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New insights into ATR inhibition in muscle invasive bladder cancer: The role of apolipoprotein B mRNA editing catalytic subunit 3B
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Abstract: Background: Apolipoprotein B mRNA editing catalytic polypeptide (APOBEC), an endogenous mutator, induces DNA damage and activates the ataxia telangiectasia and Rad3-related (ATR)-checkpoint kinase 1 (Chk1) pathway. Although cisplatin-based therapy is the mainstay for muscle-invasive bladder cancer (MIBC), it has a poor survival rate. Therefore, this study aimed to evaluate the efficacy of an ATR inhibitor combined with cisplatin in the treatment of APOBEC catalytic subunit 3B (APOBEC3B) expressing MIBC. Methods: Immunohistochemical staining was performed to analyze an association between APOBEC3B and ATR in patients with MIBC. The APOBEC3B expression in MIBC cell lines was assessed using real-time polymerase chain reaction and western blot analysis. Western blot analysis was performed to confirm differences in phosphorylated Chk1 (pChk1) expression according to the APOBEC3B expression. Cell viability and apoptosis analyses were performed to examine the anti-tumor activity of ATR inhibitors combined with cisplatin. Conclusion: There was a significant association between APOBEC3B and ATR expression in the tumor tissues obtained from patients with MIBC. Cells with higher APOBEC3B expression showed higher pChk1 expression than cells expressing low APOBEC3B levels. Combination treatment of ATR inhibitor and cisplatin inhibited cell growth in MIBC cells with a higher APOBEC3B expression. Compared to cisplatin single treatment, combination treatment induced more apoptotic cell death in the cells with higher APOBEC3B expression. Conclusion: Our study shows that APOBEC3B’s higher expression status can enhance the sensitivity of MIBC to cisplatin upon ATR inhibition. This result provides new insight into appropriate patient selection for the effective application of ATR inhibitors in MIBC.
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Introduction

Currently, cisplatin-based chemotherapy is the standard chemotherapy regimen for patients with advanced muscle-invasive bladder cancer (MIBC) [1–3]. However, even immune checkpoint inhibitors, as the palliative first-line setting, combined with cisplatin do not improve survival [4–6]. Moreover, although avelumab is approved to be administered as a maintenance treatment following platinum-based chemotherapy, the survival benefit is approximately six months, while a long-term survival benefit is observed in only a limited number of patients [7–9]. Therefore, novel treatment options are required to overcome these limitations and improve the cisplatin efficacy for the treatment of MIBC.

Ataxia telangiectasia and Rad3-related (ATR) kinase is a key checkpoint molecule that initiates DNA damage response when DNA damage occurs at specific sites within single-stranded DNA, including stressed replication forks [10,11]. Therefore, ATR inhibition can force cell cycle progression with incomplete DNA, inducing cell apoptosis [12]. Previous in vitro studies have presented the potential activity of several ATR inhibitors in various cancer cell lines [12–16]. However, a clinical phase 2 study using ATR inhibitors in MIBC failed to show significant survival improvement [17]. Although statistical significance was not achieved, the combination of ATR inhibitor and cisplatin-based chemotherapy showed a numerically improved survival [17]. Moreover, another study on ovarian cancer conducted at the same time succeeded in deriving significant results [18]. Therefore, the study raised a need to select suitable patients with MIBC for ATR inhibitor treatment.

Apolipoprotein B mRNA editing catalytic subunit 3B (APOBEC3B), an endogenous carcinogen, is overexpressed in approximately two-thirds of patients with MIBC [19,20], and its overexpression is associated with enhancement of the ATR signaling pathway [19–22]. This may be because APOBEC3B induces ATR activity by increasing replication stress in the process of cytidine deamination to create an abasic site [22,23]. Similarly, a previous cell line study also reported a relationship between APOBEC3B overexpression and anti-cancer activity of ATR inhibition [22].

Accordingly, we hypothesized that the combination of ATR inhibitors and cisplatin in APOBEC3B-overexpressing MIBC may be more effective in increasing the sensitivity of MIBC to cisplatin. Therefore, our study aimed to evaluate the potential of a combination treatment strategy of cisplatin and ATR inhibitor in APOBEC3B-high expressing MIBC.

Materials and Methods

Patient population and tissue samples

This study evaluated patients diagnosed with bladder cancer between 2013 and 2021 at St. Vincent’s Hospital, Suwon, Republic of Korea. The study was approved by the Institutional Review Board of St. Vincent’s Hospital of the Catholic University of Korea (grant numbers: VC21ZASI0036 and VC20SISI0187) and was conducted in accordance with the principles of the Declaration of Helsinki and its later amendments. Written informed consent was obtained from all participants.

All patients underwent surgery, including transurethral resection of their bladder tumor or radical cystectomy. The pathological diagnosis was muscle-invasive urothelial carcinoma in all included patients. A formalin-fixed, paraffin-embedded tumor block was used to evaluate APOBEC3B protein expression, and patient medical records were thoroughly reviewed. All clinical information was extracted anonymously in a de-identified manner.

Immunohistochemistry to interpret APOBEC3B expression

Immunohistochemistry (IHC) staining was performed as described previously [24]. Rabbit polyclonal anti-APOBEC3B antibody (ab191695, Abcam, Cambridge, UK, dilution 1:200) was used as a primary antibody against human APOBEC3B, and rabbit monoclonal anti-ATR (phospho S428) antibody (ab178407; Abcam, Cambridge, UK, dilution 1:200) was used as a primary antibody against human ATR. The nuclear and cytoplasmic staining of APOBEC3B and ATR in each sample was evaluated by an independent pathologist using a semiquantitative score. The staining intensity was interpreted as 2+ of the control, 1+ of weaker, 3+ of stronger, and 0 of negative staining. The H-scores were calculated on a scale of 0–300 by multiplying the staining intensity (0, no staining; 1, weak; 2, moderate; and 3, strong) according to the percentage of cells (0%–100%) at each intensity level.

Cell lines and culture conditions

The MIBC cell lines evaluated in this study (HT-1376, 5637, HT1197, and 253 J) were obtained from the Korean Cell Line Bank (KCLB; Seoul, Republic of Korea). The cell lines were cultivated according to KCLB recommendations. Briefly, the cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM; 90%) with fetal bovine serum (FBS; 10%), penicillin, and streptomycin at 37°C in a humidified environment.

Real-time polymerase chain reaction analysis

Real-time polymerase chain reaction (PCR) was performed to confirm the expression of APOBEC3B messenger RNA (mRNA) in the cell lines. RNA was extracted from each cell using an RNA-spinTM Total RNA Extraction Kit (iNtRON Biotechnology, Seoul, Republic of Korea). The extracted RNA was quantified using a NanoDropTM Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), and 2 µg of complementary DNA (cDNA) was subsequently synthesized using an AMPEGENE® cDNA Synthesis Kit (Enzo Life Sciences, Farmingdale, NY, USA). Real-time PCR was performed using DNA Master SYBR Green I and Light Cycler 2.0 real-time PCR equipment (Roche, Basel, Switzerland). The primers used for human APOBEC3B were GACCCTTTGGTCCTTCGAC (sense) and GCACAGCCCCAGGAGAAG (antisense). The primers for human β-actin were GTCCACCTTCCAGCAGATGT (sense) and AAAGCCATGCCAATCTCATC (antisense). The detailed experiments were performed as previously described [21].

Western blot analysis

Protein extraction from each sample was performed using radioimmunoprecipitation assay lysis and extraction buffer (Thermo Fisher Scientific, Waltham, MA, USA). The protein levels were quantified using the Bradford assay (Thermo Fisher Scientific, Waltham, MA, USA). For each evaluation, 2 µg of protein was transferred to a polyvinylidene difluoride membrane following sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The transferred membranes were blocked with 5% non-fat milk, and each primary antibody was incubated overnight at 4°C. Horseradish peroxidase-conjugated secondary antibodies were incubated for 1 h. Images were captured using an ImageQuantTM LAS4000 camera system (GE Healthcare, Chicago, IL, USA). The antibodies used in our study were APOBEC3B (ab191695; Abcam, Cambridge, UK), Chk1 (sc-8408; Santa Cruz Biotechnology, Dallas, TX, USA), phospho-Chk1 (Ser317, #2344; Cell Signaling Technology, Danvers, MA, USA), H2AX (#2595, Cell Signaling Technology, Danvers, MA, USA), phospho-H2AX (Ser139, #9718; Cell Signaling Technology, Danvers, MA, USA), and β-actin (#4967, Cell Signaling Technology, Danvers, MA, USA). The ATR inhibitor used in this study was VE-821 (Selleckchem, Houston, TX, USA).

Cell viability assays

Each cell line was seeded in a 96-well plate (5 × 103 in 100 µL), and reagents were added depending on concentrations and timings within various assays, as described below. Cell viability was determined using a Cell Counting Kit (CCK; EZ-Cytox Cell-Based Assay, DoGenBio Co., Ltd., Seoul, Korea). According to the CCK Assay Kit protocol, 10 µL of CCK was added to each plate, and the cell count was read at 490 nm using a microplate reader 1–4 h after incubation; cell viability was measured 48 h after drug treatment, depending on various drug concentrations. In the time-dependent assay, cell viability was evaluated using 3 µM cisplatin and 2.5 µM VE-821, an ATP competitive ATR inhibitor, and incubation was maintained for up to 72 h.

Assessment of cell apoptosis and cell cycle analysis

Annexin V and propidium iodide (PI) apoptosis assay kits (Thermo Fisher Scientific, Waltham, MA, USA) were used according to the manufacturer’s instructions. Cells treated with the apoptosis assay kit were evaluated using flow cytometry. The detailed experimental process was described previously [20]. Annexin V-negative and PI-negative cells were considered viable, annexin V-positive and PI-negative cells were considered early apoptotic cells, and annexin V-positive and PI-positive cells were considered late apoptotic cells. For cell cycle analysis, samples were stained using a BD Cycletest_Plus DNA Kit and assessed using flow cytometry by Beckman Coulter’s Navios model. The result was analyzed using Beckman Coulter’s kaluza analysis version 2.1 program.

Statistical analysis

The differences in APOBEC3B expression and cell viability in each cell line were compared using t-test and Mann–Whitney U test. APOBEC3B expression levels and response rates to chemotherapy were compared using chi-square tests. The association between APOBEC3B and ATR was also analyzed using a chi-square test. All statistical analyses were performed using SPSS statistical software version 25 (IBM Corp., Armonk, NY, USA). Results with a two-sided p < 0.05 were considered statistically significant.

Results

APOBEC3B expression and tumor response to cisplatin in patients with MIBC

We first evaluated APOBEC3B expression using immunohistochemical staining in samples obtained from 61 patients with MIBC (Suppl. Table S1). Strong (3+), moderate (2+), and weak (1+) intensities of APOBEC3B expression were observed in 43 (70.5%), 16 (26.2%), and 2 (3.3%) patients, respectively (Fig. 1a). No instances of negative APOBEC3B expression were observed. We classified patients into the high (3+) and low expression groups (2+ or less) according to the intensity of APOBEC3B protein expression. The mean H-score significantly varied between the high and low APOBEC3B expression groups (p < 0.0001). Notably, the squamous-differentiated area of the tumor was determined to be almost unstained with the APOBEC3B antibody (Fig. 1b). No associations between tumor response and APOBEC3B were observed. Additionally, neither TNM stage nor tumor recurrence was associated with APOBEC3B expression (Suppl. Table S1).
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Figure 1: Apolipoprotein B mRNA editing enzyme catalytic subunit 3B (APOBEC3B) expression following immunohistochemical staining in patients with bladder cancer. (a) Findings for muscle invasive bladder cancer (MIBC; urothelial carcinoma). Tissue samples from patients with bladder cancer immunohistochemically stained for APOBEC3B expression (ab191695; Abcam, Cambridge, UK, dilution 1:200). (b) Squamous differentiation. There is almost no staining with the APOBEC3B antibody in the squamous differentiated area.

ATR expression and its association with APOBEC3B in patients with MIBC

Immunohistochemical staining (Fig. 2a) revealed that similar to APOBEC3B, ATR was expressed in over 50% of patients with MIBC. Strong (3+), moderate (2+), and negative intensity of ATR expression was observed in 36 (59.0%), 5 (8.2%), and 20 (32.8%) patients, respectively. Similar to the interpretation for APOBEC3B, we classified patients into high (3+) and low (2+ or less) expression groups according to ATR expression intensity. Cytoplasmic ATR expression without nuclear staining was interpreted as negative (Fig. 2b). A significant correlation was observed between ATR and APOBEC3B expressions (p = 0.039, OR = 3.255) which was linear (p = 0.040) (Table 1). As for clinical factors, recurrence was associated with ATR expression. However, response to cisplatin was not associated with ATR expression (Suppl. Table S2).
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Figure 2: Ataxia telangiectasia and Rad3-related (ATR) kinases expression following immunohistochemical staining in patients with bladder cancer. (a) Findings for muscle invasive bladder cancer (MIBC; urothelial carcinoma). Tissue samples from patients with bladder cancer immunohistochemically stained for ATR expression (ab178407; Abcam, Cambridge, UK). (b) Results for nuclear and cytoplasmic staining. ATR is stained in the cytoplasm but not in the nucleus.
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APOBEC3B expressions and ATR-Chk1 signals in bladder cancer cell lines

As for real-time PCR results, HT-1376, 5637, and 253J MIBC cells showed higher mRNA APOBEC3B expression than HT1197 cells (Fig. 3a). Therefore, we designated HT-1376, 5637, and 253J cell lines as the cells with higher expression of APOBEC3B and the HT-1197 cell line as the cells with lower expression of APOBEC3B.
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Figure 3: Apolipoprotein B mRNA editing enzyme catalytic subunit 3B (APOBEC3B) expression and ataxia telangiectasia and Rad3-related (ATR) activity in bladder cancer cell lines. (a) Real-time polymerase chain reaction (PCR) findings. APOBEC3B mRNA expression is significantly different between cell lines expressing high levels of APOBEC3B (HT1376, 5637, 253J) and the cell line expressing low levels of APOBEC3B (HT1197; *p < 0.05). Relative values (1/2−∆∆Ct) of HT1376, 5637, 253J, and HT1197 are 0.00999, 0.00457, 0.00544, and 0.000494, respectively, using lightcycler software 4.1. (b) Western blotting. APOBEC3B protein expression is consistent with the mRNA expression levels observed in this study. Cell lines expressing high levels of APOBEC3B have more prominent Chk1 expression than the cell lines expressing low levels of APOBEC3B.

The APOBEC3B protein expression levels were consistent with the mRNA expression levels in MIBC cell lines (Fig. 3b). The expressions of Chk1 and pChk1 tended to increase in MIBC cells with higher APOBEC3B expression, compared to MIBC cells with lower APOBEC3B expression (Fig. 3b). VE-821 treatment (5 µM) increased γH2AX expression and decreased pChk1 expression, but not Chk1 expression (Suppl. Fig. S1).

Antitumor activities of ATR inhibitor and cisplatin alone and their combination in bladder cancer cell lines

Cisplatin alone inhibited cell proliferation in a dose-dependent manner in MIBC cells with higher APOBEC3B expression. Additionally, low cisplatin (3 µM) modestly inhibited cell proliferation at 48 h. Whereas VE-821 alone showed anti-proliferative activity at lower concentration (2.5 µM) only for 253J cells at 48 h, but not in other MIBC cells (Figs. 4a, 4b). For dose determination of the combination, the cisplatin and VE-821 doses were fixed, and cell growth curves were observed over time. Low-dose cisplatin (3 µM) modestly inhibited cell growth regardless of cell lines. Whereas low dose VE-821 (2.5 µM) did not show any antitumor activity over time in cell viability assays (Figs. 4c–4d).
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Figure 4: Cell viability assays following treatment with cisplatin and ataxia telangiectasia and Rad3-related (ATR) inhibitor (VE-821) in bladder cancer cell lines. (a) Concentration dependent cell growth curves for cisplatin treatment. Regardless of APOBEC3B expression, cisplatin shows a dose-dependent effect at 48 h in MIBC cells. (b) Concentration dependent cell growth curves for VE-821 treatment. Regardless of APOBEC3B expression, VE-821 shows a dose-dependent effect at 48 h in MIBC cells. (c) Time dependent cell growth curves for cisplatin treatment. A low dose of cisplatin (3 μM) is administered in all cell lines. (d) Time dependent cell growth curves for VE-821 treatment. All cell lines are treated with low doses of VE-821 (2.5 μM). The efficacy of combination therapy (c) is more pronounced than that of low doses of both monotherapies, which were determined to be ineffective. (e) Time dependent cell growth curves for combination treatment: 2.5 μM of VE-821 was added to 3 μM of cisplatin in all cell lines. Combination therapy shows a synergistic effect in high-expressing APOBEC3B cell lines compared to that in the low-expressing APOBEC3B cell line. (f) Concentration dependent cell growth curves for combination treatment. The addition of VE-821 is effective even at a low concentration (1 μM) in the high-expressing APOBEC3B cell lines.

To enhance their antitumor effect, we implemented a combination treatment. Considering the possibility of synergistic interaction between two drugs, low doses (3 µM for cisplatin and 2.5 µM for VE-821), which showed insufficient effect with a single treatment, were selected as the combination concentration. VE-821 (2.5 µM) in combination with cisplatin (3 µM) greatly suppressed cell viability in MIBC cells expressing higher APOBEC3B levels but not in HT1197 cells expressing lower APOBEC3B levels (Fig. 4e). The difference in antitumor activity appeared at 24 h after combination treatment and gradually increased as time elapsed (Fig. 4e).

Notably, the anti-proliferative activity of the combination treatment was pronounced even at the lower concentration of VE-821 (1 µM) in the MIBC cells with higher APOBEC3B expression (Fig. 4f). As the concentration of VE-821 increased, cell growth inhibition gradually increased in HT-1197 cells, which were insensitive to VE-821 (2.5 µM) single treatment. The antitumor activity of combination treatment was more evident in cells expressing higher APOBEC3B when the cell growth curve for a single treatment of two drugs was compared with that of the combination treatment (Figs. 4c–4e).

Induction of apoptotic cell death by ATR inhibition and cisplatin

We performed flow cytometric analysis of cell apoptosis induced by the combination treatment lower concentrations of cisplatin (1 µM) and VE-821 (2.5 µM). Both VE-821 and cisplatin alone had little induction of apoptotic cell death in HT-1376, 5637, and HT-1197 cells, whereas their combination induced apoptotic cell death in both HT-1376 and 5637 cells with higher APOBEC3B expression. Notably, apoptosis induced by the combination treatment was most pronounced in 5637 cells. Compared with cisplatin alone, apoptotic cell death by the combination treatment in the 5637 cells significantly increased from 30.1% to 63.8% (Figs. 5a–5h). In contrast, no additional apoptosis was found in HT-1197 cells with lower APOBEC3B expression (Figs. 5i–5n).

[image: images]

Figure 5: Apoptotic cell death by ataxia telangiectasia and Rad3-related (ATR) inhibition in bladder cancer cells showing high expression of apolipoprotein B mRNA editing enzyme catalytic subunit 3B (APOBEC3B). (a) Findings in comparison with the control group. The control group comprised untreated HT-1376 cells. Flow cytometry was performed to identify apoptotic cell death. (b) Results of cisplatin single treatment. There is almost no induction of apoptotic cell death in HT-1376 cells treated with low-dose cisplatin (1 µM). (c) Findings in VE-821 (an ATR inhibitor) single treatment. VE-821 shows little induction of apoptotic cell death in HT-1376 cells treated with low dose VE-821 (2.5 µM). (d) Results for evaluations of the combination treatment in HT-1376 cells. The combination of cisplatin (1 µM) and VE-821 (2.5 µM) induces apoptotic cell death at 48 h after treatment. (e–h) Findings in 5637 cells. Flow cytometry was performed to identify apoptotic cell death. (i–l) Results of HT-1197 cells. Flow cytometry was performed to identify apoptotic cell death. (m, n) Comparison apoptotic cell deaths between cisplatin single treatment and combination treatment in 5637 and HT-1197 cells.

Cell cycle progression by ATR inhibition and cisplatin

The cell cycle states impacted by the combination treatment (1 µM for cisplatin and 2.5 µM for VE-821) were different depending on the APOBEC3B expression. No significant cell cycle changes occurred in the 5637 cells treated with VE-821 alone. However, when cisplatin alone was administered, the G0-G1 subpopulation decreased, and the S subpopulation notably increased. Meanwhile, VE-821 combined with cisplatin markedly reduced the G2-M subpopulation and greatly increased the S phase subpopulation compared to cisplatin alone (Suppl. Fig. S2a). However, no cell cycle changes were observed in HT-1197 with a lower expression of APOBEC3B (Suppl. Fig. S2b).

Discussion

This study aimed to investigate the differential effects of cisplatin and ATR inhibitor combination treatment based on APOBEC3B expression in patients with MIBC. The combination treatment proposed herein effectively suppressed cell growth when APOBEC3B expression was higher. In contrast, no difference was observed when APOBEC3B expression was lower. These results indicate that ATR inhibitors can increase the sensitivity to cisplatin in patients with MIBC with higher APOBEC3B expression. Thus, it is crucial to identify patients with MIBC suitable for clinical treatment using ATR inhibitors.

The most well-known epidemiologic cause of bladder cancer is smoking [25]. However, genomic analyses reveal that MIBC primarily exhibited in the APOBEC3-mediated mutations and not in smoking-related mutations [19,26], suggesting that APOBEC3B plays an important role in MIBC pathogenesis. Moreover, APOBEC3B overexpression is reportedly observed in approximately two-thirds of patients with MIBC [19,24]. Therefore, a biologically deeper analysis and understanding of APOBEC3B overexpression is necessary for developing treatment strategies. Similarly, our study observed APOBEC3B overexpression in approximately 70% of patients with MIBC.

We observed a significant correlation between APOBEC3B and ATR expression in patient tissue samples and MIBC cells. This result is consistent with that of previous studies [12,22]. In terms of the correlation, Buisson et al. showed that APOBEC3B high expression induced abasic sites and increased stress at the replication fork, leading to ATR pathway activation to protect cancer cells from replication stress [22]. Swanton et al. presented that the expression of pRPA (S33; a marker of replication stress) decreased in APOBEC3B knockdown lung cancer cells compared to APOBEC3B-expressing lung cancer cells [23]. We also observed that ATR inhibition induces DNA damage in APOBEC3B high expression cells by analyzing molecules such as pChk1 or γH2AX. To elaborate in detail, APOBEC3B catalyzes the deamination of cytosine to uracil in DNA, and the substituted uracil is subsequently removed by uracil DNA glycosylase, creating abasic sites [27]. This induced DNA damage leads to replication stalling and increased replication stress [22]. The exposed single-stranded DNA at the slowed replication fork is bound by RPA, which recruits ATRIP, Rad17, TopBP1, and others [11]. This complex activates ATR, which in turn phosphorylates CHK1 [11]. This process stabilizes the replication fork and regulates checkpoints, allowing replication to complete [11]. Therefore, ATR inhibition results in checkpoint defects and a replication catastrophe, suppressing cell growth and survival. This suggests ATR as a novel therapeutic target in MIBC with high levels of APOBEC3B expression.

The assumption that ATR inhibition would be effective in a state of increased replication stress can also be inferred from a previous clinical trial, wherein patients with ovarian cancer showed prolonged survival with ATR inhibition plus DNA damaging cytotoxic chemotherapy [18]. Conventionally, ovarian cancer has increased replication stress [28]. Ovarian cancer harbors a loss of cell cycle checkpoints related to TP53 mutations, premature cell cycle progression due to cyclin E1 (CCNE1) amplification, and deficiencies in DNA repair processes [18]. Similarly, MIBC with high levels of APOBEC3 expression exhibits more genetic alterations related to the cell cycle checkpoint, including TP53 and ATM, compared to MIBC expressing low levels of APOBEC3 [19]. Cisplatin reportedly acts as a DNA adductor via cross-linking between nucleotide bases [29]. This crosslink slows the progression of the cell cycle and induces abnormal cell cycle arrest through the activation of the Chk1 pathway [29,30]. Therefore, if ATR inhibition is applied in MIBC with high APOBEC3B expression, which occurs in a state of increased replication stress, the DNA damage induced by cisplatin will be more difficult to repair than usual, resulting in a greater increase in abnormal cell cycle arrest and apoptosis compared to cisplatin alone. We analyzed this using MIBC cells with varying expressions of APOBEC3B. As expected, the combination treatment in higher APOBEC3B MIBC increased apoptosis compared to cisplatin alone. Further, in cell cycle analysis, we observed a decrease in the proportion of cells in the G0-G1 and G2 phases and an increase in the S and M phases, suggesting that the changes may have led to decreased preparation phase and increased active phase in the cell division cycle, ultimately contributing to the increased cisplatin sensitivity.

Taken together, patients with MIBC with a higher APOBEC3B expression may be an effective target population for cisplatin-based chemotherapy and ATR inhibitor combination treatment.

However, our study has several limitations. First, our results reporting a relationship between ATR and APOBEC3B must be interpreted cautiously due to the small sample size. Referring to previous studies using public data from The Cancer Genome Atlas and the Beijing Genomics Institute, APOBEC3 in MIBC has been shown to be related to DNA damage genes, including ATR [19]. More extensive research in diverse cohorts with larger sample sizes is needed for validation.

Additionally, our study’s sample size was inadequate to analyzing clinical characteristics associated with APOBEC3B expression in MIBC. In our previous study, differences in survival were observed in patients with metastatic bladder cancer based on APOBEC3B expression, and a potential relation with tumor-infiltrating lymphocytes was proposed [24]. Another study has also shown that bladder cancer with high APOBEC3B expression has a better prognosis compared to those with low expression, and higher infiltration of various immune cells and expression of immune checkpoints, including CD276 [31]. Thus, it is necessary to analyze the possibility of a correlation between APOBEC3B and basic clinical information in various cohorts.

Next, our study did not conduct a detailed molecular evaluation of how ATR inhibition increases cisplatin sensitivity. This analysis could have strengthened the mechanistic understanding of why ATR inhibition was effective only in cases of high APOBEC3B expression observed in our study. However, Sigala et al. previously reported that ATR is involved in the translocation of Serine-arginine protein kinases related to basic cellular processes such as mRNA splicing, chromatin reorganization, and cell cycle regulation into the nucleus, which could be linked to the DNA damage pathway and influence sensitivity to chemotherapeutic agents [32].

Lastly, we did not create APOBEC3B overexpressed or silenced cells using methods like siRNA to investigate the function of APOBEC3B under in vitro conditions. This is a notable limitation, as cell lines with modulated APOBEC3B expression could unveil deeper mechanisms linking ATR inhibitors and APOBEC3B expression, alongside showcasing their clinical relavance. To address this concern, our study was conducted using cell lines with different levels of APOBEC3B expression. Considering the rarity of negative APOBEC3B expression in MIBC, we believe that our approach is likely to offer insights with clinical implications. As replication stress is influenced by a variety of factors [30], there could be several uncontrolled variables affecting our results besides APOBEC3B expression. Additionally, we did not explore the potential effects of the relationship between APOBEC3B and other APOBEC3 family members. Recent reports suggest that APOBEC3A and APOBEC3B can influence each other’s expression and activity in relation to APOBEC mediated mutation burden [33], indicating the need for further research in this area.

Therefore, caution is necessary when interpreting our results, and further investigations are warranted to explore not only the ATR-Chk1 pathway but also various factors that can increase replication stress [30]. Our findings should be considered as highlighting the need for additional research into one of the potential options that could enhance the efficacy of existing standard treatments for MIBC.

In conclusion, our study demonstrated that a higher expression of APOBEC3B enhances the sensitivity of MIBC to cisplatin upon ATR inhibition. This is associated with the upregulation of the ATR-Chk1 pathway and induction of DNA damage and immature cell cycle progression upon ATR inhibition. These findings explain why the combination of cisplatin and ATR inhibitors in MIBC with higher expression of APOBEC3B led to a more pronounced inhibition of cell growth and increased apoptotic cell death compared to cisplatin alone, while no such effects are observed in lower expression of APOBEC3B. To the best of our knowledge, this is the first in vitro study on the selective application of an ATR inhibitor in MIBC cell lines. Furthermore, a correlation between APOBEC3B and ATR expression was observed in actual patient tissues, with a high expression of both proteins observed in approximately two-thirds of patients with MIBC. These results provide new information about appropriate patient selection for the effective application of ATR inhibitors in MIBC. Moreover, as the effect of immune checkpoint inhibitors can be closely related to platinum sensitivity [8,34], our study results related to platinum sensitivity not only provide the possibility of enhancing the therapeutic effect of cisplatin in MIBC but also potentially offer translationally important insights into the new treatment strategies

Acknowledgement: None.

Funding Statement: This research was supported by St. Vincent’s Hospital, the Research Institute of Medical Science (Grant Number: SVHR-2021-03).

Author Contributions: HK and JHK contributed to the study’s conception and design. HK and UJ contributed to data collection and analysis. All authors helped in the analysis and discussion of the raw data. HK wrote the first draft of the manuscript. All authors commented on previous versions of the manuscript. All authors read and approved the final manuscript.

Availability of Data and Materials: The data will not be shared because data related to human-derived materials may have ethical considerations and usage limitations.

Ethics Approval: The study was approved by the Institutional Review Board of the St. Vincent’s Hospital of the Catholic University of Korea (grant numbers: VC21ZASI0036 and VC20SISI0187) and was conducted in accordance with the principles of the Declaration of Helsinki and its later amendments. All patients provided written informed consent for participation in this study.

Conflicts of Interest: The authors declare that they have no conflict of interest to report regarding the present study.

Supplementary Materials: The supplementary material is available online at https://doi.org/10.32604/or.2024.048919.

References

1. Alfred Witjes, J., Max Bruins, H., Carrión, A., Cathomas, R., Compérat, E. et al. (2024). European association of urology guidelines on muscle-invasive and metastatic bladder cancer: Summary of the 2023 guidelines. European Urology, 85(1), 17–31. https://doi.org/10.1016/j.eururo.2023.08.016

2. Bianchi, A., von Deimling, M., Pallauf, M., Yanagisawa, T., Kawada, T. et al. (2023). Perspectives on the future of urothelial carcinoma therapy: Chemotherapy and beyond. Expert Opinion Pharmacotherapy, 24(2), 177–195. https://doi.org/10.1080/14656566.2022.2150966

3. Liu, S., Chen, X., Lin, T. (2022). Emerging strategies for the improvement of chemotherapy in bladder cancer: Current knowledge and future perspectives. Journal of Advanced Research, 39, 187–202. https://doi.org/10.1016/j.jare.2021.11.010

4. Galsky, MD., Arija, JÁ A., Bamias, A., Davis, ID., De Santis, M. et al. (2020). Atezolizumab with or without chemotherapy in metastatic urothelial cancer (IMvigor130A multicentre, randomised, placebo-controlled phase 3 trial. The Lancet, 395(10236), 1547–1557. https://doi.org/10.1016/S0140-6736(20)30230-0

5. Powles, T., Csőszi, T., Özgüroğlu, M., Matsubara, N., Géczi, L. et al. (2021). Pembrolizumab alone or combined with chemotherapy versus chemotherapy as first-line therapy for advanced urothelial carcinoma (KEYNOTE-361A randomised, open-label, phase 3 trial. The Lancet Oncology, 22(7), 931–945. https://doi.org/10.1016/S1470-2045(21)00152-2

6. Li, H., Ni, M., Xue, C., Li, L., Huang, R. et al. (2022). Optimal first-line treatment for platinum-eligible metastatic urothelial carcinoma: Comparison of chemo-immunotherapy, immunotherapy, and chemotherapy–A systematic review and meta-analysis. Clinical Immunology, 236, 108927. https://doi.org/10.1016/j.clim.2022.108927

7. Powles, T., Park, S. H., Caserta, C., Valderrama, B. P., Gurney, H. et al. (2023). Avelumab first-line maintenance for advanced urothelial carcinoma: Results from the JAVELIN bladder 100 trial after ≥2 years of follow-up. Journal of Clinical Oncology, 41(19), 3486–3492. https://doi.org/10.1200/JCO.22.01792

8. Powles, T., Park, S. H., Voog, E., Caserta, C., Valderrama, BP. et al. (2020). Avelumab maintenance therapy for advanced or metastatic urothelial carcinoma. The New England Journal of Medicine, 383(13), 1218–1230. https://doi.org/10.1056/NEJMoa2002788

9. Rhea, L. P., Mendez-Marti, S., Kim, D., Aragon-Ching, J. B. (2021). Role of immunotherapy in bladder cancer. Cancer Treatment Research Communications, 26, 100296. https://doi.org/10.1016/j.ctarc.2020.100296

10. Gaillard, H., García-Muse, T., Aguilera, A. (2015). Replication stress and cancer. Nature Reviews Cancer, 15(5), 276–289. https://doi.org/10.1038/nrc3916

11. Mazouzi, A., Velimezi, G., Loizou, J. I. (2014). DNA replication stress: Causes, resolution and disease. Experimental Cell Research, 329(1), 85–93. https://doi.org/10.1016/j.yexcr.2014.09.030

12. Gorecki, L., Andrs, M., Rezacova, M., Korabecny, J. (2020). Discovery of ATR kinase inhibitor berzosertib (VX-970, M6620Clinical candidate for cancer therapy. Pharmacology & Therapeutics, 210, 107518. https://doi.org/10.1016/j.pharmthera.2020.107518

13. Isono, M., Okubo, K., Asano, T., Sato, A. (2022). Ataxia telangiectasia and Rad3-related inhibition by AZD6738 enhances gemcitabine-induced cytotoxic effects in bladder cancer cells. PLoS One, 17(4), e0266476. https://doi.org/10.1371/journal.pone.0266476

14. Jo, U., Senatorov, I. S., Zimmermann, A., Saha, L. K., Murai, Y. et al. (2021). Novel and highly potent ATR inhibitor M4344 kills cancer cells with replication stress, and enhances the chemotherapeutic activity of widely used DNA damaging agents. Molecular Cancer Therapeutics, 20(8), 1431–1441. https://doi.org/10.1158/1535-7163.MCT-20-1026

15. Lücking, U., Wortmann, L., Wengner, A. M., Lefranc, J., Lienau, P. et al. (2020). Damage incorporated: Discovery of the potent, highly selective, orally available ATR inhibitor BAY 1895344 with favorable pharmacokinetic properties and promising efficacy in monotherapy and in combination treatments in preclinical tumor models. Journal of Medicinal Chemistry, 63(13), 7293–7325. https://doi.org/10.1021/acs.jmedchem.0c00369

16. Wengner, A. M., Siemeister, G., Lücking, U., Lefranc, J., Wortmann, L. et al. (2020). The novel ATR inhibitor BAY 1895344 is efficacious as monotherapy and combined with DNA damage-inducing or repair-compromising therapies in preclinical cancer models. Molecular Cancer Therapeutics, 19(1), 26–38. https://doi.org/10.1158/1535-7163.MCT-19-0019

17. Pal, S. K., Frankel, P. H., Mortazavi, A., Milowsky, M., Vaishampayan, U. et al. (2021). Effect of cisplatin and gemcitabine with or without berzosertib in patients with advanced urothelial carcinoma: A phase 2 randomized clinical trial. JAMA Oncology, 7(10), 1536–1543. https://doi.org/10.1001/jamaoncol.2021.3441

18. Konstantinopoulos, P. A., Cheng, S. C., Wahner Hendrickson, A. E., Penson, R. T., Schumer, ST. et al. (2020). Berzosertib plus gemcitabine versus gemcitabine alone in platinum-resistant high-grade serous ovarian cancer: A multicentre, open-label, randomised, phase 2 trial. The Lancet Oncology, 21(7), 957–968. https://doi.org/10.1016/S1470-2045(20)30180-7

19. Glaser, A. P., Fantini, D., Wang, Y., Yu, Y., Rimar, KJ. et al. (2018). APOBEC-mediated mutagenesis in urothelial carcinoma is associated with improved survival, mutations in DNA damage response genes, and immune response. Oncotarget, 9(4), 4537–4548. https://doi.org/10.18632/oncotarget.23344

20. Roberts, S. A., Lawrence, M. S., Klimczak, L. J., Grimm, S. A., Fargo, D. et al. (2013). An APOBEC cytidine deaminase mutagenesis pattern is widespread in human cancers. Nature Genetics, 45(9), 970–976. https://doi.org/10.1038/ng.2702

21. Jaguva Vasudevan, AA., Kreimer, U., Schulz, WA., Krikoni, A., Schumann, GG. et al. (2018). APOBEC3B activity is prevalent in urothelial carcinoma cells and only slightly affected by LINE-1 expression. Frontiers in Microbiology, 9, 2088. https://doi.org/10.3389/fmicb.2018.02088

22. Buisson, R., Lawrence, M. S., Benes, C. H., Zou, L. (2017). APOBEC3A and APOBEC3B activities render cancer cells susceptible to ATR inhibition. Cancer Research, 77(17), 4567–4578. https://doi.org/10.1158/0008-5472.CAN-16-3389

23. Venkatesan, S., Angelova, M., Puttick, C., Zhai, H., Caswell, DR. et al. (2021). Induction of APOBEC3 exacerbates DNA replication stress and chromosomal instability in early breast and lung cancer evolution. Cancer Discovery, 11(10), 2456–2473. https://doi.org/10.1158/2159-8290.CD-20-0725

24. Kim, H., Kim, O., Lee, M. A., Lee, J. Y., Hong, SH. et al. (2021). Prognostic impact of APOBEC3B expression in metastatic urothelial carcinoma and its association with tumor-infiltrating cytotoxic T cells. Current Oncology, 28(3), 1652–1662. https://doi.org/10.3390/curroncol28030154

25. Xiong, J., Yang, L., Deng, Y. Q., Yan, S. Y., Gu, JM. et al. (2022). The causal association between smoking, alcohol consumption and risk of bladder cancer: A univariable and multivariable Mendelian randomization study. International Journal of Cancer, 151(12), 2136–2143. https://doi.org/10.1002/ijc.34228

26. Shi, R., Wang, X., Wu, Y., Xu, B., Zhao, T. et al. (2022). APOBEC-mediated mutagenesis is a favorable predictor of prognosis and immunotherapy for bladder cancer patients: Evidence from pan-cancer analysis and multiple databases. Theranostics, 12(9), 4181–4199. https://doi.org/10.7150/thno.73235

27. Vlachostergios, P. J., Faltas, B. M. (2018). Treatment resistance in urothelial carcinoma: An evolutionary perspective. Nature Reviews Clinical Oncology, 15(8), 495–509. https://doi.org/10.1038/s41571-018-0026-y

28. The Cancer Genome Atlas Research Network(2011). Integrated genomic analyses of ovarian carcinoma. Nature, 474, 609–615. https://doi.org/10.1038/nature10166

29. Ghosh, S. (2019). Cisplatin: The first metal based anticancer drug. Bioorganic Chemistry, 88, 102925. https://doi.org/10.1016/j.bioorg.2019.102925

30. da Costa, A., Chowdhury, D., Shapiro, GI., D’Andrea, AD., Konstantinopoulos, PA. (2023). Targeting replication stress in cancer therapy. Nature Reviews Drug Discovery, 22(1), 38–58. https://doi.org/10.1038/s41573-022-00558-5

31. Zhang, C., Cheng, Z., Wang, Z., Zhao, G., Yuan, Y. et al. (2022). APOBEC3B and CD274 as combined biomarkers for predicting response to immunotherapy in urothelial carcinoma of the bladder. Journal of Oncology, 2022, 6042334. https://doi.org/10.1155/2022/6042334

32. Sigala, I., Koutroumani, M., Koukiali, A., Giannakouros, T., Nikolakaki, E. (2021). Nuclear translocation of SRPKs is associated with 5-FU and cisplatin sensitivity in HeLa and T24 cells. Cells, 10(4), 759. https://doi.org/10.3390/cells10040759

33. Petljak, M., Dananberg, A., Chu, K., Bergstrom, E. N., Striepen, J. et al. (2022). Mechanisms of APOBEC3 mutagenesis in human cancer cells. Nature, 607(7920), 799–807. https://doi.org/10.1038/s41586-022-04972-y

34. Kato, M., Kobayashi, T., Matsui, Y., Ito, K., Hikami, K. et al. (2021). Impact of the objective response to and number of cycles of platinum-based first-line chemotherapy for metastatic urothelial carcinoma on overall survival of patients treated with pembrolizumab. International Journal of Urology, 28(12), 1261–1267. https://doi.org/10.1111/iju.14686









	[image: images]
	This work is licensed under a Creative Commons Attribution 4.0 International License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.






Table of Contents


	
New insights into ATR inhibition in muscle invasive bladder cancer: The role of apolipoprotein B mRNA editing catalytic subunit 3B






Guide


	
New insights into ATR inhibition in muscle invasive bladder cancer: The role of apolipoprotein B mRNA editing catalytic subunit 3B





OEBPS/Images/OncolRes-32-48919-f001.png
a. Muscle invasive bladder cancer (urothelial carcinoma)

Weak intensity

&

APOBEC3B staining (x200)






OEBPS/Images/OncolRes-32-48919-f002.png
a. Muscle invasive bladder cancer (urothelial carcinoma)

8
X
-

Se W
x * =1
(Y ‘.Q '.~‘

.
>
HEVER -
PEAT

»
<
)
S
PRToReT R ;" a® “~g's 4 W -
ST SRS SE R M W T R EL ST 7 . i Tve v i
Negative nuclear and cytoplasmic staining (x200) Strong nuclear staining (x200)
J 5;,‘ AT R AR 03’",*:»‘:‘«:,-&" o

”‘-‘

I LRI TR AR T ' Ny

S Ao, 3’.5’1.*‘,;',.{&"-';.' gt
A5 o % BB R . J’f"

3

4
-
7%
A “_pk
)
.:,'-' or '&— z,
 jye

Moderate nuclear staining (x200) Weak nuclear staining (x200)

b. Only cytoplasmic staining not nuclear

° ’

P LY 4

4 '71 D
W iy AT

% -
520

e 7

sent nuclear staining (x200)

ong cytoplasmic staining and ab





OEBPS/Images/table-1.png
TABLE 1

The association between Apolipoprotein B mRNA editing enzyme catalytic subunit 3B (APOBEC3B) and Ataxia telangiectasia and
Rad3-related (ATR) kinases expression in bladder cancer patients

ATR expression

Low High Total p
APOBEC3B expression Low 11 (61.1%) 7 (38.9%) 18 (100%) 0.039
High 14 (32.6%) 29 (67.4%) 43 (100%)

Note: APOBEC3B expression levels are correlated with ATR expression (Chi-square test, p = 0.039, odds ratio = 3.255 [95% CI 10.201]). ATR
expression increases with APOBEC3B expression (linear by linear association [Chi-square test for trend], p = 0.040).
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