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Abstract

:

Simple Summary


Pancreatic cancer is the fourth leading cause of cancer-related death in Western countries. Although several therapeutic strategies have been developed for pancreatic cancer, radiation therapy has not yet yielded satisfactory results. Unraveling the mechanism of radioresistance in pancreatic cancer and developing new therapeutic targets has become a major challenge. Therefore, we applied kinome-wide CRISPR-Cas9 loss-of-function screening combined with the 3D cell culture method and identified DYRK1A as a sensitive target for radiotherapy. Additionally, we confirmed that DYRK1A-targeted inhibitors could enhance the efficacy of radiotherapy. Our results further support the use of CRISPR-Cas9 screening to identify novel therapeutic targets and develop new strategies to enhance radiotherapy efficacy in pancreatic cancer.




Abstract


Although radiation therapy has recently made great advances in cancer treatment, the majority of patients diagnosed with pancreatic cancer (PC) cannot achieve satisfactory outcomes due to intrinsic and acquired radioresistance. Identifying the molecular mechanisms that impair the efficacy of radiotherapy and targeting these pathways are essential to improve the radiation response of PC patients. Our goal is to identify sensitive targets for pancreatic cancer radiotherapy (RT) using the kinome-wide CRISPR-Cas9 loss-of-function screen and enhance the therapeutic effect through the development and application of targeted inhibitors combined with radiotherapy. We transduced pancreatic cancer cells with a protein kinase library; 2D and 3D library cells were irradiated daily with a single dose of up to 2 Gy for 4 weeks for a total of 40 Gy using an X-ray generator. Sufficient DNA was collected for next-generation deep sequencing to identify candidate genes. In this study, we identified several cell cycle checkpoint kinases and DNA damage related kinases in 2D- and 3D-cultivated cells, including DYRK1A, whose loss of function sensitizes cells to radiotherapy. Additionally, we demonstrated that the harmine-targeted suppression of DYRK1A used in conjunction with radiotherapy increases DNA double-strand breaks (DSBs) and impairs homologous repair (HR), resulting in more cancer cell death. Our results support the use of CRISPR-Cas9 screening to identify new therapeutic targets, develop radiosensitizers, and provide novel strategies for overcoming the tolerance of pancreatic cancer to radiotherapy.
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1. Introduction


The most frequent form of pancreatic cancer (PC), pancreatic ductal adenocarcinoma (PDAC), is one of the most common causes of cancer death worldwide [1]. With few symptoms showing before the disease reaches its advanced stage and its extremely aggressive nature, PDAC prognosis at the time of diagnosis is often dim. Despite the advancements made in the detection and management of PDAC, the 5-year survival rate still stands at only 9% [1,2]. Resection, the only curative therapeutic option for PDAC, is effective in approximately 15–20% of cases and has a limited effect, with just 20% of resected patients living more than five years [3]. To improve survival, chemotherapy (CT) and radiotherapy (RT) are used in combination with resection or as the sole treatment for 80–85% of PC patients with unresectable tumors [4]. Unfortunately, despite the development of Stereotactic Body Radiation Therapy (SBRT) and other therapy approaches, RT does not play a decisive role in the treatment of PDAC and is usually only mildly successful in a few cases of both resectable and unresectable tumors [2,4,5,6]. Although preoperative (neoadjuvant) chemoradiotherapy is the standard of care for many other cancers, preoperative (neoadjuvant) chemoradiotherapy for patients with resectable or borderline resectable PDAC has not been shown to have a significant overall survival benefit [7]. Recent studies have shown that preoperative chemoradiotherapy increases the R0 resection rate, decreases the lymph node positivity rate, and diminishes local and distant recurrence rates by inducing the downstaging of the tumor [8,9].



Radiotherapy for pancreatic cancer often fails due to radiation toxicity and radioresistance. Radioresistance in patients with PC, either inherent or acquired, is mediated by DNA damage repair, cell cycle checkpoints, tumor stem cells, tumor microenvironment, and other factors [10]. Radioresistance remains a significant barrier impeding the broad adoption of radiotherapy for pancreatic cancer treatment, and the development of effective sensitizers or strategies to reverse radioresistance represents a promising area of research.



In tumor cells, ataxia–telangiectasia mutated (ATM) and ATM- and Rad3 Related (ATR) are major members of DNA damage checkpoints and are activated by different types of DNA damage. Their downstream factors are checkpoint kinase 2 (CHK2) and checkpoint kinase 1 (CHK1), respectively [11]. Both kinases are involved in the regulation of the DNA damage response by initiating cell cycle checkpoint control and activating the appropriate DNA repair pathways [12,13,14]. A variety of radiosensitization approaches targeting DNA damage and DNA repair have been attempted in PC [15,16,17]. Although most of these approaches have demonstrated promising outcomes in preclinical studies performed in vitro and in vivo, the majority eventually failed to deliver meaningful radiosensitization in clinical trials owing to their severe side effects and limited effectiveness [2,5]. As a result, it is important to discover and understand the underlying processes causing this treatment to fail in order to gain a better understanding of how to build effective radiosensitization regimens.



The development of CRISPR-Cas9 screening approaches in recent years has enabled the focused discovery of tumor treatment resistance mechanisms, paving the way for the creation of novel targeted therapies. In this study, we aimed to use a genome-wide CRISPR-Cas9 loss-of-function screen to identify sensitive targets for radiotherapy in pancreatic cancer and enhance the efficacy of radiotherapy by developing and applying targeted inhibitors in combination with radiotherapy.




2. Materials and Methods


2.1. Cell Culture and Reagents


In this study, the human pancreatic cancer cell line MIA PaCa-2 (ATCC, Cat# CRM-CRL-1420, RRID: CVCL_0428) and the murine pancreatic cancer cell line TB32047 were used. MIA PaCa-2 cells were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). The primary murine pancreatic cancer cell line TB32047 was thankfully provided by David Tuveson (Cold Spring Harbor Laboratory, Cold Spring Harbor, NY, USA). All cell lines were grown in monolayer culture in a humidified atmosphere containing 5% CO2 at 37 °C. TB32047 cells were cultured in DMEM medium (Cat# 30966-021, Gibco) supplemented with 10% FBS. MIA PaCa-2 cells cultured in DMEM medium with 10% FBS and 2% horse serum (Cat# 16050-130, Gibco). HEK293TN (Cat# LV900A-1-GVO-SBI, RRID:CVCL_UL49, BioCat, Heidelberg, Germany) cells were obtained from BioCat and cultured in DMEM supplemented with 10% heat-inactivated FBS. Murine pancreatic ductal 3D/spheroid culture was described previously (15, 16). In brief, TB32047 cells were digested and further mixed with Matrigel (BD Bioscience, San Jose, CA, USA) and cultured in complete feeding medium (AdDMEM/F12 medium supplemented with HEPES (1×, Invitrogen, Waltham, MA, USA), Glutamax (1×, Invitrogen), penicillin/streptomycin (1×, Invitrogen), B27 (1×, Invitrogen), Primocin (1 mg/mL, InvivoGen, San Diego, CA, USA), N-acetyl-L-cysteine (1 mM, Sigma, St. Louis, MO, USA), Wnt3a-conditioned medium (50% v/v), RSPO1-conditioned medium (10% v/v, Calvin Kuo, Stanford, CA, USA), Noggin conditioned medium (10% v/v) or recombinant protein (0.1 μg/mL, Peprotech, Rocky Hill, NJ, USA), epidermal growth factor (EGF, 50 ng/mL, Peprotech), Gastrin (10 nM, Sigma), fibroblast growth factor 10 (FGF10, 100 ng/mL, Prepotech), Nicotinamide (10 mM, Sigma) and A83-01 (0.5 μM, Tocris, Bristol, UK). All cells were harvested by 0.25% Trypsin-EDTA (Ethylenediaminetetraacetic acid) (Cat# 25200-072, Gibco). Cells were authenticated by DNA fingerprinting using highly polymorphic short tandem repeat (STR) analysis, and mycoplasma detection was regularly conducted to confirm the absence of contamination.



The DYRK1A targeted inhibitor Harmine (Cat# S3817) was purchased from Selleck Chemicals GmbH (Houston, TX, USA).




2.2. The sgRNA Library and Lentivirus Production


The pooled-sgRNA library (Mouse Brie kinome pooled library) targeting murine kinome was a gift from John Doench and David Root [18] (RRID: Addgene_75316, Addgene, Cambridge, MA, USA) and modified for the inclusion of pancreatic cancer-related genes by our lab (supplemental data). The resulting library contained 3548 sgRNAs for 924 murine genes. The lentivirus was produced as described previously [19]. Briefly, three T175 flasks of HEK293TN cells were plated at 70% confluence and incubated overnight. For each flask, 13.8 μg of pooled-sgRNA library, 9.2 μg of pMDLg/pRRE (Cat# 12251, Addgene), 4.6 μg of pRSV-REV (Cat# 12253, Addgene), 4.6 μg of pMD2.G (Cat# 12259, Addgene), 64.4 μL P3000 Enhancer Reagent, and 129 μL of Lipofectamine™ 3000 diluted in OptiMEM (Cat# 31985070, Gibco) were mixed and added to the HEK293TN cells. pMDLg/pRRE (Addgene, RRID: Addgene_12251), pRSV-REV (Addgene, RRID: Addgene_12253), and pMD2.G (Addgene, RRID: Addgene_12259) were gifts from Didier Trono [20]. The medium was changed 6 h post transfection and the virus was collected by filtering through a 0.45 μm strainer 24 h later.




2.3. CRISPR/Cas9 Knockout Screening


The CRISPR screening was performed as described previously [21]. Briefly, 1.8 million TB32047 cells were transduced in triplicate with the sgRNA lentivirus library (TBlib1, TBlib2, TBlib3). Cells were then selected with puromycin (10 μg/mL) for 3 days. Ten million transfected cells were harvested at the baseline (Day 0). The remaining surviving cells were divided into two groups, 2D and 3D screening groups. In the experimental group, 2D and 3D library cells were irradiated daily with a single dose of up to 2 Gy for 4 weeks for a total of 40 Gy using an X-ray generator (120  kV, 25 mA, GE Inspection Technologies, Ahrensburg, Germany), while unirradiated cells were consecutively cultured for 4 weeks as a control group. In 2D functional screening, there was at least 300-fold coverage for each sgRNA, and in 3D screening there was at least 80-fold coverage for all sgRNAs to guarantee a sufficient number of sgRNAs. At least 10 million cells for each group were collected for DNA sequencing at the end of the screening.




2.4. Genomic DNA Sequencing and Data Analysis


The isolation of genomic DNA (gDNA) was performed with a NucleoSpin Blood L kit (Cat# 740954.20, Macherey-Nagel, Düren, Germany) and followed by PCR procedure to amplify sgRNAs. In order to obtain 300-fold coverage, 10 µg of DNA was utilized in the PCR process. For each sample, the Q5 master mix (Cat# M0494S, Biolabs, Beverly, MA, USA) was used to conduct two independent 100 µL reactions with 5 µg of genomic DNA in each reaction and then the amplicons were concatenated. The following primers were used and synthesized by Eurofins Genomics: P5, 5′-ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNTCTTGTGGAAAGGACGAAACACCG-3′, and P7, 5′-TCTACTATTCTTTCCCCTGCACTGT-3′. PCR amplicons generated during the PCR reactions were purified and sequenced using a NovaSeq 6000. The number of reads for each sgRNA was measured and normalized to the total number of reads for all sgRNAs using the MAGeCK-VISPR program, as described previously [22].




2.5. CRISPR-Cas9 Gene Editing


DYRK1A was knocked out in TB32047 and MIA PaCa-2 cell lines with the CRISPR-Cas9 gene editing system, as described before [23]. The following sgRNAs were used and synthesized by Eurofins Genomics:



Mm_Dyrk1a_sg1-forward (5′-CACCGTAATAGGAGTACAAACCACC-3′), Mm_Dyrk1a_sg1-reverse (5′-AAACGGTGGTTTGTACTCCTATTAC-3′), Mm_Dyrk1a_sg4-forward (5′-CACCGTCATTGGCACCACTGAACAG-3′), Mm_Dyrk1a_sg4-reverse (5′-AAACCTGTTCAGTGGTGCCAATGAC-3′), Mm_non-targeting control-forward (5′-CACCGACGCGAAGTGTCGCAGAGTG-3′), Mm_non-targeting control-reverse (5′-AAACACGCGAAGTGTCGCAGAGTG-3′), Hs_DYRK1A_sg1-forward (5′-CACCGTGAGAAACACCAATTTCCGA-3′), Hs_DYRK1A_sg1-reverse (5′-AAACTCGGAAATTGGTGTTTCTCAC-3′), Hs_DYRK1A_sg4-forward (5′-CACCGAACGGAAGGTTTACAATGA-3′), Hs_DYRK1A_sg4-reverse (5′-AAACTCATTGTAAACCTTCCGTTC-3′), Hs_non-targeting control-forward (5′-CACCGGAACTCAACCAGAGGGCCAA-3′), and Hs_non-targeting control-reverse (5′-AAACTTGGCCCTCTGGTTGAGTTC-3′).



Knockout was performed using the pSpCas9(BB)-2A-Puro (PX459) V2.0 vector, which was a gift from Feng Zhang (Addgene, RRID: Addgene_62988) [19]. The ligated vector was inserted into Endura Electrocompetent Cells (Cat# 60242-1, Lucigen, Middleton, WI, USA). Cells were transfected with the DYRK1A knock-out plasmid by lipofectamine transfection reagent for 24 h and followed by puromycin selection for three days. Limited dilution was performed by plating one single cell per well of knockdown cells in a 96-well plate to select single clones. After growth, Western blotting was performed to verify the knockout. The wild-type cells were named WT, and the single clone cells transfected with non-targeting control sgRNAs and transfected with DYRK1A sgRNAs were named NC and KO cells, respectively.




2.6. Clonogenic Assay


In brief, cells (1000–2000 cells/well) were plated in triplicate on a 6-well plate, incubated for 24 h, irradiated with X-rays and cultured for further 7 to 12 days. Surviving colonies were fixed with formalin and stained with 0.5% crystal violet. Colonies containing more than 50 cells were counted. The relative colony-forming efficiency was determined by normalizing the colony numbers to the untreated control.




2.7. Alkaline Comet Assay


The alkaline comet assay was performed using the CometAssay HT Kit (Cat# 4252-050-K, Trevigen, Gaithersburg, MD, USA ) according to the manufacturer’s instructions. Briefly, cells were mixed with molten low-melt agarose (LMAgarose), then the mixture was immediately evenly dispersed onto a CometSlide. The slides were then placed at 4 °C in the dark for 30 min in a high-humidity environment. The cells were then lysed overnight with lysis buffer. After lysis, the slides were rinsed in distilled water and immersed in alkaline electrophoresis buffer for 30 min before electrophoresis. An electric field (1 V/cm) was applied to the cells for 35 min at 4 °C, and the cells were stained with GelRed Nucleic Acid Stain (Cat# 41003, LINARIS GmbH, Dossenheim, Germany) for 20 min in the dark and photographed using a Evos FL Auto 2 imaging system (Invitrogen, AMAFD2000). The results were analyzed using the CASP v1.2.3beta2 software (Wroclaw, Poland) [24].




2.8. Western Blot


Western blot analysis was performed as described [23]. In brief, cells were lysed in RIPA buffer (Cat# 89900, Thermo Fisher Scientific, Waltham, MA, USA) containing protease and phosphatase Inhibitor (Cat# 78442, Thermo Fisher Scientific) and the protein concentration was determined using the BCA Protein Assay Kit (Cat# 23250, Thermo Fisher Scientific). Equal amounts of total protein were separated on 4–12% NUPAGE Bis-Tris gels (Cat# NP0322BOX; Thermo Fisher Scientific) using the Mini Gel Tank chamber system (Invitrogen) and proteins were transferred to a nitrocellulose membrane (Cat# GE10600003; Sigma-aldrich, St. Louis, MO, USA). After blocking with 5% milk, the following primary antibodies were used and incubated overnight at 4 °C: Chk1 (Cell Signaling Technology, Danvers, MA, USA, Cat# 2360, RRID:AB_2080320), phospho-Chk1 (Ser345) (CST, Cat# 2341, RRID:AB_330023), phospho-Chk1 (Ser296) (CST, Cat# 2349, RRID:AB_2080323), ATM (CST, Cat# 2873, RRID:AB_2062659), phospho-ATM (Ser1981) (Santa Cruz Biotechnology, Santa Cruz, CA, USA, Cat# sc-47739, RRID:AB_781524), Chk2 (CST, Cat# 2662, RRID:AB_2080793), hosphor-Chk2 (Thr68) (Abcam, Cambridge, MA, USA, Cat# ab3501, RRID:AB_449196), Ku70 (CST, Cat# 4588, RRID:AB_11179211), Rad51(CST, Cat# 8875, RRID:AB_2721109), and phospho-Histone H2A.X (Ser139) (CST, Cat# 2577, RRID:AB_2118010). GAPDH (CST, Cat# 5174, RRID:AB_10622025) and Vinculin (CST, Cat# 18799, RRID:AB_2714181) served as the loading controls. HRP-linked anti-rabbit IgG (CST, Cat# 7074, RRID:AB_2099233) and HRP-linked anti-mouse IgG (CST, Cat# 7076, RRID:AB_330924) were used as the secondary antibody. The quantification of signals was performed by an Amersham Imager 600 (Pittsburgh, PA, USA) with the SignalFire™ ECL Reagent (Cat# 6883S, CST).




2.9. Immunofluorescence


For immunofluorescence, cells were seeded on poly-lysine-treated cover slides, fixed with 4% formalin for 15 min at room temperature, and permeabilized with 0.1% Triton X-100 for 30 min. Fixed cells were then blocked with 10% goat normal serum and incubated with phospho-Histone H2A.X (Ser139) overnight at 4 °C. The next day incubated with Alexa Fluor 488 goat anti-Rabbit IgG (Thermo Fisher Scientific, Cat# A-11034, RRID:AB_2576217) for 1 h at room temperature. Nuclei were stained with DAPI (Cat# 62248, Life Technologies, Gaithersburg, MD, USA) for 10 min. Images were acquired on a Leica LSM microscope TCS SP8 (Leica Microsystems CMS GmbH, Mannheim, Germany) and processed using the Leica Application Suite X v2.0.1.14392 software.




2.10. Apoptosis Assay


An apoptosis assay was performed with the FITC Annexin V Apoptosis Detection Kit I (Cat# 556547, BD Pharmingen, San Diego, CA, USA) according to the manufacturer’s instructions. Briefly, cells in the supernatant and adherent to plates were collected, washed with PBS, resuspended in binding buffer, and stained with annexin V-FITC and PI for 15 min at room temperature. Then, they were analyzed on a BD Biosciences LSRII flow cytometer. The flow cytometry results were analyzed using the FlowJo v10.8 Software (BD Life Sciences, Ashland, OR, USA).




2.11. Statistical Analysis


Statistical analyses were performed using GraphPad Prism 8.0 (GraphPad Software Inc., La Jolla, CA, USA). In all studies, data represent biological replicates (n) and are depicted as means ± SDs, as indicated in the figure legends. Statistical significance was determined by the 2-tailed unpaired Student’s t test. p-values are reported in the graphs. *, p < 0.05; **, p < 0.01; ***, p < 0.001; and ****, p < 0.0001. ns. not significant. In all analyses, p < 0.05 was considered statistically significant.





3. Results


3.1. CRISPR-Cas9 Loss-of-Function Screen Identifies DYRK1A as Candidate for Radiotherapy Resistance


In order to investigate the mechanism of pancreatic cancer radioresistance and to discover novel therapeutic targets, we combined the latest CRISPR-Cas9 loss-of-function screen and 3D culture technology to perform an extensive CRISPR-Cas9 screen in the pancreatic cancer cell line TB32047 derived from the KPC mouse model (Figure 1A).



The concurrent prioritization of candidate genes based on commonality among sgRNAs resulted in a significant reduction in most of the sgRNAs targeting the same gene (p < 0.05) to minimize off-target effects, and we ultimately identified 68 and 50 kinase hits in the 2D and 3D screens, respectively (Figure 1B,C; Supplementary Table S1). Furthermore, we used Gene Ontology (GO) term biological process analysis (DAVID Bioinformatics Resources 6.8) to enrich the cellular processes for significant candidate genes in 2D and 3D screening results. The annotation of these genes indicated that they belong to several functional categories, phosphorylation, protein phosphorylation and autophosphorylation, DNA repair, cell cycle, apoptotic processes, etc. (Figure 1D,E). Interestingly, the same cellular processes enriched in the 2D and 3D screens included phosphorylation, protein phosphorylation, cellular response to DNA damage stimulus, DNA repair, and peptidyl-serine phosphorylation, supporting the biological plausibility of our results. Only two genes, Prkdc and Dyrk1a, were found among the 20 most significant candidates from both the 2D and 3D screenings (Supplementary Table S1).  Protein kinase, DNA-activated, catalytic subunit (PRKDC), alternatively referred to as DNA-PKcs, functions as a molecular sensor of DNA damage, which engaged in the non-homologous end joining (NHEJ) pathway for a DNA double-strand break (DSB) repair process [25]. All four sgRNAs targeting the second candidate, DYRK1A (dual-specificity tyrosine phosphorylation-regulated kinase 1A), were significantly reduced in both 2D and 3D screens (Figure 1F,G). The TCGA (PAAD) and GTEx (Pancreas) databases indicated that the DYRK1A expression level was significantly higher in pancreatic cancer than in the corresponding normal pancreas tissue (Figure 1H). Moreover, the role of DYRK1A in the radioresistance of pancreatic cancer has not been reported. Therefore, we focused on the role of DYRK1A in the radiotherapy of pancreatic cancer in the following experiments.




3.2. DYRK1A Knockout Enhances Radiotherapy Efficacy in Pancreatic Cancer Cells


To demonstrate that DYRK1A may be exploited as a target for improved radiation therapy in pancreatic cancer, we used two separate sgRNAs to knock out the DYRK1A gene in TB32047 and MIA PaCa-2 cells and generated totally knocked out single clone cells (Figure 2A). Clonogenic assays showed a dramatic decrease in the colony number DYRK1A-knock-out (KO) single clones after irradiation (IR) compared to cell clones transduced with non-targeting control sgRNA (NC) or wild-type (WT) cells, indicating a higher sensitivity to X-rays in the absence of DYRK1A (Figure 2B,C).



In the absence of radiation treatment, flow cytometry analysis indicated that there was no significant difference in early and late apoptosis in DYRK1A-deleted cells compared to parental and NC cells. By contrast, when DYRK1A KO cells were irradiated with 5 Gy X-rays for 24 h, both early and late apoptosis were considerably enhanced (Figure 2D,E). These results indicated that deleting DYRK1A impairs colony formation ability and increases cell death during radiation treatment.




3.3. DYRK1A Knockout Increases DNA Damage and DNA Double-Strand Breaks in Pancreatic Cancer Cells after Radiotherapy


To examine the potential mechanisms leading to increased apoptosis under radiotherapy in DYRK1A-KO cells, we first investigated the levels of DNA damage using phosphorylated histone H2A.X as a marker of stalled replication forks and DSB [26,27]. We followed the kinetics of DSB formation and repair in TB32047 and MIA Paca-2 cells after a single dose of X-rays (2-Gy). Cells were harvested after 1, 4, and 24 h before performing the immunofluorescence staining of phosphorylated (γ) H2A.X and counting counted positive γH2A.X foci. The number of γH2A.X foci increased dramatically in KO cells after radiation exposure and peaked at 1 h post-irradiation before gradually decreasing, likely due to the activation of DNA damage repair (DDR) mechanisms following radiation. Although radiation also caused a short-term increase in γH2A.X foci in control cells, the magnitude of the increase was significantly smaller than that of knockdown cells at the different time points. Twenty-four hours after irradiation, the number of γH2A.X foci of wild-type cells was reduced to baseline levels, while more DSBs remained unrepaired in KO cells in both TB32047 and MIA PaCa-2 cells (Figure 3A,B). In the absence of radiation, DYRK1A single clones did not exhibit an increase in γH2A.X-positive cells and γH2A.X foci compared to the DYRK1A wild-type and NC cells (Figure 3A,B). This is also consistent with the results of apoptosis in unirradiated cells (Figure 2D,E), demonstrating that the deletion of DYRK1A does not induce H2A.X phosphorylation or apoptosis.



To determine whether the strong increase in γH2A.X foci in DYRK1A-KO cells after irradiation was due to an increase in DNA DSBs, we used the alkaline comet assay, which is a sensitive method for monitoring DSBs. We detected that the irradiation of X-rays with 5-Gy increased the comet tail moment significantly in DYRK1A KO cells (Figure 3C,D). Together with the increased γH2A.X foci number, this suggested enhanced DSB formation and/or replication fork collapse in these cells. Consistent with the presence of γH2A.X in DYRK1A KO cells, we observed the activation of CHK1 and CHK2 phosphorylation (Figure 3E), which were key molecules in transducing DNA damage signals. In contrast, the radiation treatment of DYRK1A KO PC cells resulted in decreased levels of RAD51, a key protein for HR repair [28], but not of Ku70, an essential protein for NHEJ [29] (Figure 3E). These results indicate that DYRK1A deficiency enhances DNA damage and impairs DNA damage homologous repair after radiotherapy.




3.4. Targeted Inhibition of DYRK1A Promotes Radiosensitivity in Pancreatic Cancer


To corroborate the knockout results, we used Harmine, a targeted inhibitor of DYRK1A, and investigated its potential as a radiation sensitizer. We initially constructed dose–response curves in TB32047 and MIA PACA-2 cells, which revealed that Harmine inhibited the ability of PC cells to form living colonies in a dose-dependent manner (Figure 4A,B, left panels). Treatment with non-lethal concentrations of Harmine potentiated the anti-clonogenic effects of radiation therapy in TB32047 and MIA PACA-2 cells (Figure 4A,B, middle and right panels).



To explore the role of Harmine in DNA damage and repair, we assessed the formation of γH2A.X foci by immunofluorescence staining. Interestingly, we observed that, even in the absence of radiation therapy, TB32047 cells exhibited more γH2A.X foci than untreated cells when pre-treated with sublethal doses of Harmine for 24 h (Figure 4C,D). After radiation treatment, Harmine-treated cells had significantly more DSBs than the untreated group 1 h and 4 h post-irradiation, while a significant number of DSBs remained incompletely repaired 24 h after irradiation (Figure 4C,D). Again, the targeted suppression of DYRK1A has been shown to synergize with radiation, increasing DNA double-strand breaks and impairing DNA repair.



To further elucidate the mechanism of Harmine as a radiosensitizer, we first examined the relevant DNA damage repair pathways mediated by ATM and ATR in the presence of Harmine by Western blot. We found that irradiation induced ATM activation, as shown by phosphorylation at residue 1981, which was enhanced in the presence of Harmine (Figure 4E). We further indicated that the level of phosphorylation at the CHK1 ser345 site and the CHK2 Thr68 site was significantly increased upon combination therapy, while phosphorylation at ser296 was decreased (Figure 4E). In addition, RAD51 but not Ku70 expression was reduced after the combination treatment, indicating that Harmine mediates the repression of DNA DSB repair by HR (Figure 4E).





4. Discussion


Over the past few decades, radiotherapy has undergone significant development. It has significantly improved the prognosis of patients with lung cancer [30], head and neck squamous cell carcinoma [31], and esophageal cancers [32]. However, due to the existence of inherent and acquired radioresistance, its utility in pancreatic cancer is severely restricted. As such, we sought to use the cutting-edge CRISPR-Cas9 screening approach to unravel the enigma of radioresistance, identify novel target candidates, and provide sufficient preclinical evidence for clinical application in pancreatic cancer. Our results also simultaneously exemplify the possibility of performing CRISPR-Cas9 screens in an in vitro model such as 3D cell culture. In particular, we demonstrated that the sensitivity of 3D cells to radiation is no different from that of 2D cells, despite their growth in matrigel and special culture media [17,33,34]. As a result, we irradiated cells with two distinct growth patterns using a standard radiographic screening approach. The cellular processes they enriched after screening both corroborated the radiation damage response, confirming the reliability of our screening using the 3D model. Interestingly, although more common pathways were investigated in 2D and 3D screens, there were only a few common genes after screening, and the 3D screen was also enriched for cellular response to growth factor stimulus, MAPK cascade, and the activation of MAPK. This may explain the variability between 2D and 3D screens; however, further data are required to substantiate the dependability of 3D screens and explain the variability between different model screens. Here, by implementing a systematic approach of negative selection of CRISPR-Cas9 screening, we identified several kinases, in particular DYRK1A, whose loss of function enhances the radiotherapy effect of PC. We demonstrated that DYRK1A inactivation sensitized PC cells to X-rays, and targeted DYRK1A inhibitor Harmine strongly synergized with radiotherapy, leading to increased cell death and anti-tumor effect. We further revealed that the anti-tumor effect of the combination therapy is associated with an increase in DNA damage and impaired DNA damage homologous repair after radiotherapy, leading to cell death. Overall, our results provide strong mechanistic evidence for combining DYRK1A inhibitors with RT and support the use of CRISPR-Cas9 screening to identify the target of radiotherapy in preclinical models.



Dual-specificity tyrosine phosphorylation-regulated kinase 1A (DYRK1A) is a dual kinase that plays a versatile role in tumorigenesis [35]. An increasing number of studies have revealed that the DYRK protein kinases are critical regulators of cell proliferation and apoptosis [36]. In several human cancer cell lines, DYRK1A has been shown to act as a caspase-9 Thr125 kinase, inhibiting intrinsic apoptotic pathways [37]. The expression and activity of DYRK1A were shown to be elevated in response to toxic stimuli, indicating a putative involvement for DYRK1A in cellular stress response pathways [37,38]. SIRT1, which is a nicotinamide adenosine dinucleotide (NAD)-dependent class 3 histone deacetylase, was found to play a major role in cellular stress [39]. DYRK1A acts as a kinase for SIRT1, activates its deacetylation activity, and further promotes the inhibition of P53, thereby maintaining cancer cell survival under stressful conditions [39]. A comprehensive interaction screening based on proteomics linked DYRK1A to RNF169 and DNA damage response [40]. The results demonstrated that RNF169 is a DYRK1A substrate, and that DYRK1A binding to RNF169 is necessary for the recruitment of DYRK1A to DSB-induced foci [40]. Our results demonstrated that knockout DYRK1A in PC cell lines might result in increased DNA damage and impaired HRR after DSBs, hence decreasing radioresistance in pancreatic cancer. In irradiated cells, γH2A.X foci increased instantaneously and decreased in subsequent DNA repair. We revealed that in knockout cells, both ATM and ATR-mediated DNA damage response mechanisms were considerably active. The phosphorylation of Chk1 (S345), phosphorylation of CHK2 (T68), and sustained increased expression of γH2A.X are evidence of more severe DNA damage in KO cells [30,41].



Currently, the targeted inhibition of DNA damage, DNA DSB repair pathways, cell cycle checkpoints, etc., has become an attractive strategy for reversing resistance to radiotherapy in PC. A large deep whole-genome sequencing redefined the mutational landscape of pancreatic cancer and showed that variation in chromosomal structure was an important mechanism in pancreatic carcinogenesis [12]. Mutations in many other genes involved in DDR, such as ATM, FANCM, XRCC4, and XRCC6 (Ku70), were detected in tumors with an unstable genome or the BRCA mutational signature. Platinum-based treatment, such as FOLFIRINOX, has improved survival in patients with BRCA1 and BRCA2 mutations, according to the available research [13]. Numerous inhibitors have been developed to target DDR and genomic instability mechanisms, such as PARP inhibitors mainly based on mutations in BRCA1 and BRCA2 [15]. Olaparib was the first PARP inhibitor approved by the FDA [42] (December 2014) for cancer therapy, and PARP-1 inhibitors have been identified and tested after clinical trials and their function in enhancing the response of cancers to radiation has been documented [15,43]. Although Harmine has been classified as an antitumor drug for a long period of time, its unknown mechanism of HR regulation and moderate antitumor activity have precluded its further clinical application [44,45]. We demonstrated that inhibiting DYRK1A with Harmine significantly decreased HRR activity, maintained the activation of the DDR pathway, significantly delayed DSB recovery, and resulted in a significant accumulation of DNA damage. Interestingly, previous studies have shown that Harmine alone could also induce DNA damage [44], including DNA DSBs, which is consistent with our findings. Harmine treatments also induced a certain number of γH2A.X foci at low doses, making Harmine a dual-target drug candidate integrating DNA damage and DNA damage homologous repair. Notably, the combination of targeted inhibition of DYRK1A with radiotherapy provided a synergistic therapeutic effect compared to a single treatment modality. Thus, we report a possible new therapeutic option to overcome PDAC radioresistance and further confirm the feasibility of using a combination of CRISPR-Cas9 screening and 3D cell culture to explore new drug targets. Several radiosensitizers have been clinically studied in a variety of malignancies, including CHK1/CHK2 inhibitors, ATM/ATR inhibitors, and PARP inhibitors, but clinical trials of pancreatic cancer-related radiosensitizers are still relatively scarce and most are in the preclinical stage. Our results are also limited to in vitro cellular experiments confirming that the knockout or targeted inhibition of DYRK1A has an efficient radiosensitizing effect. Despite the widespread use of Harmine as a targeted inhibitor of DYRK1A, its further clinical application is limited by its poor specificity and potential side effects, and further in vivo experiments are still needed to further elucidate the specific mechanisms by which Harmine directly induces DNA damage and participates in DDR inhibition [46]. Our results highlight the need for additional clinical trials to evaluate this newly discovered therapeutic combination in the treatment of patients with PDAC and other malignancies.




5. Conclusions


In conclusion, we identified DYRK1A as a novel therapeutic target to overcome PC radioresistance by CRISPR-Cas9 loss-of-function with 2D and 3D screens. The depletion of DYRK1A results in an increase in radiation-induced apoptosis and DNA damage in PC cells. DYRK1A contributes significantly to radioresistance via its regulation of the ATM- and ATR-mediated DNA damage response pathways, as well as by its participation in the HRR process. We further investigated Harmine as a promising radiosensitizer for pancreatic cancer. Our findings illuminate the way forward for further clinical translational research into the most effective methods for developing targeted drugs.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/cancers14020326/s1: Table S1: CRISPR-Cas9 Radiotherapy Screening Results-2D; Figure S1: Western blot of TB32047 and MIA PaCa-2 cells transfected with DYRK1A sgRANs or non-targeting control; Figure S2: Western blot of TB32047 and MIA PaCa-2 control or DYRK1A KO single clone cells with 0 Gy or 5 Gy irradiation after 24 h; Figure S3. Western blot of TB32047 and MIA PACA-2 treated with inhibitor alone, X-rays alone, or their combination.





Author Contributions


Conceptualization, B.L., S.Z. (Siyuan Zeng), B.F., and N.B.-L.; methodology, B.L., S.Z. (Siyuan Zeng), B.F. and N.B.-L.; software, B.L. and S.Z. (Siyuan Zeng); validation, B.L., S.Z. (Siyuan Zeng), S.Z. (Shuman Zhang), X.R., and Y.X.; formal analysis, B.L. and S.Z. (Siyuan Zeng); resources, I.K., S.P., R.G., B.F., N.B.-L., N.C., and C.P.; data curation, S.Z. (Siyuan Zeng), S.Z. (Shuman Zhang), and X.R.; writing—original draft preparation, B.L. and S.Z. (Siyuan Zeng); writing—review and editing, B.L., S.Z. (Siyuan Zeng), B.F., N.B.-L., N.C., and C.P.; visualization, I.K., S.P., and R.G.; supervision, N.B.-L. and C.P.; project administration, C.P.; funding acquisition, C.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by EU (MSCA-ITN 1705 861196, PRECODE; C.P.), the Chinese Scholarship Council (CSC Nr. 201806880012 S.Z. (Shuman Zhang); CSC Nr. 201906380074 X.R.).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Raw data of the CRISPR/Cas9 screening data are available at the European nucleotide archive with the accession number PRJEB49806.




Acknowledgments


C.P. wants to thank Ronald Belford Scott for his support. In addition, B.L. wants to thank, in particular, the inimitable care and invaluable support from his wife S.Z. (Siyuan Zeng) over the past years. The present work was performed in fulfillment of the requirements for obtaining the degree med of FAU by B.L.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics, 2021. CA Cancer J. Clin. 2021, 71, 7–33. [Google Scholar] [CrossRef] [PubMed]

	



Rawla, P.; Sunkara, T.; Gaduputi, V. Epidemiology of Pancreatic Cancer: Global Trends, Etiology and Risk Factors. World J. Oncol. 2019, 10, 10–27. [Google Scholar] [CrossRef]

	



Ryan, D.P.; Hong, T.S.; Bardeesy, N. Pancreatic adenocarcinoma. N. Engl. J. Med. 2014, 371, 1039–1049. [Google Scholar] [CrossRef]

	



Seshacharyulu, P.; Baine, M.J.; Souchek, J.J.; Menning, M.; Kaur, S.; Yan, Y.; Ouellette, M.M.; Jain, M.; Lin, C.; Batra, S.K. Biological determinants of radioresistance and their remediation in pancreatic cancer. Biochim. Biophys. Acta Rev. Cancer 2017, 1868, 69–92. [Google Scholar] [CrossRef]

	



Hu, J.X.; Zhao, C.F.; Chen, W.B.; Liu, Q.C.; Li, Q.W.; Lin, Y.Y.; Gao, F. Pancreatic cancer: A review of epidemiology, trend, and risk factors. World J. Gastroenterol. 2021, 27, 4298–4321. [Google Scholar] [CrossRef]

	



Fietkau, R.; Grutzmann, R.; Wittel, U.A.; Croner, R.S.; Jacobasch, L.; Neumann, U.P.; Reinacher-Schick, A.; Imhoff, D.; Boeck, S.; Keilholz, L.; et al. R0 resection following chemo (radio)therapy improves survival of primary inoperable pancreatic cancer patients. Interim results of the German randomized CONKO-007± trial. Strahlenther. Onkol. 2021, 197, 8–18. [Google Scholar] [CrossRef] [PubMed]

	



Versteijne, E.; Suker, M.; Groothuis, K.; Akkermans-Vogelaar, J.M.; Besselink, M.G.; Bonsing, B.A.; Buijsen, J.; Busch, O.R.; Creemers, G.M.; van Dam, R.M.; et al. Preoperative Chemoradiotherapy Versus Immediate Surgery for Resectable and Borderline Resectable Pancreatic Cancer: Results of the Dutch Randomized Phase III PREOPANC Trial. J. Clin. Oncol. 2020, 38, 1763–1773. [Google Scholar] [CrossRef]

	



Machairas, N.; Raptis, D.A.; Velazquez, P.S.; Sauvanet, A.; Rueda de Leon, A.; Oba, A.; Koerkamp, B.G.; Lovasik, B.; Chan, C.; Yeo, C.J.; et al. The Impact of Neoadjuvant Treatment on Survival in Patients Undergoing Pancreatoduodenectomy with Concomitant Portomesenteric Venous Resection: An International Multicenter Analysis. Ann. Surg. 2021, 274, 721–728. [Google Scholar] [CrossRef]

	



Cloyd, J.M.; Chen, H.C.; Wang, X.; Tzeng, C.D.; Kim, M.P.; Aloia, T.A.; Vauthey, J.N.; Lee, J.E.; Katz, M.H.G. Chemotherapy Versus Chemoradiation as Preoperative Therapy for Resectable Pancreatic Ductal Adenocarcinoma: A Propensity Score Adjusted Analysis. Pancreas 2019, 48, 216–222. [Google Scholar] [CrossRef]

	



Qin, C.; Yang, G.; Yang, J.; Ren, B.; Wang, H.; Chen, G.; Zhao, F.; You, L.; Wang, W.; Zhao, Y. Metabolism of pancreatic cancer: Paving the way to better anticancer strategies. Mol. Cancer 2020, 19, 50. [Google Scholar] [CrossRef] [PubMed]

	



Vitale, I.; Manic, G.; De Maria, R.; Kroemer, G.; Galluzzi, L. DNA Damage in Stem Cells. Mol. Cell 2017, 66, 306–319. [Google Scholar] [CrossRef]

	



Qiu, Z.; Oleinick, N.L.; Zhang, J. ATR/CHK1 inhibitors and cancer therapy. Radiother. Oncol. 2018, 126, 450–464. [Google Scholar] [CrossRef]

	



Pilie, P.G.; Tang, C.; Mills, G.B.; Yap, T.A. State-of-the-art strategies for targeting the DNA damage response in cancer. Nat. Rev. Clin. Oncol. 2019, 16, 81–104. [Google Scholar] [CrossRef] [PubMed]

	



Jin, S.; Cordes, N. ATM controls DNA repair and mitochondria transfer between neighboring cells. Cell Commun. Signal 2019, 17, 144. [Google Scholar] [CrossRef] [PubMed]

	



Waissi, W.; Paix, A.; Nicol, A.; Noel, G.; Burckel, H. Targeting DNA repair in combination with radiotherapy in pancreatic cancer: A systematic review of preclinical studies. Crit. Rev. Oncol. Hematol. 2020, 153, 103060. [Google Scholar] [CrossRef] [PubMed]

	



Parsels, L.A.; Engelke, C.G.; Parsels, J.; Flanagan, S.A.; Zhang, Q.; Tanska, D.; Wahl, D.R.; Canman, C.E.; Lawrence, T.S.; Morgan, M.A. Combinatorial Efficacy of Olaparib with Radiation and ATR Inhibitor Requires PARP1 Protein in Homologous Recombination-Proficient Pancreatic Cancer. Mol. Cancer Ther. 2021, 20, 263–273. [Google Scholar] [CrossRef] [PubMed]

	



Gorte, J.; Danen, E.; Cordes, N. Therapy-Naive and Radioresistant 3-Dimensional Pancreatic Cancer Cell Cultures Are Effectively Radiosensitized by β1 Integrin Targeting. Int. J. Radiat. Oncol. Biol. Phys. 2021. [Google Scholar] [CrossRef]

	



Doench, J.G.; Fusi, N.; Sullender, M.; Hegde, M.; Vaimberg, E.W.; Donovan, K.F.; Smith, I.; Tothova, Z.; Wilen, C.; Orchard, R.; et al. Optimized sgRNA design to maximize activity and minimize off-target effects of CRISPR-Cas9. Nat. Biotechnol. 2016, 34, 184–191. [Google Scholar] [CrossRef]

	



Ran, F.A.; Hsu, P.D.; Wright, J.; Agarwala, V.; Scott, D.A.; Zhang, F. Genome engineering using the CRISPR-Cas9 system. Nat. Protoc. 2013, 8, 2281–2308. [Google Scholar] [CrossRef]

	



Dull, T.; Zufferey, R.; Kelly, M.; Mandel, R.J.; Nguyen, M.; Trono, D.; Naldini, L. A third-generation lentivirus vector with a conditional packaging system. J. Virol. 1998, 72, 8463–8471. [Google Scholar] [CrossRef]

	



Shalem, O.; Sanjana, N.E.; Hartenian, E.; Shi, X.; Scott, D.A.; Mikkelson, T.; Heckl, D.; Ebert, B.L.; Root, D.E.; Doench, J.G.; et al. Genome-scale CRISPR-Cas9 knockout screening in human cells. Science 2014, 343, 84–87. [Google Scholar] [CrossRef]

	



Li, W.; Koster, J.; Xu, H.; Chen, C.H.; Xiao, T.; Liu, J.S.; Brown, M.; Liu, X.S. Quality control, modeling, and visualization of CRISPR screens with MAGeCK-VISPR. Genome Biol. 2015, 16, 281. [Google Scholar] [CrossRef]

	



Lentsch, E.; Li, L.; Pfeffer, S.; Ekici, A.B.; Taher, L.; Pilarsky, C.; Grutzmann, R. CRISPR/Cas9-Mediated Knock-Out of Kras(G12D) Mutated Pancreatic Cancer Cell Lines. Int. J. Mol. Sci. 2019, 20, 5706. [Google Scholar] [CrossRef] [PubMed]

	



Konca, K.; Lankoff, A.; Banasik, A.; Lisowska, H.; Kuszewski, T.; Gozdz, S.; Koza, Z.; Wojcik, A. A cross-platform public domain PC image-analysis program for the comet assay. Mutat. Res. 2003, 534, 15–20. [Google Scholar] [CrossRef]

	



Chen, Y.; Li, Y.; Xiong, J.; Lan, B.; Wang, X.; Liu, J.; Lin, J.; Fei, Z.; Zheng, X.; Chen, C. Role of PRKDC in cancer initiation, progression, and treatment. Cancer Cell Int. 2021, 21, 563. [Google Scholar] [CrossRef] [PubMed]

	



Collins, P.L.; Purman, C.; Porter, S.I.; Nganga, V.; Saini, A.; Hayer, K.E.; Gurewitz, G.L.; Sleckman, B.P.; Bednarski, J.J.; Bassing, C.H.; et al. DNA double-strand breaks induce H2Ax phosphorylation domains in a contact-dependent manner. Nat. Commun. 2020, 11, 3158. [Google Scholar] [CrossRef]

	



Barroso, S.I.; Aguilera, A. Detection of DNA Double-Strand Breaks by gamma-H2AX Immunodetection. Methods Mol. Biol. 2021, 2153, 1–8. [Google Scholar] [CrossRef]

	



Wassing, I.E.; Esashi, F. RAD51: Beyond the break. Semin. Cell Dev. Biol. 2021, 113, 38–46. [Google Scholar] [CrossRef]

	



Pannunzio, N.R.; Watanabe, G.; Lieber, M.R. Nonhomologous DNA end-joining for repair of DNA double-strand breaks. J. Biol. Chem. 2018, 293, 10512–10523. [Google Scholar] [CrossRef]

	



Yang, Z.; Liang, S.Q.; Yang, H.; Xu, D.; Bruggmann, R.; Gao, Y.; Deng, H.; Berezowska, S.; Hall, S.R.R.; Marti, T.M.; et al. CRISPR-Mediated Kinome Editing Prioritizes a Synergistic Combination Therapy for FGFR1-Amplified Lung Cancer. Cancer Res. 2021, 81, 3121–3133. [Google Scholar] [CrossRef]

	



Deville, S.S.; Luft, S.; Kaufmann, M.; Cordes, N. Keap1 inhibition sensitizes head and neck squamous cell carcinoma cells to ionizing radiation via impaired non-homologous end joining and induced autophagy. Cell Death Dis. 2020, 11, 887. [Google Scholar] [CrossRef] [PubMed]

	



Vellayappan, B.A.; Soon, Y.Y.; Ku, G.Y.; Leong, C.N.; Lu, J.J.; Tey, J.C. Chemoradiotherapy versus chemoradiotherapy plus surgery for esophageal cancer. Cochrane Database Syst. Rev. 2017, 8, CD010511. [Google Scholar] [CrossRef]

	



Kunigenas, L.; Stankevicius, V.; Dulskas, A.; Budginaite, E.; Alzbutas, G.; Stratilatovas, E.; Cordes, N.; Suziedelis, K. 3D Cell Culture-Based Global miRNA Expression Analysis Reveals miR-142-5p as a Theranostic Biomarker of Rectal Cancer Following Neoadjuvant Long-Course Treatment. Biomolecules 2020, 10, 613. [Google Scholar] [CrossRef] [PubMed]

	



Jin, S.; Lee, W.C.; Aust, D.; Pilarsky, C.; Cordes, N. β8 Integrin Mediates Pancreatic Cancer Cell Radiochemoresistance. Mol. Cancer Res. 2019, 17, 2126–2138. [Google Scholar] [CrossRef]

	



Laham, A.J.; Saber-Ayad, M.; El-Awady, R. DYRK1A: A down syndrome-related dual protein kinase with a versatile role in tumorigenesis. Cell. Mol. Life Sci. 2021, 78, 603–619. [Google Scholar] [CrossRef]

	



Luna, J.; Boni, J.; Cuatrecasas, M.; Bofill-De Ros, X.; Nunez-Manchon, E.; Gironella, M.; Vaquero, E.C.; Arbones, M.L.; de la Luna, S.; Fillat, C. DYRK1A modulates c-MET in pancreatic ductal adenocarcinoma to drive tumour growth. Gut 2019, 68, 1465–1476. [Google Scholar] [CrossRef] [PubMed]

	



Seifert, A.; Allan, L.A.; Clarke, P.R. DYRK1A phosphorylates caspase 9 at an inhibitory site and is potently inhibited in human cells by harmine. FEBS J. 2008, 275, 6268–6280. [Google Scholar] [CrossRef] [PubMed]

	



Seifert, A.; Clarke, P.R. p38α- and DYRK1A-dependent phosphorylation of caspase-9 at an inhibitory site in response to hyperosmotic stress. Cell. Signal. 2009, 21, 1626–1633. [Google Scholar] [CrossRef]

	



Guo, X.; Williams, J.G.; Schug, T.T.; Li, X. DYRK1A and DYRK3 promote cell survival through phosphorylation and activation of SIRT1. J. Biol. Chem. 2010, 285, 13223–13232. [Google Scholar] [CrossRef]

	



Roewenstrunk, J.; Di Vona, C.; Chen, J.; Borras, E.; Dong, C.; Arato, K.; Sabido, E.; Huen, M.S.Y.; de la Luna, S. A comprehensive proteomics-based interaction screen that links DYRK1A to RNF169 and to the DNA damage response. Sci. Rep. 2019, 9, 6014. [Google Scholar] [CrossRef] [PubMed]

	



Morgan, M.A.; Parsels, L.A.; Zhao, L.; Parsels, J.D.; Davis, M.A.; Hassan, M.C.; Arumugarajah, S.; Hylander-Gans, L.; Morosini, D.; Simeone, D.M.; et al. Mechanism of radiosensitization by the Chk1/2 inhibitor AZD7762 involves abrogation of the G2 checkpoint and inhibition of homologous recombinational DNA repair. Cancer Res. 2010, 70, 4972–4981. [Google Scholar] [CrossRef]

	



Deeks, E.D. Olaparib: First global approval. Drugs 2015, 75, 231–240. [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] [PubMed]

	



Zhang, L.; Zhang, F.; Zhang, W.; Chen, L.; Gao, N.; Men, Y.; Xu, X.; Jiang, Y. Harmine suppresses homologous recombination repair and inhibits proliferation of hepatoma cells. Cancer Biol. Ther. 2015, 16, 1585–1592. [Google Scholar] [CrossRef]

	



Wu, L.W.; Zhang, J.K.; Rao, M.; Zhang, Z.Y.; Zhu, H.J.; Zhang, C. Harmine suppresses the proliferation of pancreatic cancer cells and sensitizes pancreatic cancer to gemcitabine treatment. OncoTargets Ther. 2019, 12, 4585–4593. [Google Scholar] [CrossRef]

	



Recasens, A.; Humphrey, S.J.; Ellis, M.; Hoque, M.; Abbassi, R.H.; Chen, B.; Longworth, M.; Needham, E.J.; James, D.E.; Johns, T.G.; et al. Global phosphoproteomics reveals DYRK1A regulates CDK1 activity in glioblastoma cells. Cell Death Discov. 2021, 7, 81. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 14 00326 g001 550] 





Figure 1. CRISPR-Cas9 loss-of-function screen identifies DYRK1A as a candidate for radiotherapy resistance. (A) Schematic diagram of the experimental procedure for CRISPR-Cas9 loss-of-function screen. (B,C) Volcano plots show the -log normalized p-value and log2 fold change of 2D (B) and 3D (C) radiation screening results compared to the 4-week control, with significant genes in the negative selection highlighted in blue and positive selection highlighted in red, respectively. (D,E) Gene Ontology (GO) terms analyzed the biological processes enriched by 2D (D) and 3D (E) negative selection candidate genes. (F,G) Scatter plots show the log2-normalized counts changes of each sgRNA of DYRK1A in 2D (F) and 3D (G) screening. (H) Box plots of DYRK1A expression in pancreatic cancer and normal pancreatic tissues were analyzed using the TCGA (PAAD) and GTEx (pancreas) databases. *, p < 0.05. 
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Figure 2. DYRK1A knockout enhances radiotherapy efficacy in pancreatic cancer. (A) Western blot of TB32047 and MIA PaCa-2 cells transfected with DYRK1A sgRANs or non-targeting control. (B) A clonogenic assay of TB32047 (left) and MIA PaCa-2 (right) cells with DYRK1A KO and control sgRNA cells was performed after irradiation with different doses of X-rays. The colony numbers were counted and normalized. Data are presented as means of three independent experiments (n = 3). *, p < 0.05; **, p < 0.01; *** and p < 0.001 by 2-tailed unpaired Student’s t test. (C) TB32047 (left) and MIA PaCa-2 (right) single clones and control cells were treated with different doses of radiation followed by clonogenic assays. Representative images of three independent experiments (n = 3) are shown. (D,E) Flow cytometry-based apoptosis analysis of TB32047 (D) and MIA PaCa-2 (E) control and DYRK1A KO single clones irradiated with 5 Gy X-rays after 24 h. Representative images of three independent experiments (n = 3) and statistical analysis are shown. **, p < 0.01; ***, p < 0.001 and ****, p < 0.0001 by 2-tailed unpaired Student’s t test. ns. not significant. 
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Figure 3. DYRK1A knockout increases DNA damage and DNA double-strand breaks in pancreatic cancer cells after radiotherapy. (A,B) Immunofluorescence of TB32047 (A) and MIA PaCa-2 (B) control or DYRK1A KO single clones at different time points with 2Gy irradiation. Representative images of three independent experiments (n = 3) and statistical analysis are shown. (Blue-DAPI, Green-γH2A.X. Scale bar: white, 20 μm). *, p < 0.05; **, p < 0.01; ***, p < 0.001 and ****, p < 0.0001 by 2-tailed unpaired Student’s t test. ns. not significant. (C) Alkaline comet assay of TB32047 and MIA PaCa-2 knockout single cells and control cells after irradiation with 5 Gy X-rays. Representative images of three independent experiments (n = 3) are shown (scale bar: white, 125 μm). (D) CASP software analysis of the percentage of DNA content in the comet tail of the alkaline comet experiment. A minimum of 50 cells were statistically analyzed. **, p < 0.01 and ***, p < 0.001 by 2-tailed unpaired Student’s t test. (E) Western blot of TB32047 and MIA PaCa-2 control or DYRK1A KO single clone cells with 0 Gy or 5 Gy irradiation after 24 h. 
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Figure 4. Targeted inhibition of DYRK1A promotes radiosensitivity in pancreatic cancer. (A,B) Dose–response curves of TB32047 (A) and MIA PACA-2 (B) wild-type cells to Harmine (left). TB32047 and MIA PACA-2 wild-type cells were treated with the indicated concentrations of inhibitors along with different doses of radiation and then subjected to clonogenic assays. Representative images of three independent experiments (n = 3) are shown (middle). The colony numbers were counted, normalized, and statistically analyzed (right). Data are presented as mean ± SD. *, p < 0.05; **, p < 0.01 and ***, p < 0.001 by 2-tailed unpaired Student’s t test. (C) Immunofluorescence of TB32047 wild-type cells was treated with the indicated concentrations of inhibitors at different time points with 2 Gy irradiation. Representative images of three independent experiments (n = 3) are shown. (Blue-DAPI, Green-γH2A.X. Scale bar: white, 20 μm). (D) Statistical analysis of γH2A.X foci per cell. Number of foci was counted and normalized, and a minimum of 200 cells were analyzed. *, p < 0.05; **, p < 0.01; and ****, p < 0.0001 by 2-tailed unpaired Student’s t test. ns. not significant. (E) Western blot of TB32047 and MIA PACA-2 treated with inhibitor alone, X-rays alone, or their combination. 
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