göttingen, Germany) for 30 min at room temperature in the dark and washed with dH2O afterwards. DNA damage was observed using an Axiovert 100 TV fluorescence microscope (Carl Zeiss, Oberkochen, Germany) with equipped pco.panda 26 sCMOS camera system (Excelitas PCO, Kelheim, Germany) and VisiView 4.0 software (Visitron Systems) to acquire images. For each condition, the tail moment was measured using the OpenComet, open-free ImageJ plug-in (National Institutes of Health, Bethesda, MD, USA), as a software tool providing automated analysis of comet assay images.




2.6. Short Term Single and Combined Drug Response Analyses


Drug response curves were performed by adding XTT (Roche Diagnostics, Penzberg, Germany), with and without IR, according to the manufacturer’s instructions. Cells were seeded in 96-well plates with cell-line-specific numbers (SCaBER: 6000 cells/0.32 cm2; VMCUB-1: 5000 cells/0.32 cm2; J82: 2000 cells/0.32 cm2). After 24 h, cells were treated with various doses of AZD7648 (0.01–20 µM in 0.1% DMSO) and Ceralasertib (0.01–20 µM in 0.1% DMSO) while irradiated by distinct Gy doses (2, 4, 6, 8 Gy and 0 Gy as control). After 72 h incubation, the optical density was measured using an ELISA-Reader Infinite M200 Tecan (Bio-Rad). Each assay was independently performed at least three times. The combined treatment of cells was performed analogously to the single drug assays as previously specified [28].




2.7. Clonogenic Survival Assay


Cells were cultured overnight at different densities to compensate for cell deaths upon different irradiation doses (0 Gy: 55 cells/cm2, 2 Gy: 83 cells/cm2, 4 Gy: 110 cells/cm2, 6 Gy: 138 cells/cm2, 8 Gy: 165 cells/cm2). One hour prior to irradiation, cells were treated with AZD7648 or Ceralasertib (0.25 µM) or their combination (0.125 µM). Fourteen days after treatment, cells were washed with PBS, stained with 0.25% crystal violet (Merck, Darmstadt, Germany) for 30 min, and excess staining solution was removed by washing with dH2O. Clonogenic survival was measured densitometrically using ImageJ. Mean surviving colonies were calculated from three technical replicates. The relative number of surviving colonies was normalized for plating efficiency for each radiation dose. After that, the surviving fraction was calculated relative to the untreated (1% DMSO) non-irradiated (0 Gy) control. Please note: Due to the spreading nature of cellular growth in the case of SCaBER and VMCUB-1, we were unable to effectively count individual colonies; this was not the case for J82 cells, which formed identifiable colonies.




2.8. Whole Exome Sequencing


Whole exome sequencing (WES) of wildtype cell lines (SCaBER, VMCUB-1 and J82) was performed as previously described [29] with slight modification; i.e., the Enrichment Kit to SureSelectXT Human All Exon V6_r2 (Target size 60 Mb; Agilent, Santa Clara, CA, USA) was used. Raw sequencing reads were aligned against hg19 for J82 and hg38 for SCaBER, VMCUB-1 and J82, respectively. Pathogenicity was predicted by the Clinvar database.




2.9. Statistical Data Acquisition


Two-sided p-values less than 0.05 were considered significant. Logarithmic transformation, normalization (defining smallest value = 0% and largest value = 100%) and non-linear regression of raw data was performed using GraphPad prism 6 software (GraphPad Software Inc., La Jolla, CA, USA). The relative inhibition rate (100%-Xinh) and the IC50 (drug concentration causing 50% inhibition) values for each cell line were determined using a “log (inhibitor) vs. normalized response—variable slope” equation (best-fit values). The results of single and combination drug assays were used to calculate the combination index (CI) with Compusyn (version 1.0) [30].





3. Results


3.1. Short-Term Application of DNA-PKi (AZD7648) and ATRi (Ceralasertib) Leads to Cell Death and Radiosensitization


Novel classes of inhibitors targeting DDR pathways, such as DN-PK and ATR, are currently being assessed in the early phases of clinical trials but have not yet been tested in bladder cancer. Thus, we sought to analyze the therapeutic impact of AZD7648 and Ceralasertib for sensitizing bladder cancer cells in relation to radiotherapy. We selected three aggressive bladder cancer cell line models which reflected different molecular subtypes, i.e., basal/squamous SCaBER, urothelial basal VMCUB-1 and non-classified J82 cells. Initially, an XTT assay was used to determine the IC50 value across the cell lines. Without ionizing radiation, the IC50 doses for each drug, i.e., AZD7648 and Ceralasertib, were broadly similar across n = 3 cell lines, ranging from 6.77 to 10.57 µM (AZD7648) and from 1.70 to 3.88 µM (Ceralasertib), respectively.



We then analyzed IC50 values across a range of radiation doses. There was a shift in the IC50 towards a lower value as the radiation dose exposure increased (Figure 1A–F). Essentially, a radiosensitizing effect was verified, although, in a short-term setting (72 h), there is an overestimation of cell survival due to the presence of metabolically active cells that will eventually die [31]. Except for SCaBER and J82 cells, upon DNA-PKi treatment, the calculated IC50 value for DNA-PKi and ATRi decreased steadily with increasing IR dose. SCaBER was the most sensitive cell line tested upon ATR inhibition (Ceralasertib: IC50 = 0.46 µM at 8 Gy), while VMCUB-1 was highly sensitive upon DNA-PK inhibitor treatment (AZD7648: IC50 = 1.02 µM at 8 Gy). In SCaBER and J82, the lowest IC50 value was achieved for AZD7648 at 2 Gy (1.91 µM) and 4 Gy (1.61 µM), respectively. We finally analyzed UROtsa as a model of normal urothelial cells upon single DNA-PKi and ATRi treatment without IR and across a range of radiation doses (Supplementary Figure S1). Without drug application, UROtsa showed IC50 values upon IR comparable with that of the cancer cell lines. Interestingly, the normal UROtsa cells were much more resistant to DNA-PKi and ATRi when exposed to high dose IR (AZD7648: IC50 = 6.74 µM at 8 Gy and Ceralasertib: IC50 = 4.35 µM at 8 Gy).




3.2. Pharmacological Inhibition of DNA-PK and ATR Effectively Blocks Downstream Signaling Involved in DDR


NGS-based exome-sequencing provided detailed information regarding mutations in DDR genes, in particular for our targets PRKDC and ATR, as well as TP53 (Figure 2A,B). For PRKDC, encoding the catalytic subunit of DNA-PKcs, a monoallelic single-nucleotide variation was shown to be present in squamous-like SCaBER (p.Tyr962Cys, not reported so far) and two different monoallelic single nucleotide variations in urothelial J82 (p.Gly3935Ser, p.Gly3904Ser, uncertain significance) cancer cells. The urothelial basal-type VMCUB-1 cell line showed no PRKDC alterations. All three cancer cell lines were characterized by an ATR wildtype gene but possessed biallelic TP53 mutations. In SCaBER and VMCUB-1 cells, TP53 alterations were verified as pathogenic variants (SCaBER: p.Arg71Leu and p.Arg110Leu; VMCUB-1: p.Arg16His, p.Arg175His, p.Arg43His, p.Arg136His). The TP53 mutation (p.Glu271Lys) confirmed in J82 was of uncertain significance since there are conflicting interpretations of pathogenicity (see Supplementary Table S1). The normal urothelial cell line UROtsa showed no TP53 mutation (data not shown).



Prior to the experiments, we confirmed DNA damage triggered by various doses of IR (2, 4, 6, 8 Gy). As expected, higher radiation doses caused increased levels of DNA damage as visualized by a comet assay (see Supplementary Figure S2). Subsequently, selective inhibition of the DNA-PK and ATR pathways by AZD7648 and Ceralasertib treatment was confirmed in bladder cancer cell lines (Figure 2C–F). While the irradiation of cells (8 Gy) led to strong activation of DNA-PK and ATR (from 0% up to 100%), applied drugs (AZD7648 and Ceralasertib) caused a dose-dependent blockade of protein phosphorylation and associated DDR pathways depending on the given cell line. For instance, DNA-PKi treatment reduced DNA-PK activation at low doses (0.1 µM), i.e., remaining phosphorylation ranged between 17.8% and 46.2%, compared to the 8 Gy control (=100%). At 10 µM AZD7648, activation of DNA-PK was completely abolished, similar to CHK1 activation upon ATR inhibitor (ATRi) treatment. The ATR downstream target CHK1 (Ser317) served as a surrogate marker to assess inhibition of the ATR pathway since the phosphorylation of ATR at position Thr1989 was not helpful (see Supplementary Figure S3). For relative quantification of DNA-PK and CHK1 activation upon individual and combined AZD7648 and Ceralasertib treatment, see Supplementary Figure S4.




3.3. Pharmacological Inhibition of DNA-PK and ATR Impedes DNA Damage Response after Exposure to Ionizing Radiation


Next, we showed substantially blocked DNA repair upon DNA-PKi and ATRi treatment in squamous SCaBER cells by calculating the dimension of tail moments of comet assays 1–6 h after IR (Figure 3A). Interestingly, the dual treatment of DNA-PKi and ATRi was most efficient in retarding the DNA damage response (DNA damage remaining after 6 h: 67.02%) followed by individual ATRi (DNA damage remaining after 6 h: 58.81%) and DNA-PKi (DNA damage remaining after 6 h: 33.99%) application (Figure 3B). During this period, SCaBER cells without drug treatment repaired more than 85% of damaged DNA lesions (i.e., DNA damage remaining after 6 h: 14.52%). Effects of DNA-PKi and ATRi alone (i.e., without ionizing radiation) on DNA, potentially causing damage or interfering with DNA damage repair, could be excluded. We then analyzed the cleavage of PARP1 as an apoptotic marker [34] in SCaBER cells after single and dual DNA-PK1 and ATRi treatment with and without IR (Figure 3C). Cleaved PARP1 was predominant upon higher doses of ATRi and combined DNA-PKi-ATRi application, while single DNA-PKi treatment showed only a mild effect on PARP1 activation.




3.4. AZD7648 and Ceralasertib at Nano-Molar Concentrations Drastically Reduce Clonogenic Survival after Radiation Exposure


Subsequently, we aimed to show whether DNA-PK and ATR inhibition could radiosensitize bladder cancer cells. A clonogenic survival assay was performed over 14 days. SCaBER, VMCUB-1 and J82 bladder cancer cells were individually treated with either DNA-PKi (0.25 µM) or ATRi (0.25 µM), as well as in combination (0.125 µM each), upon ionizing radiation of various doses (2, 4, 6, 8 Gy). The results are illustrated in Figure 4A–C.



Overall, pharmacological inhibition of both DNA-PK and ATR caused decreased cell survival upon IR compared to controls without drug treatment. DNA-PKi, and a combination of DNA-PKi and ATRi, radiosensitized SCaBER, VMCUB-1 and J82 cancer cells most efficiently, i.e., the radiation dose was reduced by 2–4 Gy to achieve comparable results of induced cell death. In VMCUB-1 cells, a shift in sensitizing was observed up to 6 Gy. Single DNA-PKi treatment impaired cell survival (>90%) at low radiation doses (2 Gy) with strong efficacy, whereas single ATRi application was less effective at lower radiation doses in this long-term setting. At the end, single colonies still survived upon both treatment approaches with individual application of drugs, i.e., DNA-PKi or ATRi at 8 Gy IR. A complete remission of colony growth was only demonstrated in all cell lines upon a dual treatment approach (+IR) suggesting suppression of bypass mechanisms which otherwise could rescue cells.




3.5. Combination of AZD4678 and Ceralasertib Shows Potential Synergism Depending on Cell Line and Drug-/IR-Dose


Based on the calculated IC50 values, drug-response assays with combinations of AZD4678 and Ceralasertib were performed for SCaBER, VMCUB-1 and J82 cells (Figure 5A–D). A dual drug effect was determined by calculating the combination index (CI) as a non-constant combination following the Chou–Talalay method [30]. Detailed CI results associated with applied drug concentrations upon 2 Gy IR are shown, for example, for SCaBER in Figure 5A. Strong synergism was observable at concentrations lower than the IC50 values of both drugs (AZD7648 and Ceralasertib) associated with CI values ranging between 0.16 and 0.68. CI values in the range of 0.67–1.67 were calculated at higher concentrations of DNA-PKi, reflecting a shift towards antagonistic effects. Figure 5B–D demonstrates the fraction affected (being equivalent to the cell death rates) upon both combined treatment and 2 Gy or 8 Gy IR. Similar to SCaBER, a dose-dependent range of CI was shown for J82 upon 8 Gy IR, i.e., dual treatment with DNA-PKi and ATRi caused either synergism at low concentrations or antagonism at high concentrations. For VMCUB-1 cells, we observed a heterogeneous pattern of synergic and antagonistic effects. In turn, combined DNA-PKi and ATRi treatment revealed an unambiguous synergism for all tested combinations in SCaBER at 8 Gy (CI range: 0.001–0.185) and in J82 at 2 Gy (CI range: 0.069–0.618).





4. Discussion


Pelvic radiotherapy is known to cause unavoidable exposure of the bladder, urethra, bone marrow and distal ureters to radiation which subsequently leads to many inevitable radiation-associated complications [35]. To improve the therapeutic ratio of potential bladder cancer treatment, we focused on DNA repair pathways known to affect resistance to DNA-damaging chemotherapy and radiotherapy [36]. We used novel small molecule inhibitors targeting key proteins of DNA damage response pathways [37], such as DNA-PK, as an emerging therapeutic target in cancer [38]. Similar compounds of these novel classes of drugs targeting ATR and DNA-PK have already demonstrated a radiosensitizing effect in various types of cancer cells [9,13,14,39,40,41]. Previously, Dillon et al. studied the ATR inhibitor AZD6738 (Ceralasertib) in DNA-PK deficient NOD SCID gamma mice, demonstrating an appropriate tolerance of this drug [42]. Fok and colleagues confirmed that AZD7648 is a potent and selective DNA-PK inhibitor in various cell lines [16]. To date, the impact of DNA-PK and ATR inhibition on bladder cancer cells has remained unknown. Herein, we provide functional evidence that treatment with both DNA-PKi (AZD7648) and ATRi (AZD6738; Ceralasertib) resulted in radiosensitization of bladder cancer cells of various histological/molecular subtypes, i.e., in squamous (SCaBER), in urothelial basal (VMCUB-1) and in urothelial non-classified (J82) cells.



The three cell line models used in this study are characterized by a TP53 point mutation of known pathogenic, or at least uncertain, significance. Mutations in TP53 are common genetic alterations in bladder cancer development, especially for muscle-invasive cancers [43]. Overall, bladder cancer is affected by a high number of genetic alterations in genes of the DDR network [44]. Thus both, the biallelic mutation in TP53 identified in all three cell lines, as well as the mono-allelic SNVs in PRKDC identified in SCaBER and J82 cells, reflect typical and frequent alterations of bladder cancers.



In this molecular context, a selective blockage of the DDR pathways orchestrated by DNA-PK and ATR could be confirmed in this study on a molecular and cellular level. Overall, individual and dual treatment with ATRi and DNA-PKi radiosensitize bladder cancer cells most likely independently of their functional p53 status (at least this is the case for VMCUB-1 and SCaBER cell lines). Despite the mutational status of TP53 in all three cell lines, it seems that all cells can undergo apoptotic cell death. Moreover, we showed that single pharmacological inhibition of ATR (by Ceralasertib) or DNA-PK (by AZD7648), as well as their combination, did not result in significant DNA damage (even at a high concentration of 1 µM) as assessed with the comet assay. However, when DNA damage was induced by ionizing radiation, repair mechanics were strongly retarded. In our experiment, the dual treatment of SCaBER cells with DNA-PKi and ATRi caused the strongest repression of DNA repair mechanisms. Consistent with these data, we confirmed increased apoptosis in SCaBER cells treated with both drugs. The lack of DNA damage by inhibitor exposure alone highlighted that these molecules would be unlikely to cause harm to cells, especially at even lower concentrations, thus potentially making them safe to use with respect to their ability to cause DNA damage, perhaps even as intravesical therapy. The ionizing radiation-induced damage and the resulting retardation of repair due to the inhibitors essentially provides a targeted approach to increase genomic instability in tumor cells. With reduced options to compensate for the missing DNA repair mechanisms, this then eventually leads to cell death. This notion was further supported by our normal UROtsa model, since these normal cells were much more resistant to ATRi and DNA-PKi at high IR doses, suggesting putative compensatory pathways allowing bypassing of ATR and DNA-PK inhibition.



However, the targeted retardation of DNA damage repair itself does not guarantee cellular death. Therefore, we used short-term and long-term assays to determine if the observed damage would eventually result in a radiosensitizing effect. The initial choice of using a metabolic assay (XTT) was used to determine the IC50 value of each drug and to assess a potential synergistic effect of combining each inhibitor with ionizing radiation. The general trend of lower IC50 values with increasing radiation doses was expected and observed with a few exceptions. An 8 Gy of IR dose shifted the IC50 to 6.99 µM for the SCaBER cell line and a similar event was found also for the J82 cell line where the 8 Gy dose also shifted the IC50 value to 1.98 µM. We could not explain this phenomenon; however, the data could point to a mechanism that results in an observation of radioresistance, which leads to prolonged cell survival in a short-term observation setting.



Using a long-term colony formation assay, we showed that nano-molar concentrations of AZD7648 and Ceralasertib resulted in a lower clonogenic survival after 14 days across all three cell lines. Low IR doses (2–4 Gy) effectively killed cells, while a complete death of colonies was achieved at higher IR doses (6–8 Gy). Across all three cell lines, AZD7648 alone was equally effective in reducing the number of surviving colonies compared to dual drug treatments. However, this data must be interpreted in the context of the concentration used for single (250 nM) and dual treatments (125 nM of each). Based on our data, we observed that DNA-PK inhibition with AZD7648 was more effective than ATR inhibition. Currently, it is not clear why AZD7648 was more effective in killing cells, even though we observed much more pronounced repair retardation kinetics in the case of Ceralasertib from the comet assay. An explanation could be that a slower repair process alone does not automatically imply insufficient repair, i.e., genetic instability. The recent report from Hafsi and colleagues demonstrated that combining Ceralasertib (AZD6738) and KU-0060638 (DNA-PKi) at 125 nM had a stronger radiosensitization effect than either drug individually at 250 nM. In contrast, our data from the clonogenic assays did not show an additive effect for all three cell lines. We observed higher killing effectiveness when both inhibitors were combined with IR in the case of VMCUB-1 but not for SCaBER and J82. However, this should also be interpreted in the context of the drug dosing.



Synergistic outcomes of dual drug treatment were further evaluated by calculating CI values in a short-term XTT assay-based setting. Combined DNA-PKi and ATRi treatment showed an unambiguous synergism for all tested combinations in SCaBER and J82 cells upon specific IR doses (SCaBER: 8Gy and J82: 2Gy). In addition, a drug concentration-dependent antagonism has been shown in VMCUB-1. Since synergisms are thought to be a physicochemical mass-action law issue of the drug-protein interaction [45], different affinities of both drugs to their targets may foster the concentration-dependent outcomes. Thus, not every combination is necessarily useful. In turn, antagonisms of combined DNA-PKi and ATRi treatment could be understood in a mechanistic context since dose-dependent interactions between ATM, ATR and DNA-PKcs have been found for two key aspects of the DNA damage response: DSB end-resection and G2-checkpoint activation [15,26]. Mladenov and colleagues recently demonstrated that ATM and ATR epistatically regulate resection at low IR doses associated with low DSB-numbers in the genome, i.e., inhibition of either ATR or ATM activity fully suppresses DNA repair. At high IR doses inducing high amounts of DSBs, the tight ATM/ATR coupling relaxes while DNA-PKcs integrates with the ATM/ATR module by regulating resection at all IR doses. Hence, the underlying mechanisms of the observed time-, drug-dose- and IR-dose-dependent synergistic and antagonistic effects of single and dual treatment seem complex and require in-depth study in the future. Another recent publication from the group discusses the interaction of DNA-PK, ATM and ATR with respect to the IR dose and cell cycle phases [25]. They state that all three integrate together in response to the amount of DNA damage caused by IR depending on the state of the cell cycle. Another aspect to consider is the intrinsic dysregulation of DDR pathways due to mutated DDR genes. We could not exclude the possibility that the presence of a single mutated PRKDC allele in SCaBER or J82 cells may affect the pharmacological inhibition (also the pharmacodynamics) of the c-NHEJ main mediator DNA-PK. Although we do not know the functional significance of the identified PRKDC mutations, an amino acid shift in J82 cells at the PI3_PI4 kinase domain (p.G3904S) close to the predicted binding site of AZD7648 (Leu3751, Arg3737, Trp3805, Leu3806, Asn3926, and Ile3938) [32] might diminish the affinity of drug-target interactions.




5. Conclusions


Our data revealed an effective radiosensitization of invasive bladder cancer cells of various subtypes, including SCC-like, by individual and dual DNA-PK and ATR inhibition. Since squamous bladder cancers have been associated with poor response to chemotherapy [46], radiation-based therapies combined with DDR inhibition might be a promising approach for future strategies to reduce applied drug and IR doses, thus helping to prevent cytotoxic and radiotherapeutic adverse effects for BC patients. Bearing in mind that bladder cancers are characterized by frequent genetic [44] and epigenetic alterations [47] in genes of DDR pathways potentially making cancer cells vulnerable to DDRi treatment in general (e.g., [48]), synthetic lethality approaches [49] may evolve in clinical practice. Thus, the individual molecular background of bladder cancer patients, including biallelic ATR or PRKDC deficiencies, should be considered in future studies, which may finally allow treatment of patients with a single drug but with comparable efficacy of tumor cell lethality.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/biomedicines10061277/s1, Figure S1: IC50 values of ATR and DNA-PK inhibitors with and without ionizing radiation of normal urothelial cells. Figure S2: Comet assay is illustrated to assess radiation-induced DNA damage upon different radiation doses (2 Gy and 8 Gy). Figure S3: Phospho-western blots of ATR activation upon irradiation. Figure S4: Densitometric quantification of western blot-based protein expression and activation (ATR and DNA-PK). Table S1: Detailed information of TP53 mutations found in SCaBER, VMCUB-1 and J82 cells.





Author Contributions


Conceptualization, A.A.C. and M.R.; supervision, A.A.C., N.T.G., M.R.; financing acquisition, N.T.G., R.K. and M.J.E.; methodology, A.A.C., J.P., P.D. and J.W.; formal analysis, J.P., P.D. and M.R.; visualization, J.P. and M.R.; writing—original draft, A.A.C., J.P., M.R.; writing—review and editing, P.D. and N.T.G. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data that support the findings of this study are available in the manuscript. Further data may be received from the corresponding author upon reasonable request.




Conflicts of Interest


The authors declare that they have no conflict of interest.




References


	



Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [Google Scholar] [CrossRef] [PubMed]

	



Messing, E.M.; Tangen, C.M.; Lerner, S.P.; Sahasrabudhe, D.M.; Koppie, T.M.; Wood, D.P., Jr.; Mack, P.C.; Svatek, R.S.; Evans, C.P.; Hafez, K.S.; et al. Effect of Intravesical Instillation of Gemcitabine vs. Saline Immediately following Resection of Suspected Low-Grade Non-Muscle-Invasive Bladder Cancer on Tumor Recurrence: SWOG S0337 Randomized Clinical Trial. JAMA 2018, 319, 1880–1888. [Google Scholar] [CrossRef] [PubMed]

	



Brandau, S.; Suttmann, H. Thirty years of BCG immunotherapy for non-muscle invasive bladder cancer: A success story with room for improvement. Biomed. Pharmacother. 2007, 61, 299–305. [Google Scholar] [CrossRef] [PubMed]

	



Niegisch, G.; Gerullis, H.; Lin, S.W.; Pavlova, J.; Gondos, A.; Rudolph, A.; Haas, G.; Hennies, N.; Kramer, M.W. A Real-World Data Study to Evaluate Treatment Patterns, Clinical Characteristics and Survival Outcomes for First- and Second-Line Treatment in Locally Advanced and Metastatic Urothelial Cancer Patients in Germany. J. Cancer 2018, 9, 1337–1348. [Google Scholar] [CrossRef]

	



Von der Maase, H.; Sengelov, L.; Roberts, J.T.; Ricci, S.; Dogliotti, L.; Oliver, T.; Moore, M.J.; Zimmermann, A.; Arning, M. Long-term survival results of a randomized trial comparing gemcitabine plus cisplatin, with methotrexate, vinblastine, doxorubicin, plus cisplatin in patients with bladder cancer. J. Clin. Oncol. 2005, 23, 4602–4608. [Google Scholar] [CrossRef]

	



James, N.D.; Hussain, S.A.; Hall, E.; Jenkins, P.; Tremlett, J.; Rawlings, C.; Crundwell, M.; Sizer, B.; Sreenivasan, T.; Hendron, C.; et al. Radiotherapy with or without chemotherapy in muscle-invasive bladder cancer. N. Engl. J. Med. 2012, 366, 1477–1488. [Google Scholar] [CrossRef]

	



Dumont, F.; Altmeyer, A.; Bischoff, P. Radiosensitising agents for the radiotherapy of cancer: Novel molecularly targeted approaches. Expert Opin. Ther. Pat. 2009, 19, 775–799. [Google Scholar] [CrossRef]

	



Patel, V.G.; Oh, W.K.; Galsky, M.D. Treatment of muscle-invasive and advanced bladder cancer in 2020. CA Cancer J. Clin. 2020, 70, 404–423. [Google Scholar] [CrossRef]

	



Huang, R.X.; Zhou, P.K. DNA damage response signaling pathways and targets for radiotherapy sensitization in cancer. Signal Transduct. Target. Ther. 2020, 5, 60. [Google Scholar] [CrossRef]

	



Li, X.; Heyer, W.D. Homologous recombination in DNA repair and DNA damage tolerance. Cell Res. 2008, 18, 99–113. [Google Scholar] [CrossRef]

	



Chang, H.H.Y.; Pannunzio, N.R.; Adachi, N.; Lieber, M.R. Non-homologous DNA end joining and alternative pathways to double-strand break repair. Nat. Rev. Mol. Cell Biol. 2017, 18, 495–506. [Google Scholar] [CrossRef]

	



Caracciolo, D.; Riillo, C.; Di Martino, M.T.; Tagliaferri, P.; Tassone, P. Alternative Non-Homologous End-Joining: Error-Prone DNA Repair as Cancer’s Achilles’ Heel. Cancers 2021, 13, 1392. [Google Scholar] [CrossRef]

	



Fokas, E.; Prevo, R.; Pollard, J.R.; Reaper, P.M.; Charlton, P.A.; Cornelissen, B.; Vallis, K.A.; Hammond, E.M.; Olcina, M.M.; Gillies McKenna, W.; et al. Targeting ATR in vivo using the novel inhibitor VE-822 results in selective sensitization of pancreatic tumors to radiation. Cell Death Dis. 2012, 3, e441. [Google Scholar] [CrossRef]

	



Mamo, T.; Mladek, A.C.; Shogren, K.L.; Gustafson, C.; Gupta, S.K.; Riester, S.M.; Maran, A.; Galindo, M.; van Wijnen, A.J.; Sarkaria, J.N.; et al. Inhibiting DNA-PK CS radiosensitizes human osteosarcoma cells. Biochem. Biophys. Res. Commun. 2017, 486, 307–313. [Google Scholar] [CrossRef]

	



Mladenov, E.; Fan, X.; Dueva, R.; Soni, A.; Iliakis, G. Radiation-dose-dependent functional synergisms between ATM, ATR and DNA-PKcs in checkpoint control and resection in G(2)-phase. Sci. Rep. 2019, 9, 8255. [Google Scholar] [CrossRef]

	



Fok, J.H.L.; Ramos-Montoya, A.; Vazquez-Chantada, M.; Wijnhoven, P.W.G.; Follia, V.; James, N.; Farrington, P.M.; Karmokar, A.; Willis, S.E.; Cairns, J.; et al. AZD7648 is a potent and selective DNA-PK inhibitor that enhances radiation, chemotherapy and olaparib activity. Nat. Commun. 2019, 10, 5065. [Google Scholar] [CrossRef]

	



Tercero, J.A.; Diffley, J.F. Regulation of DNA replication fork progression through damaged DNA by the Mec1/Rad53 checkpoint. Nature 2001, 412, 553–557. [Google Scholar] [CrossRef]

	



Lecona, E.; Fernandez-Capetillo, O. Targeting ATR in cancer. Nat. Rev. Cancer 2018, 18, 586–595. [Google Scholar] [CrossRef]

	



Wang, H.; Wang, H.; Powell, S.N.; Iliakis, G.; Wang, Y. ATR affecting cell radiosensitivity is dependent on homologous recombination repair but independent of nonhomologous end joining. Cancer Res. 2004, 64, 7139–7143. [Google Scholar] [CrossRef]

	



Cuadrado, M.; Martinez-Pastor, B.; Fernandez-Capetillo, O. ATR activation in response to ionizing radiation: Still ATM territory. Cell Div. 2006, 1, 7. [Google Scholar] [CrossRef]

	



Sato, H.; Niimi, A.; Yasuhara, T.; Permata, T.B.M.; Hagiwara, Y.; Isono, M.; Nuryadi, E.; Sekine, R.; Oike, T.; Kakoti, S.; et al. DNA double-strand break repair pathway regulates PD-L1 expression in cancer cells. Nat. Commun. 2017, 8, 1751. [Google Scholar] [CrossRef] [PubMed]

	



Feng, X.; Tubbs, A.; Zhang, C.; Tang, M.; Sridharan, S.; Wang, C.; Jiang, D.; Su, D.; Zhang, H.; Chen, Z.; et al. ATR inhibition potentiates ionizing radiation-induced interferon response via cytosolic nucleic acid-sensing pathways. EMBO J. 2020, 39, e104036. [Google Scholar] [CrossRef] [PubMed]

	



Davis, A.J.; Chen, B.P.C.; Chen, D.J. DNA-PK: A dynamic enzyme in a versatile DSB repair pathway. DNA Repair 2014, 17, 21–29. [Google Scholar] [CrossRef] [PubMed]

	



Spagnolo, L.; Rivera-Calzada, A.; Pearl, L.H.; Llorca, O. Three-dimensional structure of the human DNA-PKcs/Ku70/Ku80 complex assembled on DNA and its implications for DNA DSB repair. Mol. Cell 2006, 22, 511–519. [Google Scholar] [CrossRef]

	



Li, F.; Mladenov, E.; Dueva, R.; Stuschke, M.; Timmermann, B.; Iliakis, G. Shift in G 1-Checkpoint from ATM-Alone to a Cooperative ATM Plus ATR Regulation with Increasing Dose of Radiation. Cells 2021, 11, 63. [Google Scholar] [CrossRef]

	



Mladenov, E.; Fan, X.; Paul-Konietzko, K.; Soni, A.; Iliakis, G. DNA-PKcs and ATM epistatically suppress DNA end resection and hyperactivation of ATR-dependent G 2-checkpoint in S-phase irradiated cells. Sci. Rep. 2019, 9, 14597. [Google Scholar] [CrossRef]

	



Carr, M.I.; Chiu, L.Y.; Guo, Y.; Xu, C.; Lazorchak, A.S.; Yu, H.; Qin, G.; Qi, J.; Marelli, B.; Lan, Y.; et al. DNA-PK Inhibitor Peposertib Amplifies Radiation-Induced Inflammatory Micronucleation and Enhances TGFβ/PD-L1 Targeted Cancer Immunotherapy. Mol. Cancer Res. 2022, 20, 568–582. [Google Scholar] [CrossRef]

	



Rose, M.; Maurer, A.; Wirtz, J.; Bleilevens, A.; Waldmann, T.; Wenz, M.; Eyll, M.; Geelvink, M.; Gereitzig, M.; Rüchel, N.; et al. EGFR activity addiction facilitates anti-ERBB based combination treatment of squamous bladder cancer. Oncogene 2020, 39, 6856–6870. [Google Scholar] [CrossRef]

	



Heide, T.; Maurer, A.; Eipel, M.; Knoll, K.; Geelvink, M.; Veeck, J.; Knuechel, R.; van Essen, J.; Stoehr, R.; Hartmann, A.; et al. Multiregion human bladder cancer sequencing reveals tumour evolution, bladder cancer phenotypes and implications for targeted therapy. J. Pathol. 2019, 248, 230–242. [Google Scholar] [CrossRef]

	



Chou, T.C. Drug combination studies and their synergy quantification using the Chou-Talalay method. Cancer Res. 2010, 70, 440–446. [Google Scholar] [CrossRef]

	



Stone, H.B.; Bernhard, E.J.; Coleman, C.N.; Deye, J.; Capala, J.; Mitchell, J.B.; Brown, J.M. Preclinical Data on Efficacy of 10 Drug-Radiation Combinations: Evaluations, Concerns, and Recommendations. Transl. Oncol. 2016, 9, 46–56. [Google Scholar] [CrossRef]

	



Goldberg, F.W.; Finlay, M.R.V.; Ting, A.K.T.; Beattie, D.; Lamont, G.M.; Fallan, C.; Wrigley, G.L.; Schimpl, M.; Howard, M.R.; Williamson, B.; et al. The Discovery of 7-Methyl-2-[(7-methyl[1,2,4]triazolo[1,5-a]pyridin-6-yl)amino]-9-(tetrahydro-2 H-pyran-4-yl)-7,9-dihydro-8 H-purin-8-one (AZD7648), a Potent and Selective DNA-Dependent Protein Kinase (DNA-PK) Inhibitor. J. Med. Chem. 2020, 63, 3461–3471. [Google Scholar] [CrossRef]

	



Blackford, A.N.; Jackson, S.P. ATM, ATR, and DNA-PK: The Trinity at the Heart of the DNA Damage Response. Mol. Cell 2017, 66, 801–817. [Google Scholar] [CrossRef]

	



Qvarnström, O.F.; Simonsson, M.; Eriksson, V.; Turesson, I.; Carlsson, J. γH2AX and cleaved PARP-1 as apoptotic markers in irradiated breast cancer BT474 cellular spheroids. Int. J. Oncol. 2009, 35, 41–47. [Google Scholar] [CrossRef]

	



Lobo, N.; Kulkarni, M.; Hughes, S.; Nair, R.; Khan, M.S.; Thurairaja, R. Urologic Complications Following Pelvic Radiotherapy. Urology 2018, 122, 1–9. [Google Scholar] [CrossRef]

	



Curtin, N.J. DNA repair dysregulation from cancer driver to therapeutic target. Nat. Rev. Cancer 2012, 12, 801–817. [Google Scholar] [CrossRef]

	



O’Connor, M.J. Targeting the DNA Damage Response in Cancer. Mol. Cell 2015, 60, 547–560. [Google Scholar] [CrossRef]

	



Mohiuddin, I.S.; Kang, M.H. DNA-PK as an Emerging Therapeutic Target in Cancer. Front. Oncol. 2019, 9, 635. [Google Scholar] [CrossRef]

	



Nakamura, K.; Karmokar, A.; Farrington, P.M.; James, N.H.; Ramos-Montoya, A.; Bickerton, S.J.; Hughes, G.D.; Illidge, T.M.; Cadogan, E.B.; Davies, B.R.; et al. Inhibition of DNA-PK with AZD7648 Sensitizes Tumor Cells to Radiotherapy and Induces Type I IFN-Dependent Durable Tumor Control. Clin. Cancer Res. 2021, 27, 4353–4366. [Google Scholar] [CrossRef]

	



Hong, C.R.; Buckley, C.D.; Wong, W.W.; Anekal, P.V.; Dickson, B.D.; Bogle, G.; Hicks, K.O.; Hay, M.P.; Wilson, W.R. Radiosensitisation of SCCVII tumours and normal tissues in mice by the DNA-dependent protein kinase inhibitor AZD7648. Radiother. Oncol. 2022, 166, 162–170. [Google Scholar] [CrossRef]

	



Karukonda, P.; Odhiambo, D.; Mowery, Y.M. Pharmacologic inhibition of ataxia telangiectasia and Rad3-related (ATR) in the treatment of head and neck squamous cell carcinoma. Mol. Carcinog. 2022, 61, 225–238. [Google Scholar] [CrossRef] [PubMed]

	



Dillon, M.T.; Barker, H.E.; Pedersen, M.; Hafsi, H.; Bhide, S.A.; Newbold, K.L.; Nutting, C.M.; McLaughlin, M.; Harrington, K.J. Radiosensitization by the ATR Inhibitor AZD6738 through Generation of Acentric Micronuclei. Mol. Cancer Ther. 2017, 16, 25–34. [Google Scholar] [CrossRef] [PubMed]

	



Wu, G.; Wang, F.; Li, K.; Li, S.; Zhao, C.; Fan, C.; Wang, J. Significance of TP53 mutation in bladder cancer disease progression and drug selection. PeerJ 2019, 7, e8261. [Google Scholar] [CrossRef] [PubMed]

	



Mouw, K.W. DNA Repair Pathway Alterations in Bladder Cancer. Cancers 2017, 9, 28. [Google Scholar] [CrossRef]

	



Ferner, R.E.; Aronson, J.K. Cato Guldberg and Peter Waage, the history of the Law of Mass Action, and its relevance to clinical pharmacology. Br. J. Clin. Pharmacol. 2016, 81, 52–55. [Google Scholar] [CrossRef]

	



Minato, A.; Fujimoto, N.; Kubo, T. Squamous Differentiation Predicts Poor Response to Cisplatin-Based Chemotherapy and Unfavorable Prognosis in Urothelial Carcinoma of the Urinary Bladder. Clin. Genitourin. Cancer 2017, 15, e1063–e1067. [Google Scholar] [CrossRef]

	



Mijnes, J.; Veeck, J.; Gaisa, N.T.; Burghardt, E.; de Ruijter, T.C.; Gostek, S.; Dahl, E.; Pfister, D.; Schmid, S.C.; Knüchel, R.; et al. Promoter methylation of DNA damage repair (DDR) genes in human tumor entities: RBBP8/CtIP is almost exclusively methylated in bladder cancer. Clin. Epigenet. 2018, 10, 15. [Google Scholar] [CrossRef]

	



Criscuolo, D.; Morra, F.; Giannella, R.; Visconti, R.; Cerrato, A.; Celetti, A. New combinatorial strategies to improve the PARP inhibitors efficacy in the urothelial bladder Cancer treatment. J. Exp. Clin. Cancer Res. 2019, 38, 91. [Google Scholar] [CrossRef]

	



Kantidze, O.L.; Velichko, A.K.; Luzhin, A.V.; Petrova, N.V.; Razin, S.V. Synthetically Lethal Interactions of ATM, ATR, and DNA-PKcs. Trends Cancer 2018, 4, 755–768. [Google Scholar] [CrossRef]








[image: Biomedicines 10 01277 g001 550] 





Figure 1. IC50 values of ATR and DNA-PK inhibitors in relation to radiation dose and cellular background. Short-term single drug response analyses applying DNA-PK and ATR inhibitors upon different radiation doses (0 Gy, 2 Gy, 4 Gy, 6 Gy, 8 Gy) on squamous SCaBER (A,B), urothelial VMCUB-1 (C,D) and J82 (E,F) bladder cancer cell lines. Semi-logarithmic plots show drug response curves (relative inhibition rate = 100% − Xinh) of urothelial bladder cancer cell lines. Drug response was determined using XTT following 72 h incubation with indicated drug concentrations and radiation doses. Dotted line and stated relative IC50 = drug concentration causing 50% inhibition. Drug response curves represent means from at least n = 3 independent experiments. 
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Figure 2. Inhibition of DNA-PK and ATR impairs downstream DDR signaling of different bladder cancer cell line models. (A,B) In vitro models used for drug response studies. NGS-based exome sequencing revealed a monoallelic PRKDC mutation of unknown functional significance in squamous-like SCaBER and two alterations in urothelial J82 cells. The urothelial basal-type VMCUB-1 cell line showed no PRKDC alteration. The ATR wild-type and biallelic TP53 mutations were present in all cell lines. (B) The type and position of the monoallelic PRKDC (DNA-PKcs) alterations of SCaBER and J82 cells are illustrated in a lollipop plot. The mutations found in SCaBER and J82 are of unknown significance. In J82 cells, the mutation of DNA-PKcs was located in the PI3_PI4 kinase domain (p.G3904S) close to the predicted binding site of AZD7648, potentially involving interaction with the amino acids at the positions Leu3751, Arg3737, Trp3805, Leu3806, Asn3926, and Ile3938 [32]. The identified mutation of DNA-PKcs in SCaBER cells was located at the N-terminal to the FAT domain, which is known to comprise a predominantly helical solenoid HEAT-repeat domain of variable length that mediates protein-protein interaction [33]. (C–E) Phospho-western blots were performed to assess activation of DNA-PK and ATR mediated pathways upon irradiation (radiation dose = 8 Gy), as well as single and dual DNA-PK/ATR inhibition, in SCaBER, VMCUB-1 and J82 bladder cancer cells. Radiation of cells triggered activation of both DDR pathways (DNA-PK and ATR). In turn, phosphorylation of DNA-PK (Ser2056) and CHK1 (Ser317) was effectively blocked upon single/dual treatment of increased concentrations of AZD7648 and Ceralasertib. Please note: For the ATR pathway, the activation of downstream target CHK1 (Ser317) was analyzed since the phosphorylation of ATR at position Thr1989 was not significantly altered upon AZD6738 (Ceralasertib) treatment (see Supplementary Figure S3). ‘+’ and ‘−’ refers to the exposure or lack thereof to IR or drug. 
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Figure 3. Blocking DNA-PK and ATR activity retards DNA repair of radiation-induced DNA damage in squamous bladder cancer cells. (A) Representative immunofluorescence images of stained nuclear tails are shown for each time point and treatment option (i.e., single DNA-PK and ATR inhibitor treatment (both: 10 µM), combined treatment application of DNA-PK and ATR inhibitors, and non-treated cells (controls)). A neutral comet assay was performed and images were obtained with 20× original magnification. (B) Semi-quantitative analyses of the tail moment of SCaBER cells upon combined irradiation (8 Gy) and DNA-PK/ATR DDR pathway inhibition illustrating a retarded DNA repair response. Overall n = 5493 individual cells (35–148 cells/sample) with corresponding tails were analyzed by ImageJ. The time point 0 h was used for normalization. The calculation of the tail moment of non-irradiated cells but upon DNA-PK/ATR treatment was considered as a control to exclude drug-induced DNA damage. Curves of tail moments represent means from at least n = 2 independent experiments (except for dotted control lines). (C) Western blots were performed to assess the cleavage of PARP1 as an apoptotic marker with and without irradiation (dose = 8 Gy) as well as upon single and dual DNA-PK/ATR inhibition in SCaBER bladder cancer cells. GAPDH was used as a loading control. 






Figure 3. Blocking DNA-PK and ATR activity retards DNA repair of radiation-induced DNA damage in squamous bladder cancer cells. (A) Representative immunofluorescence images of stained nuclear tails are shown for each time point and treatment option (i.e., single DNA-PK and ATR inhibitor treatment (both: 10 µM), combined treatment application of DNA-PK and ATR inhibitors, and non-treated cells (controls)). A neutral comet assay was performed and images were obtained with 20× original magnification. (B) Semi-quantitative analyses of the tail moment of SCaBER cells upon combined irradiation (8 Gy) and DNA-PK/ATR DDR pathway inhibition illustrating a retarded DNA repair response. Overall n = 5493 individual cells (35–148 cells/sample) with corresponding tails were analyzed by ImageJ. The time point 0 h was used for normalization. The calculation of the tail moment of non-irradiated cells but upon DNA-PK/ATR treatment was considered as a control to exclude drug-induced DNA damage. Curves of tail moments represent means from at least n = 2 independent experiments (except for dotted control lines). (C) Western blots were performed to assess the cleavage of PARP1 as an apoptotic marker with and without irradiation (dose = 8 Gy) as well as upon single and dual DNA-PK/ATR inhibition in SCaBER bladder cancer cells. GAPDH was used as a loading control.



[image: Biomedicines 10 01277 g003]







[image: Biomedicines 10 01277 g004 550] 





Figure 4. Long-term observation shows a clear inhibition of clonogenic survival of bladder cancer cells after radiation exposure. A clonogenic survival assay was performed to reveal colony formation upon pharmacological single and dual DNA-PK and ATR inhibition with irradiation (2–8 Gy) using SCaBER, VMCUB-1 and J82 bladder cancer cells. Colony growth was assessed for SCaBER (A), VMCUB-1 (B) and J82 cells (C) 14 days after AZD7648 and Ceralasertib treatment in combination with different radiation doses as indicated. DMSO served as the negative control. Left side: Representative images of grown colonies are shown. Right side: Survival fractions (clonogenic potential) are densitometrically illustrated for each cell line. Colony survival curves represent means from at least n = 2 independent experiments. 
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Figure 5. Dual ATR and DNA-PK inhibition mediates short-term synergistic effects depending on radiation dose and cellular background. The combination index (CI) was calculated in order to assess the combined effects of drugs (CompuSyn software, v.1.0). (A) 3D graph illustrates CI results for combined application of dual DNA-PK and ATR inhibition upon low dose irradiation of SCaBER cells. Drugs were used at concentrations of 4 × IC50, 2 × IC50, 1 × IC50, 0.5 × IC50, 0.25 × IC50, 0.125 × IC50 of each drug for SCaBER. CI = 1: additive effect, CI < 1: synergistic effect (red), CI > 1: antagonistic effect (blue). (B–D) Graphs illustrating CI results for cell fractions affected by dual application of DNA-PK and ATR inhibitors in combination with two distinct radiation doses (low 2 Gy and high 8 Gy) on SCaBER (B), VMCUB-1 (C) and J82 (D) cells after 72 h. CI data represents means from at least n = 3 independent experiments. 






Figure 5. Dual ATR and DNA-PK inhibition mediates short-term synergistic effects depending on radiation dose and cellular background. The combination index (CI) was calculated in order to assess the combined effects of drugs (CompuSyn software, v.1.0). (A) 3D graph illustrates CI results for combined application of dual DNA-PK and ATR inhibition upon low dose irradiation of SCaBER cells. Drugs were used at concentrations of 4 × IC50, 2 × IC50, 1 × IC50, 0.5 × IC50, 0.25 × IC50, 0.125 × IC50 of each drug for SCaBER. CI = 1: additive effect, CI < 1: synergistic effect (red), CI > 1: antagonistic effect (blue). (B–D) Graphs illustrating CI results for cell fractions affected by dual application of DNA-PK and ATR inhibitors in combination with two distinct radiation doses (low 2 Gy and high 8 Gy) on SCaBER (B), VMCUB-1 (C) and J82 (D) cells after 72 h. CI data represents means from at least n = 3 independent experiments.
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