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Novel targeted agents to inhibit DNA repair pathways to sensitize tumors to irradiation (IR) are being investigated as an alternative to chemoradiation for locally advanced human papilloma virus negative (HPV-negative) head and neck squamous cell carcinoma (HNSCC). Two well-characterized targets that, when inhibited, exhibit potent IR sensitization are PARP1 and DNA-PKcs. However, their cooperation in sensitizing HPV-negative HNSCC to IR remains to be explored given that PARP1 and DNA-PkCS bind to unresected stalled DNA replication forks and cooperate to recruit XRCC1 to facilitate double-strand break repair. Here, we show that the combination of the DNA-PK inhibitor NU7441 and the PARP inhibitor olaparib significantly decrease proliferation (61–78%) compared to no reduction with either agent alone (p < 0.001) in both SCC1 and SCC6 cell lines. Adding IR to the combination further decreased cell proliferation (91–92%, p < 0.001) in SCC1 and SCC6. Similar results were observed using long-term colony formation assays [dose enhancement ratio (DER) 2.3–3.2 at 4Gy, p < 0.05]. Reduced cell survival was attributed to increased apoptosis and G2/M cell cycle arrest. Kinomic analysis using tyrosine (PTK) and serine/threonine (STK) arrays reveals that combination treatment results in the most potent inhibition of kinases involved in the CDK and ERK pathways compared to either agent alone. In vivo, a significant delay of tumor growth was observed in UM-SCC1 xenografts receiving IR with olaparib and/or NU7441, which was similar to the cisplatin-IR group. Both regimens were less toxic than cisplatin-IR as assessed by loss of mouse body weight. Taken together, these results demonstrate that the combination of NU7441 and olaparib with IR enhances HPV-negative HNSCC inhibition in both cell culture and in mice, suggesting a potential innovative combination for effectively treating patients with HPV-negative HNSCC.
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INTRODUCTION

Current organ preservation treatment strategies for patients with head and neck squamous cell carcinoma (HNSCC) involve concurrent chemoradiation, which enhances radiation (IR)-induced DNA damage. Repair of this damage utilizes either single-strand break (SSB) or double-strand break (DSB) repair pathways. We and others have previously shown that inhibition of poly (ADP) ribose polymerase-1 (PARP1), a member of the SSB base excision repair pathway, is a potent sensitizer of tumor cells to IR (Nowsheen et al., 2011b; Swindall et al., 2013) in HNSCC cells.

Similarly, inhibition of deoxyribonucleic acid protein kinase catalytic subunit (DNA-PkCS), a key player in the DSB non-homologous end joining (NHEJ) repair also radiosensitizes cells (Azad et al., 2014; Ying et al., 2016; Brown et al., 2017; Lee et al., 2019). NHEJ is involved in ~80% of DSB repairs induced by radiation in cancer cells (Kakarougkas and Jeggo, 2014), and DNA-Pkcs inhibitors, such as the oral inhibitor M3814, can potentiate the antitumor activity of IR in HNSCC cell lines in vivo (Zenke et al., 2020).

Previous work shows that PARP1 and DNA-PkCS bind unresected stalled DNA replication forks and cooperate to recruit XRCC1 to facilitate DSB repair (Spagnolo et al., 2012; Azad et al., 2014; Ying et al., 2016; Fok et al., 2019). Additionally, combined inhibition of PARP1 and DNA-PK may increase genomic instability due to differing mechanisms by each inhibitor (Fok et al., 2019). Combination of PARP1 and DNA-PK inhibitors has also been shown to decrease cell growth by 20% in vitro and 60% in vivo in HNSCC cell lines compared to monotherapy of either agent (Fok et al., 2019). Because unrepaired IR-induced DNA damage may also cause replication stress and mitotic catastrophe (Mahaney et al., 2009), we hypothesized that, due to the crosstalk of these pathways, combining DNA-PK and PARP inhibitors could potentiate IR-induced damage leading to enhanced IR sensitivity in HNSCC cells.

To test this hypothesis, we investigated the in vitro and in vivo effects of the DNA-PK inhibitor NU7441 and the PARP inhibitor olaparib with irradiation in HPV-negative HNSCC cell lines. Indeed, combining NU7441 and olaparib with IR significantly reduced cell survival compared to IR with either agent alone. Cytotoxicity was due to increased apoptosis and G2/M cell cycle arrest. Mechanistically, kinomic analysis revealed that combination treatment resulted in the greatest inhibition of kinases involved in the CDK and ERK pathways compared to either agent alone. A significant tumor growth delay was observed in vivo in UM-SCC1 xenografts receiving IR with olaparib and/or NU7441. These results support the further testing of combining DNA-PK and PARP inhibitors with irradiation in patients with HNSCC.



MATERIALS AND METHODS


Cell Lines and Inhibitors

The HPV-negative UM-SCC1 and UM-SCC6 cell lines were obtained courtesy of Dr. Thomas E. Carey (University of Michigan, Ann Arbor, MI). UM-SCC1-luciferase was obtained from Dr. Eben Rosenthal (Stanford University, Stanford, CA, United States). These cell lines have been previously described (Weaver et al., 2015; Zeng et al., 2017). UM-SCC1 and UM-SCC6 cell lines were maintained in DMEM growth medium (Sigma) supplemented with 10% FBS (SAFC Biosciences) and 1% penicillin/streptomycin (Gibco). The DNA-PkCS inhibitor NU7441 (Tocris Cat #3712) was used at 0.5 μM in vitro and 2, 4, and 8 mg/kg in vivo. The PARP inhibitors olaparib (LC laboratories Cat #763113-22-0) was used at 3 μM in vitro and 25 mg/kg in vivo. MK4827 (Selleckchem Cat #S2741), another PARP inhibitor, was used at 100 nM in vitro. Cisplatin was used at 4 mg/kg in vivo.



Measurement of Cell Proliferation

Cell proliferation assays were performed as described previously (Weaver et al., 2015; Zeng et al., 2017). Briefly, cells were seeded in 24-well plates and harvested at 72 and 96 h after treatment. Cells were washed with PBS, trypsinized, and diluted 1:20 in isotonic saline solution (RICCA Chemical, catalog #7210-5). Diluted cells were counted using a Beckman Z1 Coulter particle counter. Cell counts were represented as cells/mL.



Colony Formation Assay

Clonogenic survival was assessed by the colony formation assay as described previously (Nowsheen et al., 2011b, 2012; Zeng et al., 2017). Cells were treated accordingly and remained undisturbed for 2 weeks. Media was not replaced throughout the experiment. Cells were fixed and stained in 25% glutaraldehyde/12 mmol/L crystal violet solution, and the numbers of colonies were counted. Survival fraction was calculated as follows: (number of colonies counted in experimental plate/number of cells seeded in experimental plate)/(number of colonies counted in control plate/number of cells seeded in control plate). A dose-enhancement ratio (DER) was also calculated to illustrate the magnitude of radiation sensitization. The DER is defined as the ratio of the radiation dose required to obtain a surviving fraction (SF) of 0.5, without drug pretreatment, to that required to obtain the same SF after drug pretreatment.



Cell Cycle

Cell-cycle distribution was measured as previously described (Nowsheen et al., 2011b, 2012; Zeng et al., 2017). Cells were seeded in 100 mm2 dishes and treated accordingly. Twenty-four and 48 h after treatment, cells were collected, fixed, treated with RNAse (Sigma, catalog #R-4875), stained with propidium iodide (PI), and read on FACS Calibur using Cell Quest. Data were analyzed using ModFit LT (Verity Software Inc.).



Measurement of Apoptosis

Apoptosis was analyzed using the Annexin V-FITC Apoptosis Detection kit (BioVision Research Products, 3K101-400) according to the manufacturer’s instructions and was previously described (Nowsheen et al., 2011b, 2012; Zeng et al., 2017).



Western Blot Analysis

Protein was analyzed by SDS-PAGE as previously described (Nowsheen et al., 2011b, 2012; Zeng et al., 2017). The following primary antibodies from Cell Signaling Technology were used at manufacturer-recommended dilutions for immunoblotting: phosphor-(Thr) MAPK/CDK substrate (#2321), phosphor-erk1/2 (#9101), total erk1/2 (#9102). Actin (Santa Cruz Biotechnology, catalog #sc-47778) was included as a loading control. Species-specific horseradish peroxidase–conjugated secondary antibodies (Santa Cruz Biotechnology) were used at 1:20,000 dilution.



Kinomic Analysis

Lysates from UM-SCC1 treated with 2Gy IR, with and without 3 μM olaparib and/or 0.5 μM NU7441, were collected immediately after treatment and lysed in MPER lysis buffer with Halt’s protease and phosphatase inhibitors as described previously. After BCA-based protein quantification, lysates were then analyzed with 15 μg of protein on the tyrosine (PTK) arrays and 2 ug of protein on the serine/threonine (STK) arrays as previously described using a PamStation12 (PamGene, The Netherlands) (Jarboe et al., 2012; Anderson et al., 2014; Isayeva et al., 2015). Phosphorylation data was collected over multiple computer-controlled pumping cycles and exposure times (10–200 ms) for ∼144–196 substrates per array. Comparative analysis of kinases upstream of altered peptide prediction was performed in BioNavigator v6.3 using PTK and STK UpKin PamApps (v 6.0).

Whole chip comparative analysis identified that combined olaparib and NU7441 altered kinase activity as compared to IR alone (summarized in Supplementary Table S1). Olaparib- and NU7441-altered kinases were uploaded to GeneGo (portal.genego.com, Clarivate Analytics) to identify biological networks, using indicated maximum node size with an AutoExpand model, canonical pathways, reactions, metabolites, and orphan nodes deselected or excluded.



Animal Studies

All animal procedures were approved and in accordance with the UAB Institutional Animal Care and Use Committee guidelines. Four-week-old, 20 g, female athymic nude mice (Charles River Laboratories) were allowed to acclimatize for 1 week before experiments. For the orthotopic UM-SCC1-luc model, 100,000 cells were injected into the oral tongue, and tumors were imaged biweekly using a luciferase bioluminescence assay starting at day 4 after injection. Mice received intraperitoneal injections of D-luciferin substrate (150 mg/kg) 15 min before imaging, and luminescence was measured in photons per second. A pilot study was performed to assess potential dose-related toxicities of DNA-PK inhibitor NU7441 (2, 4, or 8 mg/kg IP once daily) in combination with PARP inhibitor olaparib (25 mg/kg, oral gavage twice a day) and irradiation (2 Gy, twice weekly). Treatments were given for three cycles over a total of 15 days. Tumor growth was determined via luciferase, and body weight or any other signs of treatment-related toxicities were recorded. The optimal does of DNA-PK inhibitor NU7441 (4 mg/kg) was selected for the combination treatment in the tumor growth delay study. Cisplatin (4 mg/kg) was also used as a comparison control.



Statistical Analysis

Data were analyzed by analysis of variance (ANOVA) followed by Bonferroni post-test using GraphPad Prism version 4.02 (GraphPad Software, San Diego, CA, United States). Data are presented as average ± SE.




RESULTS


Combining DNA-PK and PARP Inhibition With or Without IR Inhibits HNSCC Growth in Cell Culture

The potent radiosensitization properties of DNA-PK and PARP inhibitors as well as the interactions of DNA-PK and PARP1 in replication stress repair suggest the potential for increased efficacy by combining these inhibitors with IR. We, therefore, tested the cell proliferation effects of DNA-PK inhibitor, NU7441, and PARP inhibitor olaparib with or without IR in UM-SCC1 or UM-SCC6 head and neck cancer cells. As shown in Figure 1, the combination of NU7441 and olaparib without irradiation significantly decreased proliferation by 60.7% compared to no reduction with either agent alone in UM-SCC1 (Figure 1A) and by 78% in UM-SCC6 (Figure 1B) cells at 96 h. The addition of 4 Gy IR to the combination further reduced cell growth (UM-SCC1: 60.7 vs. 91.3%, p < 0.001; UM-SCC6: 78 vs. 92%, p < 0.001). To verify the efficacy of this combination, we also performed long-term colony-formation assays. As shown in Figures 1C,D, a 92.2% reduction in clonogenic survival in UM-SCC1 cells was observed (DER = 3.2 at 4 Gy) and 98.8% reduction in UM-SCC6 cells (DER = 2.3 at 4 Gy). Similar inhibition of cell proliferation and inhibition of clonogenic survival was observed with another PARP inhibitor MK4827 (Supplementary Figure S1).
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FIGURE 1. Combination treatment with NU7441 (DNAPKi), Olaparib (PARPi), and IR suppresses (A,B) cell proliferation and (C,D) clonogenic survival in (A,C) UM-SCC1, and (B,D) UM-SCC6 head and neck cancer cell lines. For cell proliferation assays, cells were treated with either vehicle or 0.5 μM or 1 μM NU7441 for 16 h, then 3 μM olaparib for 2 h, followed by sham or 2 Gy or 4 Gy IR. Cell numbers were counted at 72 and 96 h after IR using a Beckman Z1 Coulter counter. Shown is the mean ± SEM from at least two independent experiments performed in triplicate; *p < 0.05; **p < 0.01; ***p < 0.001. For clonogenic assays, cells were treated with NU7441 and olaparib accordingly, then followed by 0, 2, 4, and 8 Gy IR. Media was left unchanged for 2 weeks. Cells were fixed, and the number of colonies were counted. Experiments were performed at least in triplicate. Each group showed statistically significant differences (p < 0.05).




NU7441 and Olaparib Induce Apoptosis and G2/M Cell Cycle Arrest

One of the major mechanisms of DNA damage-induced cytotoxicity by IR is cell cycle redistribution. Therefore, we next assessed the effects of the various treatments on the cell cycle at 24 and 48 h post IR (4 Gy). At 24 and 48 h post IR, minimal changes in cell cycle distribution were observed with NU7441, olaparib, or IR alone in the UM-SCC1 cells (Figure 2A). Interestingly, combining NU7441 with IR resulted in greater accumulation of SCC1 cells in the G2/M cell cycle compared to NU7441 alone (13.3 vs. 57.4%, p < 0.001). However, the addition of olaparib to this combination did not further increase the percentage of cells in G2/M. Similar results were observed with MK4827, which revealed that cells treated with IR accumulate in G2/M, and that is further increased by drug treatment at 12 h post IR. Cells treated with IR alone recover by 24 h post IR although combination groups continue to accumulate in G2/M (Supplementary Figure S2).
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FIGURE 2. Cell cycle redistribution 24 and 48 h after IR (4 Gy) with NU7441 (DNAPKi) and Olaparib (PARPi) in (A) UM-SCC1 and (B) UM-SCC6 head and neck cancer cell lines. Cells were treated with either vehicle or 1 μM NU7441 for 16 h, then 3 μM olaparib for 2 h, followed by sham or 4 Gy IR. Cells were stained with propidium iodide at 24 and 48 h after IR and analyzed for cell cycle distribution by flow cytometry. Shown is the mean ± SEM from at least two independent experiments performed in triplicate; **p < 0.01; ***p < 0.001.


In contrast, at 24 h post-IR in the UM-SCC6 cells, NU7441 appeared to cause G1 phase accumulation (25 vs. 46%, p = 0.0023, Figure 2B). This effect was further magnified at 48 h post-IR. The addition of IR to NU7441 or olaparib or both NU7441 and olaparib induced G2/M accumulation at 24 h post-IR (18.4 vs. 51.6%, p < 0.001) and was further sustained at 48 h post-IR with the triple combination (Figure 2B).

To investigate the effects of NU7441 and/or olaparib with and without IR on apoptosis, we performed annexin V assays. As shown in Figure 3, NU7441 and olaparib alone did not show a substantial increase in apoptosis in the UM-SCC1 (Figure 3A) or UM-SCC6 (Figure 3B) cells. However, in both cell lines, a statistically significant increase in apoptosis was observed at 24 and 48 h with IR in combination with NU7441 or olaparib alone, and that is further increased with the triple combination (UM-SCC1, p = 0.003; UM-SCC6, p = 0.0001).
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FIGURE 3. NU7441 and olaparib with IR increases apoptosis in the (A) UM-SCC1 and (B) UM-SCC6 head and neck cancer cell lines. Cells were treated with vehicle or 1 μM NU7441 for 16 h, then 3 μM olaparib for 2 h, followed by sham or 2 Gy IR. Cells were harvested at 24 and 48 h after IR and evaluated for Annexin V positivity by flow cytometry. Shown is the mean ± SEM from at least two independent experiments performed in triplicate; *p < 0.05; **p < 0.01; ***p < 0.001.




NU7441 and Olaparib Reduce CDK, MAPK, and ERK Signaling

We and others have previously reported crosstalk between the DNA damage response (DDR) and receptor tyrosine kinase cell signaling pathways (Dittmann et al., 2005, 2008, 2010; Golding et al., 2007, 2009; Nowsheen et al., 2011a, 2012; Jarboe et al., 2012). To perform an unbiased analysis of potential alterations in cell signaling events with our treatments, we performed kinomic analysis using the PamStation12, which allows for real-time detection and kinetic data on kinase/substrate interactions. As shown in Figure 4A, combining NU7441, olaparib, and IR resulted in inhibition of kinases involved in a network centering around CDK and ERK. To validate the kinomic data, we performed western blot analysis in the UM-SCC1 cells treated with various combinations of IR, NU7441, and olaparib. As shown in Figure 4B, the triple combination resulted in the greatest reduction of the levels of phospho-ERK1/2 supporting the kinomic data. The triple combination also suppressed the levels of phospho-MAPK/CDK substrates (Supplementary Figure S3).
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FIGURE 4. Kinomic analysis following NU7441, olaparib, and IR reveal suppression of CDK and ERK signaling. (A) Network of kinases altered by olaparib + NU7441 combination treatment immediately post-IR. Kinases were uploaded by Uniprot ID and overlaid on literature-annotated interactions (portal.genego.com, Clarivate analytics) in a network model displaying centrally effected nodes (AutoExpand < 50 nodes, CDK/ERK centric). Interactions are indicated with lines and arrowheads for directionality. Nodes that are circled indicate input data. (B) Phospho- and total ERK status were validated at 0 and 30 min after IR via Western blot. Normalized densitometry values for phosphor-ERK1/2 are also shown.




Combination NU7441, Olaparib, and IR Is Well Tolerated and Delays Tumor Growth in HNSCC Xenografts

To test the in vivo effects of NU7441, olaparib, and RT, tumor growth delay was measured using orthotopic tongue HPV-negative UM-SCC1 xenografts. An initial pilot dose-finding study was performed to determine the tolerability and optimal dose of NU7441 to combine with a fixed dose of olaparib (Supplementary Figure S4). As shown in Figure 5A, a significant tumor growth delay was observed in all treatment groups combined with IR (p < 0.01). Although not statistically significant, cisplatin-IR trended worse compared to the targeted therapy combinations with IR (p = 0.075). Body weight increases were statistically larger with DNAPKi + IR, PARPi + IR, and combination + IR compared to IR alone or IR plus cisplatin, suggesting that combinations of targeted agents with IR is better tolerated compared to cisplatin-IR (Figure 5B).
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FIGURE 5. The combination of NU7441 (DNAPKi), olaparib (PARP1), and IR (A) reduces in vivo tumor growth of UM-SCC1-Luc orthotopic xenografts and (B) is well tolerated as measured by body weight. The tongue of athymic nude mice were injected with UM-SCC1 luciferase-expressing cells (UM-SCC1), and tumor volume was measured by bioluminescence imaging twice weekly. Fold changes in each group are shown normalized to luminescence at the start of treatment on day 7. Shown is the mean fold change in tumor volume ± SEM. N = 5 mice for all treatment group. **p < 0.01.





DISCUSSION

Since the FDA approval of cetuximab in 2006, no targeted therapeutic combination with IR has been approved for the definitive treatment of HNSCC. Cetuximab, a monoclonal antibody against the epidermal growth factor receptor, is shown to inhibit both NHEJ and HR (Dittmann et al., 2005, 2008, 2010; Nowsheen et al., 2011a, 2012), the 2 major DNA DSB repair pathways. IR-induced DNA damage repair via NHEJ is found to be stimulated by EGFR nuclear translocation and binding to DNA-PK (Dittmann et al., 2005). For HR, EGFR is found to bind BRCA1 (Nowsheen et al., 2011a, 2012). Given the roles of these key DNA repair enzymes in resolution of IR-induced DNA damage, the potent radiosensitizing effects of either the DNA-PK inhibitor or PARP inhibitor in HNSCC is previously reported (Nowsheen et al., 2011b; Forster et al., 2012; Weaver et al., 2015; Kwon et al., 2016; Fok et al., 2019; Lee et al., 2019; Hernandez et al., 2020). DNA-PK inhibition is shown to demonstrate superior radiosensitivity to PARP inhibition in HNSCC cell lines although their combinatorial effect with IR was not tested (Fok et al., 2019; Lee et al., 2019).

PARP inhibition is also shown to inhibit EGFR nuclear translocation following IR, and an induced synthetic lethality is found with combined EGFR and PARP inhibition (Nowsheen et al., 2011a, b, 2012). Recent evidence also reveals a cooperation between DNA-PK and PARP1 at sites of replication fork instability to recruit XRCC1 and coordinate DNA repair at stalled replication forks to effectively protect, repair, and restart stalled replication forks (Spagnolo et al., 2012; Ying et al., 2016). These mechanisms reveal the crosstalk between the EGFR, DNA-PK, and PARP pathways and their putative roles in NHEJ and HR. They also provide the rationale for testing the combination of DNA-PK and PARP inhibition with IR.

Differential effects of DNA-PK and PARP inhibitors on cell cycle distribution are observed between the cell lines. DNA-PK and PARP inhibitors are shown to increase G2/M accumulation (Lee et al., 1997; Carrozza et al., 2009; Jelinic and Levine, 2014; Fok et al., 2019). DNA-PK activity is also essential for resumption of the cell cycle beyond IR-induced G2 checkpoint arrest, and cells exposed to the DNA-PK inhibitor AMA37 demonstrate irreversible G2 accumulation (Sturgeon et al., 2006). We observe a more prominent effect on cell cycle distribution in the UM-SCC6 cells compared to the UM-SCC1 cells, especially a potential senescence-like phenotype in UM-SCC6 cells (Figure 2: increased G1, reduced S at 24 h post IR). Although this is not surprising, due to the heterogeneity of cancer cell lines, the different effects we observe may be due to p53 status. As p53 is an important regulator of the DDR checkpoints (Gadhikar et al., 2013; Dobbelstein and Sorensen, 2015), including the G1/S phase transition, the more pronounced cell cycle redistribution in the UM-SCC6 cells may be due to its wild-type p53 status. Furthermore, it is recently reported that DNA-PK inhibition alone or in combination with PARP inhibition results in accelerated senescence in irradiated cancer cells that is dependent on p53 (Azad et al., 2011, 2014).

Interestingly, kinomic analysis of the combination treatments demonstrates the greatest suppression of CDK and MAPK/ERK pathways. The involvement of these pathways in DNA repair is previously reported (Golding et al., 2007, 2009; Sharma et al., 2007; Khalil et al., 2011; Dean et al., 2012; Zalmas et al., 2013; Wang et al., 2018; Liu et al., 2020). Upon DNA damage, CDK2 activates the DNA damage response, and CDK2 knockout or deficiency increases sensitivity to radiation (Liu et al., 2020). Furthermore, inhibition of CDK4/6 modulates DNA repair (Dean et al., 2012). These actions are likely due to reduced E2F-mediated transcription of DNA repair enzymes (Sharma et al., 2007; Zalmas et al., 2013; Wang et al., 2018). The MAPK/ERK pathways also play key roles in DNA repair (Golding et al., 2007, 2009; Khalil et al., 2011). ERK signaling enhances both NHEJ and HR repair that is dependent on ATM, and blockade of ERK1/2 sensitizes cells to IR. Inhibitors of ERK signaling pathways are shown to block NHEJ-mediated DSB repair as demonstrated through EGFR mutant cell lines by Golding et al.

Our kinomic results also point to potential DNA repair-independent roles of DNA-PK and PARP, as the MAPK/ERK and CDK pathways regulate other cellular processes, including epithelial-mesenchymal transition (EMT). The MAPK/ERK and CDK pathways are implicated in EMT through various mechanisms (Shin et al., 2010) [reviewed in Thiery (2002)]. We have previously reported that, in HNSCC patients, high expression of DNA-PKcs is correlated with recurrence (Weaver et al., 2016). Preclinically, knockdown of DNA-PK in HNSCC cell lines reduces migration and invasion (Weaver et al., 2016). Similarly, DNA-PK is also shown to stimulate tumor cell invasion in head and neck cancer cells with a defective Fanconi Anemia pathway (Romick-Rosendale et al., 2016). A role of DNA-PK and PARP cooperativity in driving ERG-mediated gene transcriptional activation of genes involved in invasion and metastasis is also reported, where the activity of both enzymes is required in these processes (Brenner et al., 2011).

Through its interactions with the cytoskeletal machinery, PARP1 directly regulates cell motility and invasion (Rodriguez et al., 2013; Rom et al., 2016). PARP1 is shown to impact invasion of ovarian cancer cells stimulated by HGF (Wei et al., 2018). In patients with gastric cancer, high PARP1 expression is shown to be associated with increased depth of tumor invasion and lymphatic invasion (Liu et al., 2016). Interestingly, inhibition of PARP reduces motility and invasion of BRAF-mutated melanoma cells (Rodriguez et al., 2013). These results suggest the role of DNA-PK and PARP in EMT, and the connection between DNA-PK, PARP, CDK, and MAPK/ERK pathways may be a mechanism through which the enhanced effects of the triple combination are occurring.

Targeting the DDR has been an attractive strategy in cancer treatment, especially for patients with HR-deficient tumors. In addition to PARP and DNA-PK inhibitors, ATR, CHK1, and WEE1 inhibitors are under development and being tested in current clinical trials alone or in combination with chemotherapy (Brown et al., 2017). Furthermore, combinations of DNA repair inhibitors, such as with PARP and RAD52 combinations, are being developed based on exciting preclinical results (Sullivan-Reed et al., 2018). In this study, we demonstrated that combining DNA-PK inhibition and PARP inhibition with IR in HNSCC results in further reduction in cell proliferation and clonogenic survival. Mechanistically, we show that the triple combination results in the greatest suppression of ERK and CDK signaling that is associated with induced G2/M phase cell cycle accumulation, persistent DNA damage, and increased apoptosis. The results from this study support the testing of this combination with IR in a phase 1b trial as a potential alternative to cisplatin-based chemoradiotherapy to potentially improve the therapeutic index. Combined inhibition of DNA-PK and PARP without radiation is currently being tested in a clinical trial (NCT03907969).



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/Supplementary Material.



ETHICS STATEMENT

The animal study was reviewed and approved by the UAB Institutional Animal Care and Use Committee.



AUTHOR CONTRIBUTIONS

EY: study conceptualization and supervision. EY, LZ, and DB: study design. LZ, DB, CX, ZZ, and JA: data collection. All authors contributed to data interpretation and manuscript writing.



FUNDING

This study was supported through a Pilot Grant from UL1TR003096 (DB and EY) and Laboratory Funds from the Department of Radiation Oncology (EY).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2020.01036/full#supplementary-material



REFERENCES

Anderson, J. C., Duarte, C. W., Welaya, K., Rohrbach, T. D., Bredel, M., Yang, E. S., et al. (2014). Kinomic exploration of temozolomide and radiation resistance in Glioblastoma multiforme xenolines. Radiother. Oncol. 111, 468–474. doi: 10.1016/j.radonc.2014.04.010

Azad, A., Bukczynska, P., Jackson, S., Haupt, Y., Cullinane, C., McArthur, G. A., et al. (2014). Co-targeting deoxyribonucleic acid-dependent protein kinase and poly(adenosine diphosphate-ribose) polymerase-1 promotes accelerated senescence of irradiated cancer cells. Int. J. Radiat. Oncol. Biol. Phys. 88, 385–394. doi: 10.1016/j.ijrobp.2013.10.043

Azad, A., Jackson, S., Cullinane, C., Natoli, A., Neilsen, P. M., Callen, D. F., et al. (2011). Inhibition of DNA-dependent protein kinase induces accelerated senescence in irradiated human cancer cells. Mol. Cancer Res. 9, 1696–1707. doi: 10.1158/1541-7786.mcr-11-0312

Brenner, J. C., Ateeq, B., Li, Y., Yocum, A. K., Cao, Q., Asangani, I. A., et al. (2011). Mechanistic rationale for inhibition of poly(ADP-ribose) polymerase in ETS gene fusion-positive prostate cancer. Cancer Cell 19, 664–678.

Brown, J. S., O’Carrigan, B., Jackson, S. P., and Yap, T. A. (2017). Targeting DNA repair in cancer: beyond PARP inhibitors. Cancer Discov. 7, 20–37. doi: 10.1158/2159-8290.cd-16-0860

Carrozza, M. J., Stefanick, D. F., Horton, J. K., Kedar, P. S., and Wilson, S. H. (2009). PARP inhibition during alkylation-induced genotoxic stress signals a cell cycle checkpoint response mediated by ATM. DNA Repair 8, 1264–1272. doi: 10.1016/j.dnarep.2009.07.010

Dean, J. L., McClendon, A. K., and Knudsen, E. S. (2012). Modification of the DNA damage response by therapeutic CDK4/6 inhibition. J. Biol. Chem. 287, 29075–29087. doi: 10.1074/jbc.m112.365494

Dittmann, K., Mayer, C., Kehlbach, R., and Rodemann, H. P. (2008). Radiation-induced caveolin-1 associated EGFR internalization is linked with nuclear EGFR transport and activation of DNA-PK. Mol. Cancer 7:69. doi: 10.1186/1476-4598-7-69

Dittmann, K., Mayer, C., and Rodemann, H. P. (2005). Inhibition of radiation-induced EGFR nuclear import by C225 (Cetuximab) suppresses DNA-PK activity. Radiother. Oncol. 76, 157–161. doi: 10.1016/j.radonc.2005.06.022

Dittmann, K., Mayer, C., and Rodemann, H. P. (2010). Nuclear EGFR as novel therapeutic target: insights into nuclear translocation and function. Strahlenther. Onkol. 186, 1–6. doi: 10.1007/s00066-009-2026-4

Dobbelstein, M., and Sorensen, C. S. (2015). Exploiting replicative stress to treat cancer. Nat. Rev. Drug Discov. 14, 405–423. doi: 10.1038/nrd4553

Fok, J. H L., Ramos-Montoya, A., Vazquez-Chantada, M., Wijnhoven, P. W G., et al. (2019). AZD7648 is a potent and selective DNA-PK inhibitor that enhances radiation, chemotherapy and olaparib activity. Nat. Commun. 10:5065.

Forster, M., Mendes, R., and Fedele, S. (2012). Synthetic lethality and PARP-inhibitors in oral and head & neck cancer. Curr. Pharm. Des. 18, 5431–5441. doi: 10.2174/138161212803307608

Gadhikar, M. A., Sciuto, M. R., Alves, M. V., Pickering, C. R., Osman, A. A., Neskey, D. M., et al. (2013). Chk1/2 inhibition overcomes the cisplatin resistance of head and neck cancer cells secondary to the loss of functional p53. Mol. Cancer Ther. 12, 1860–1873. doi: 10.1158/1535-7163.mct-13-0157

Golding, S. E., Morgan, R. N., Adams, B. R., Hawkins, A. J., Povirk, L. F., and Valerie, K. (2009). Pro-survival AKT and ERK signaling from EGFR and mutant EGFRvIII enhances DNA double-strand break repair in human glioma cells. Cancer Biol. Ther. 8, 730–738. doi: 10.4161/cbt.8.8.7927

Golding, S. E., Rosenberg, E., Neill, S., Dent, P., Povirk, L. F., and Valerie, K. (2007). Extracellular signal-related kinase positively regulates ataxia telangiectasia mutated, homologous recombination repair, and the DNA damage response. Cancer Res. 67, 1046–1053. doi: 10.1158/0008-5472.can-06-2371

Hernandez, A. L., Young, C. D., Bian, L., Weigel, K., Nolan, K., Frederick, B., et al. (2020). PARP inhibition enhances radiotherapy of SMAD4 deficient human head and neck squamous cell carcinomas in experimental models. Clin. Cancer Res. 26, 3058–3070. doi: 10.1158/1078-0432.ccr-19-0514

Isayeva, T., Xu, J., Ragin, C., Dai, Q., Cooper, T., Carroll, W., et al. (2015). The protective effect of p16(INK4a) in oral cavity carcinomas: p16(Ink4A) dampens tumor invasion-integrated analysis of expression and kinomics pathways. Mod. Pathol. 28, 631–653. doi: 10.1038/modpathol.2014.149

Jarboe, J. S., Jaboin, J. J., Anderson, J. C., Nowsheen, S., Stanley, J. A., Naji, F., et al. (2012). Kinomic profiling approach identifies Trk as a novel radiation modulator. Radiother. Oncol. 103, 380–387. doi: 10.1016/j.radonc.2012.03.014

Jelinic, P., and Levine, D. A. (2014). New insights into PARP inhibitors’ effect on cell cycle and homology-directed DNA damage repair. Mol. Cancer Ther. 13, 1645–1654. doi: 10.1158/1535-7163.mct-13-0906-t

Kakarougkas, A., and Jeggo, P. A. (2014). DNA DSB repair pathway choice: an orchestrated handover mechanism. Br. J. Radiol. 87:20130685. doi: 10.1259/bjr.20130685

Khalil, A., Morgan, R. N., Adams, B. R., Golding, S. E., Dever, S. M., Rosenberg, E., et al. (2011). ATM-dependent ERK signaling via AKT in response to DNA double-strand breaks. Cell Cycle 10, 481–491. doi: 10.4161/cc.10.3.14713

Kwon, M., Jang, H., Kim, E. H., and Roh, J. L. (2016). Efficacy of poly (ADP-ribose) polymerase inhibitor olaparib against head and neck cancer cells: predictions of drug sensitivity based on PAR-p53-NF-kappaB interactions. Cell Cycle 15, 3105–3114.

Lee, S. E., Mitchell, R. A., Cheng, A., and Hendrickson, E. A. (1997). Evidence for DNA-PK-dependent and -independent DNA double-strand break repair pathways in mammalian cells as a function of the cell cycle. Mol. Cell. Biol. 17, 1425–1433. doi: 10.1128/mcb.17.3.1425

Lee, T. W., Wong, W. W., Dickson, B. D., Lipert, B., Cheng, G. J., Hunter, F. W., et al. (2019). Radiosensitization of head and neck squamous cell carcinoma lines by DNA-PK inhibitors is more effective than PARP-1 inhibition and is enhanced by SLFN11 and hypoxia. Int. J. Radiat. Biol. 95, 1597–1612. doi: 10.1080/09553002.2019.1664787

Liu, Q., Gao, J., Zhao, C., Guo, Y., Wang, S., Shen, F., et al. (2020). To control or to be controlled? Dual roles of CDK2 in DNA damage and DNA damage response. DNA Repair. 85:102702. doi: 10.1016/j.dnarep.2019.102702

Liu, Y., Zhang, Y., Zhao, Y., Gao, D., Xing, J., and Liu, H. (2016). High PARP-1 expression is associated with tumor invasion and poor prognosis in gastric cancer. Oncol Lett. 12, 3825–3835. doi: 10.3892/ol.2016.5169

Mahaney, B. L., Meek, K., and Lees-Miller, S. P. (2009). Repair of ionizing radiation-induced DNA double-strand breaks by non-homologous end-joining. Biochem. J. 417, 639–650. doi: 10.1042/bj20080413

Nowsheen, S., Bonner, J. A., Lobuglio, A. F., Trummell, H., Whitley, A. C., Dobelbower, M. C., et al. (2011a). Cetuximab augments cytotoxicity with poly (adp-ribose) polymerase inhibition in head and neck cancer. PLoS One 6:e24148. doi: 10.1371/journal.pone.0024148

Nowsheen, S., Bonner, J. A., and Yang, E. S. (2011b). The poly(ADP-Ribose) polymerase inhibitor ABT-888 reduces radiation-induced nuclear EGFR and augments head and neck tumor response to radiotherapy. Radiother. Oncol. 99, 331–338. doi: 10.1016/j.radonc.2011.05.084

Nowsheen, S., Cooper, T., Stanley, J. A., and Yang, E. S. (2012). Synthetic lethal interactions between EGFR and PARP inhibition in human triple negative breast cancer cells. PLoS One 7:e46614. doi: 10.1371/journal.pone.0046614

Rodriguez, M. I., Peralta-Leal, A., O’Valle, F., Rodriguez-Vargas, J. M., Gonzalez-Flores, A., Majuelos-Melguizo, J., et al. (2013). PARP-1 regulates metastatic melanoma through modulation of vimentin-induced malignant transformation. PLoS Genet 9:e1003531. doi: 10.1371/journal.pgen.1003531

Rom, S., Zuluaga-Ramirez, V., Reichenbach, N. L., Dykstra, H., Gajghate, S., Pacher, P., et al. (2016). PARP inhibition in leukocytes diminishes inflammation via effects on integrins/cytoskeleton and protects the blood-brain barrier. J Neuroinflammation 13:254.

Romick-Rosendale, L. E., Hoskins, E. E., Privette Vinnedge, L. M., Foglesong, G. D., Brusadelli, M. G., Potter, S. S., et al. (2016). Defects in the fanconi anemia pathway in head and neck cancer cells stimulate tumor cell invasion through DNA-PK and Rac1 signaling. Clin. Cancer Res. 22, 2062–2073. doi: 10.1158/1078-0432.ccr-15-2209

Sharma, A., Comstock, C. E., Knudsen, E. S., Cao, K. H., Hess-Wilson, J. K., Morey, L. M., et al. (2007). Retinoblastoma tumor suppressor status is a critical determinant of therapeutic response in prostate cancer cells. Cancer Res. 67, 6192–6203. doi: 10.1158/0008-5472.can-06-4424

Shin, S. Y., Rath, O., Zebisch, A., Choo, S. M., Kolch, W., and Cho, K. H. (2010). Functional roles of multiple feedback loops in extracellular signal-regulated kinase and Wnt signaling pathways that regulate epithelial-mesenchymal transition. Cancer Res. 70, 6715–6724. doi: 10.1158/0008-5472.can-10-1377

Spagnolo, L., Barbeau, J., Curtin, N. J., Morris, E. P., and Pearl, L. H. (2012). Visualization of a DNA-PK/PARP1 complex. Nucleic Acids Res. 40, 4168–4177. doi: 10.1093/nar/gkr1231

Sturgeon, C. M., Knight, Z. A., Shokat, K. M., and Roberge, M. (2006). Effect of combined DNA repair inhibition and G2 checkpoint inhibition on cell cycle progression after DNA damage. Mol. Cancer Ther. 5, 885–892. doi: 10.1158/1535-7163.mct-05-0358

Sullivan-Reed, K., Bolton-Gillespie, E., Dasgupta, Y., Langer, S., Siciliano, M., Nieborowska-Skorska, M., et al. (2018). Simultaneous Targeting of PARP1 and RAD52 Triggers Dual Synthetic Lethality in BRCA-Deficient Tumor Cells. Cell Rep. 23, 3127–3136. doi: 10.1016/j.celrep.2018.05.034

Swindall, A. F., Stanley, J. A., and Yang, E. S. (2013). PARP-1: friend or Foe of DNA damage and repair in tumorigenesis? Cancers 5, 943–958. doi: 10.3390/cancers5030943

Thiery, J. P. (2002). Epithelial-mesenchymal transitions in tumour progression. Nat. Rev. Cancer 2, 442–454. doi: 10.1038/nrc822

Wang, L., Chen, H., Wang, C., Hu, Z., and Yan, S. (2018). Negative regulator of E2F transcription factors links cell cycle checkpoint and DNA damage repair. Proc. Natl. Acad. Sci. U.S.A. 115, E3837–E3845.

Weaver, A. N., Burch, M. B., Cooper, T. S., Della Manna, D. L., Wei, S., Ojesina, A. I., et al. (2016). Notch signaling activation is associated with patient mortality and increased FGF1-mediated invasion in squamous cell carcinoma of the oral cavity. Mol. Cancer Res. 14, 883–891. doi: 10.1158/1541-7786.mcr-16-0114

Weaver, A. N., Cooper, T. S., Rodriguez, M., Trummell, H. Q., Bonner, J. A., Rosenthal, E. L., et al. (2015). DNA double strand break repair defect and sensitivity to poly ADP-ribose polymerase (PARP) inhibition in human papillomavirus 16-positive head and neck squamous cell carcinoma. Oncotarget 6, 26995–27007. doi: 10.18632/oncotarget.4863

Wei, W., Lv, S., Zhang, C., and Tian, Y. (2018). Potential role of HGF-PARP-1 signaling in invasion of ovarian cancer cells. Int. J. Clin. Exp. Pathol. 11, 3310–3317.

Ying, S., Chen, Z., Medhurst, A. L., Neal, J. A., Bao, Z., Mortusewicz, O., et al. (2016). DNA-PKcs and PARP1 bind to unresected stalled DNA replication forks where they recruit XRCC1 to mediate repair. Cancer Res. 76, 1078–1088. doi: 10.1158/0008-5472.can-15-0608

Zalmas, L. P., Coutts, A. S., Helleday, T., and La Thangue, N. B. (2013). E2F-7 couples DNA damage-dependent transcription with the DNA repair process. Cell Cycle 12, 3037–3051. doi: 10.4161/cc.26078

Zeng, L., Beggs, R. R., Cooper, T. S., Weaver, A. N., and Yang, E. S. (2017). Combining Chk1/2 inhibition with cetuximab and radiation enhances in vitro and in vivo cytotoxicity in head and neck squamous cell carcinoma. Mol. Cancer Ther. 16, 591–600. doi: 10.1158/1535-7163.mct-16-0352

Zenke, F. T., Zimmermann, A., Sirrenberg, C., Dahmen, H., Kirkin, V., Pehl, U., et al. (2020). Pharmacologic inhibitor of DNA-PK, M3814, potentiates radiotherapy and regresses human tumors in mouse models. Mol. Cancer Ther. 19, 1091–1101. doi: 10.1158/1535-7163.mct-19-0734


Conflict of Interest: EY has served on the advisory board of Astrazeneca, Eli Lilly, Clovis, Strata Oncology, and Bayer and has received honoraria from them. DB received honoraria for speaking engagements and research support for Varian Medical Systems. He also received research support from Novocure.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Zeng, Boggs, Xing, Zhang, Anderson, Wajapeyee, Veale, Bredel, Shi, Bonner, Willey and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fgene-11-01036-g001.jpg
A

Cell Number

1500004
100000
50000+ *
v,
I 1N Fi
AN E
oLLIAN K
72 hrs
c
5]
=
o
o
4
w
s
= % Control
> 0.014
3
(7]
0.001

- NU7441(DER=1.96)
.¥- Olaparib(DER=2.05)
- NU7441+Olaparib(DER=3.2)

UM-SCC1

AR

TIIIIIII.

*
-
*

©0
=3
3
=
o

Hours post IR

UM-SCC1

EBRDEBRD

Control

NU7441

Olaparib
NU7441+Olaparib

IR

IR+NU7441
IR+Olaparib
IR+NU7441+Olaparib

2

4 6

IR Dose (Gy)

w

Cell Number

80000+

60000

40000

Survival Fraction

UM-SCC6

Control

NU7441

Olaparib
NU7441+Olaparib

IR

IR+NU7441
IR+Olaparib
IR+NU7441+Olaparib

BEESODEERD

Hours post IR

UM-SCC6

0.001

0.0001

- Control S,

-4 NU7441(DER=1.78)

¥- Olaparib(DER=1.89)

- NU7441+Olaparib(DER=2.3)
T T

T
0 2 4 6 8

IR Dose (Gy)





OPS/images/fgene-11-01036-g002.jpg
A UM-SCC1 B UM-SCCé

m Gl m G1
80 = G2IM 80 = G2M
* kX = S ok * %k k = S

gso gso

® 40 w40

K @

© 2 O 20

0 0
IR e T T i Tk T R IR B L T T i . I T I O
NU7441 - + - + - + - + - + - 4 - 4 - + - + - + - + - + NU7441 - + - + -+ -+ - 4 - 4+ -+ -+ - 4 - + -+ - +
Olaparib - - + + - -+ + - - ++ - -+ + - -+ + - -+ + Olaparib - - + + - - + + - - 4+ 4+ - - ++ - -+ + - - + +

24 Hours post IR 24 Hours post IR
m Gl ok k * %k Xk m Gl
80 = G2M 80 = G2IM
*k ok = S = S

— 60 - 60

@ 40 2 40

° °

O 29 © 2

0 0
IR T T S . T 2 IR e e s HF B EF o e e FPFEFE o om e A F
NUM4t = + s+ & 59 g dedad ot ad ot ok ok NU7441 - + - + -+ -+ - 4 - 4 = 4 -+ -+ - + - + - +
Olaparib - - ++ - - ++ - -+ + - -+ + - -+ + - - ++ Olaparb - - + + - -« + + - - 4+ 4 -« - + 4 - - + + - - + +

48 Hours post IR 48 Hours post IR





OPS/images/fgene-11-01036-g003.jpg
A UM-SCC1

50+ s =2 Control
. = z2 NU7441
404 > Y Olaparib
@ 30l = == NU7441+Olaparib
4 x| ** = R
et
2 20+ Za IR+NU7441
. .
<< 104 ’ s = 5 s =3 IR+Olaparib
= ' ] En IR+NU7441+Olaparib
|ANE 1A NE P
Hours post IR
B UM-SCC6 v
40- =1 Control
=za NU7441
g 30- =9 Olaparib
) Em NU7441+Olaparib
S 201 = IR
3 = IR+NU7441
& 101 =3 IR+Olaparib
B3 IR+NU7441+Olaparib
0-

Hours post IR





OPS/images/fgene-11-01036-g004.jpg
MEK4/7

A

Olapariband NU7441 Altered Network

.< Enzyme
e § Phosphatase
A\ Transcription Factor

<« Protease

B
0 hrs 0.5 hrs
R + + + + + o+ o+
NU7441 - + -+ - o+ - +
Olaparib - - + o+ - -+ o+

100 050 047 027 041 023 0.28 0.06
PERK1/2 [am e e e e e ]

T-ERK1/2 I— —_— = == = == = —l

Bactin | — — — — — — — —|






OPS/images/fgene-11-01036-g005.jpg
1000+

750+

500+

N

[+

o
1

Tumor volume (fold increase) >
<

B
1.4+

2

®

(14

£ 0.9

f=2

]

=

'§’ 0.4

m

Days post injection

15 22 28 35 43 50 62 70
Days post injection
UM-SCC1-Luc
6 15 22 28 35 43 50 62 70

EENEEREEN.

K K SR 3 B O O

Control

Cisplatin

NU7441

Olaparib
NU7441+Olaparib

IR

IR+Cisplatin
IR+NU7441
IR+Olaparib
IR+NU7441+Olaparib

Control
Cisplatin
NU7441
Olaparib

NU7441+Olaparib
IR

IR+Cisplatin
IR+NU7441
IR+Olaparib
IR+NU7441+Olaparib





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Combining PARP and DNA-PK Inhibitors With Irradiation Inhibits HPV-Negative Head and Neck Cancer Squamous Carcinoma Growth



		INTRODUCTION



		MATERIALS AND METHODS



		Cell Lines and Inhibitors



		Measurement of Cell Proliferation



		Colony Formation Assay



		Cell Cycle



		Measurement of Apoptosis



		Western Blot Analysis



		Kinomic Analysis



		Animal Studies



		Statistical Analysis







		RESULTS



		Combining DNA-PK and PARP Inhibition With or Without IR Inhibits HNSCC Growth in Cell Culture



		NU7441 and Olaparib Induce Apoptosis and G2/M Cell Cycle Arrest



		NU7441 and Olaparib Reduce CDK, MAPK, and ERK Signaling



		Combination NU7441, Olaparib, and IR Is Well Tolerated and Delays Tumor Growth in HNSCC Xenografts







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
, frontiers
in Genetics










OPS/images/logo.jpg
’ frontiers
in Genetics





