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Abstract

:

Circular RNA (circRNA), generated through backsplicing in which the downstream splice donor joins the upstream splice acceptor, is a novel class of RNA molecules. Our previous study found that a novel oncogenic circRNA—consisting exon 8–10 of CCDC66—is aberrantly expressed in colorectal cancer (CRC) tissues and cells. The failure of treatment for colorectal cancer is typically associated with recurrent and chemoresistant cancerous tissues. In this study, we aimed to investigate the role(s) of circCCDC66 during the development of chemoresistance. We discovered that the expression level of circCCDC66 is elevated in colorectal cancer cells with resistance to oxaliplatin. Knockdown of circCCDC66 caused the downregulation of a subset of genes which are regulated by circCCDC66-associated miRNAs and related to the modulation of apoptosis and the cell cycle, suppressing cell survival, promoting oxaliplatin-induced apoptosis and, thus, hindering the development of oxaliplatin-resistance (OxR). The induction of circCCDC66 was dependent on the time-course and dose of oxaliplatin treatment. Our analyses revealed that DHX9 harbors two phosphorylation sites of phosphatidylinositol 3-kinase-related kinases (PI3KKs) close to substrate-binding domains. Blockage of phosphorylation by either PI3KK inhibitors or nonphosphorable mutants of DHX9 decreased the oxaliplatin-induced circCCDC66 expression and the ability to develop chemoresistant cells. Taken together, we demonstrated and linked the functional role of DHX9 phosphorylation to oncogenic circCCDC66 expression during the development of resistance to oxaliplatin, providing a mechanistic insight for the development of therapeutic strategies to recurring/chemoresistant colorectal cancer.
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1. Introduction


Colorectal cancer was the third-most common cancer globally with approximately 1.8 million new cases in 2018 [1], ranked as the second-leading cause of cancer-related death in the United States of America [2] and third in Taiwan [3]. The intervention for colorectal cancer patients includes surgical resection, irradiation and chemotherapy. Typically, chemotherapy is applied to patients with metastatic tumors or as adjuvant treatment after irradiation or surgical resection. However, the relapse of tumor tissues at remote locations with resistance to chemotherapeutic agents would ultimately cause the failure of treatment for colorectal cancer (CRC). Thus, it is urgent to discover new mechanisms underlying the development of chemoresistance and to identify novel therapeutic targets.



Circular RNAs, RNAs with a circular configuration, are a novel widespread class of regulatory RNA molecules with various biological activities and are produced by backsplicing, in which the splice acceptor of an upstream exon is linked to the splice donor of a downstream exon by canonical spliceosome machinery [4,5,6]. One of the most popularly studied functions of circular RNA (circRNA) is to serve as molecular sponge for miRNA/RNA-binding proteins to regulate the gene expression network [7,8,9]. It has been widely accepted that some of circRNAs modulate gene expression through the interaction with single or multiple miRNAs to regulate multiple biological pathways [8,10,11,12]. Oncogenic circCCDC66 was aberrantly expressed in the tumorous tissues of colorectum and exerted its oncogenic effect through the protection of multiple oncogenes from attacks of a set of miRNAs [12,13]. However, the underlying mechanism for the regulation of circCCDC66 expression and the potential therapeutic application in chemoresistant CRC remain to be determined.



The regulation of circRNAs highly depends on both the flanking introns and factors binding to these introns [14,15,16,17,18,19]. Among these factors, both Muscleblind (MBL) and Quaking (QKI) proteins recognize particular motifs within the flanking introns and facilitate the interaction between introns. In addition to the model of recognition of specific motifs by MBL or QKI, DExH-Box Helicase 9 (DHX9) harboring ATP-dependent RNA helicase activity was reported to unwind the pairing between upstream and downstream complementary sequences and, thus, inhibited circRNA biogenesis [17]. Intriguingly, DHX9 is essential for tumorigenesis [20,21,22], but how it may promote or suppress the oncogenic circRNAs requires further characterization.



One of the molecular mechanisms of how oxaliplatin kills cells is to induce DNA damage through multiple routes [23,24]. To cope with various types of genotoxic stress, multiple pathways are activated to coordinate cell cycle arrest/resumption, global transcription/translation shutdown and DNA repair through the activation of PI3KKs [25,26,27,28]. Interestingly, it was reported that DHX9 is phosphorylated by and associated with one of the PI3KKs—DNA-dependent protein kinase upon DNA damage [29]. A parallel study also found that DHX9 is a substrate for ATM/ATR [30], the other two members of the PI3KK family. These studies suggest that the functions of DHX9 may be regulated by PI3KKs-mediated phosphorylation during the DNA damage response. However, the role of DNA damage-modulated DHX9 in the regulation of circRNA expression during chemoresistance remains unknown.



In this study, we first identified the novel molecular mechanism that the elevated level of circCCDC66 in chemoresistant CRC cells was regulated by the oxaliplatin-induced DHX9 phosphorylation. It provided an insightful mechanistic view how genotoxic stress-impaired DHX9 may help tumor cells escape from genotoxic stress through promoting oncogenic circRNA expression.




2. Results


2.1. The Expression Level of circCCDC66 Is Elevated in the Oxaliplatin-Resistant Colorectal Cancer Cells


Our previous study has revealed that the colorectal tumor tissues expressed higher levels of circCCDC66 and preferentially regulated a subset of oncogenes in tumor transcriptome through the interaction with multiple miRNAs [12,13]. The progression and development of colorectal cancer typically become much more unmanageable after chemotherapy due to the development of chemoresistance. To address the potential roles of circCCDC66 in chemoresistant CRC, we first established the oxaliplatin-resistant (OxR) cell lines using both HCT116 and HT-29. The results from both HCT116 and HT-29 cells treated with a serial dosage of oxaliplatin demonstrated that there were more cells remaining for the OxR cells compared to the parental ones after the oxaliplatin treatment at the doses of 1 and 10 µg/mL (Figure 1A,B). To further investigate whether the expression of circCCDC66 is involved in the development of oxaliplatin resistance, we used the reverse transcription-quantitative PCR (RT-qPCR) and circCCDC66-specific primers to show that OxR cells have elevated levels of circCCDC66 in both HCT116 and HT-29 (Figure 1C,D, left), while no difference for mRNA of CCDC66 (linear transcript) between parental and OxR lines (Figure 1C,D, right). The resistant cells had lower levels of the cleaved form of caspase 3 and corresponding activities (Figure 1E–G), implying that circCCDC66 may play certain roles for cell survival during oxaliplatin-induced cell death.




2.2. The Elevated circCCDC66 Is Required for Cell Survival Against Oxaliplatin-Induced Apoptosis


The oncogenic circCCDC66 modulates multiple genes promoting cell proliferation and survival [13]. To know whether the elevation of circCCDC66 expression is required for the survival advantage of oxaliplatin-resistant cells, the resistant cells treated with siRNA oligonucleotides targeting circCCDC66 or control oligonucleotides were subjected to the oxaliplatin treatment at doses of 0.1, 1 and 10 µg/mL. The qPCR results from cells treated with siRNAs showed the specificity and efficiency on the circular transcript but not the mRNA of CCDC66 (Figure 2A). The number of survival cells was significantly decreased in cells with circCCDC66 knockdown compared to cells with control oligonucleotides (Figure 2B). Furthermore, the genome-wide analysis using RNA sequencing on HCT116 OxR cells transfected with siRNA oligonucleotides targeting circCCDC66 or with control oligonucleotides revealed that previously predicted circCCDC66 target genes were enriched in differentially expressing genes mediated by circCCDC66 knockdown (Figure 2C). These genes were largely involved in multiple pathways related to the modulation of the responses to cellular stress, cell cycle progression and apoptosis (Figure 2D), supporting the notion that circCCDC66 controls the expression of multiple genes favoring cell survival through interactions with a set of miRNAs.




2.3. The Expression of circCCDC66 Is Induced by Treatment with Oxaliplatin


To characterize whether the elevated level of circCCDC66 in the OxR cells is directly induced by oxaliplatin treatment rather than a result of the selection of a circCCDC66-expressing population, we treated HCT116 and HT-29 cells with various doses of oxaliplatin, and the results demonstrated a dose-dependent induction of circCCDC66 in HCT116 (Figure 3A, left panel). Similarly, the oxaliplatin treatment also significantly induced the expression of circCCDC66 at doses of 1 and 10 μg/mL in HT-29 (Figure 3A, right panel). This induction of circCCDC66 (Figure 3B, left) but not the mRNA of the CCDC66 transcript (Figure 3B, right) depended on the time of the treatment with oxaliplatin, suggesting that the induction of circCCDC66 may be mediated through a post-transcriptional mechanism such as enhanced backsplice efficiency rather than transcriptional activation. In addition, the suppression of oxaliplatin-induced circCCDC66 expression using siRNA significantly increased oxaliplatin-induced cleaved caspase 3 and corresponding activities (Figure 3C–E), suggesting that the expression of circCCDC66 is required for cell survival under oxaliplatin-induced cellular stress. Furthermore, the knockdown of circCCDC66 decreased the colony formation in HCT116 (Figure 3F), suggesting that the induction of circCCDC66 is required for cell survival during the treatment with oxaliplatin and crucial for the establishment of a resistant population.




2.4. Oxaliplatin Promotes circCCDC66 Expression through DHX9 Phosphorylation


One of the important regulators of circRNA biogenesis, DHX9, controls the pairing of intronic sequences flanking the circularizable region [17]. Our analyses found that there were two patches of sequences containing serine residue similar to the PI3KK substrate near the double-strand RNA binding domains (dsRBD1 and dsRBD2) of DHX9 (Figure 4A,B). To characterize whether these two potential phosphorylation sites may control the DHX9-modulated circRNA expression, we first evaluated whether DHX9 phosphorylation is induced by oxaliplatin treatment. The results of immunoprecipitated DHX9 from HCT116 treated with oxaliplatin showed a higher signal in the immunoblot using an antibody against the phospho-S/TQ motif (Figure 4C, left). A reciprocal immunoprecipitation using an anti-pS/TQ antibody followed by an immunoblot using an anti-DHX9 antibody had the same increasing pattern (Figure 4C, middle and right panels), implying that these two phosphorylation sites close to dsRBD may be regulated by oxaliplatin-induced molecular pathways. Accordingly, the pretreatment with PI3KK inhibitors decreased the induction of circCCDC66 (Figure 4D), suggesting that oxaliplatin-induced PI3KK activity may be involved in oxaliplatin-induced circCCDC66 expression. To further characterize the individual roles of S279 and S321 phosphorylation, HCT116 cells were transfected with wildtype DHX9, nonphosphorable mutant 279A, 321A or 279A/321A. Cells expressing the 279A mutant had a marginal effect on oxaliplatin-induced circCCDC66 expression (Figure 4E, left panel: no statistical difference between wildtype oxaliplatin (WT/oxa) or 279A/oxa), while cells expressing the 321A mutant diminished oxaliplatin-induced circCCDC66 expression (Figure 4E, left panel: WT/oxa vs. 321A/oxa). The combinational mutant did not further decrease the level of circCCDC66 (Figure 4E, left panel: AA bars). Coherent to the previous results of posttranscriptional regulation (Figure 3B, right), the levels of CCDC66 mRNA were not affected by these DHX9 mutants (Figure 4E, right). The differential effects of exogenous wildtype or mutated DHX9 were not caused by the different levels of exogenous DHX9 (Figure 4F). More importantly, the cells expressing nonphosphorable versions of DHX9 were less potent to develop resistant colonies (Figure 4G), suggesting that PI3KK-mediated DHX9 phosphorylation may be one of the oxaliplatin-modulated pathways for circRNA biogenesis.





3. Discussion


CircCCDC66 plays important roles during the development of chemoresistance in cancer. The oncogenic roles of circRNA have been widely demonstrated in various cancers. Our previous study reported that the expression of circCCDC66 is correlated to precancerous polyps and cancerous tissues and contributes to the development of colorectal cancer through the preferential protection of oncogenes [13]. The failure of treatments for colorectal cancers commonly results from the development of chemoresistant tumors accompanied with metastasis. In a previous study, the role of circCCDC66 during epithelial-mesenchymal transition (EMT), a process highly related to metastasis, was further extended in lung cancer [32]. The level of circCCDC66 was positively correlated to the mesenchymal transformation. The knockdown experiment implied that focal adhesion kinase (FAK) may be involved in the regulation of circCCDC66 expression during EMT. However, the molecular mechanism underlying FAK-regulated circCCDC66 expression during EMT remains elusive. The development of chemoresistance and metastasis of a tumor generally take place during the progression of CRC and ultimately cause the failure of the treatment. Supporting the role of increased circCCDC66 in CRC patients with worse prognoses [13], our current study demonstrated that the expression level of circCCDC66 is elevated in oxaliplatin-resistant cells and directly induced by the treatment with oxaliplatin (Figure 1C,D, Figure 3A,B). Further analyses by applying the previously published list of circCCDC66-associated miRNAs and circCCDC66 targets in the transcriptomic profiles from circCCDC66 knockdown cells [12,13] revealed the enrichment of predicted circCCDC66 targets in the gene list from the circCCDC66 knockdown experiment, implying that the gene/miRNA interaction might be feasible to predict the targets of circRNA. Thus, circCCDC66-inhibited apoptosis may be likely mediated through a multiple miRNAs-regulated gene network (Figure 2C,D). However, without oxaliplatin-induced cellular stress, circCCDC66 knockdown is not sufficient to induce apoptosis (Figure 3D,E). These results are coherent to our previous report that the loss of circCCDC66 mainly causes the retardation of proliferation, but not cell death, without the genotoxic stress [13]. Taken together, circCCDC66 exerts multifaceted roles during the development of CRC. In the early stage, it promotes cell proliferation, invasion and migration, while, in the advanced stage, the elevated expression of circCCDC66 modulated by EMT and/or chemotherapeutic stimulation may contribute to the development of chemoresistance and recurrence. Further investigations to finely dissect its role will reveal more insight and help the development of therapeutic strategies to cope with CRC.



DNA damage responses involve the modulation of multiple molecular events in the central dogma, such as the regulation of transcription, splicing and translation [26,33,34]. However, how it might regulate the biogenesis of the circular transcript remains largely unknown. In this study, we first provided evidence supporting that the expression of circular RNA is induced by oxaliplatin through PI3KK-mediated DHX9 phosphorylation (Figure 5). A pioneer study demonstrated that the decrease of DHX9 causes RNA to form secondary structures, which, in turn, promote the occurrence of backsplicing [17], indicating the critical role of DHX9 for circRNA production. DHX9 is upregulated in tumorous tissues and thought to be a potential therapeutic target due to its positive roles in the regulation of cell survival under treatments with chemotherapeutic compounds [20,22,35]. The upregulation of DHX9 can be part of the compensation for the increased loading of transcription and splicing machineries [36]. In our current report, we first found that the level of circCCDC66 was induced by the oxaliplatin treatment (Figure 3A,B), but the level of DHX9 was not affected (Figure 4C), unlike the previous model, in which the expression of circRNAs is induced by the decreased level of DHX9 [17]. Our proposed model is that phosphorylation near the substrate binding sites may hinder the capacity of DHX9 to resolve RNA pairing, providing a novel and alternative mechanism to explain the link between oncogenic circRNA and upregulated levels of DHX9 in tumors. DHX9 with multiple statuses regulated by posttranslational modifications may exert distinct functions in cancer cells and is worth further investigation.



DHX9 is involved in the multiple pathways of DNA damage responses. DHX9 was found to be associated with and phosphorylated by DNA-dependent protein kinase (DNA-PK) in an RNA-dependent manner [37], and yet, the role of PI3KK in the RNA metabolism or the identity of RNA in this context remains uncharacterized. The exact site of DNA damage response-induced phosphorylation on DHX9 was revealed in a later study which identified the sites of DNA damage-induced phosphorylation at S321 through a mass spectrum-based screening [30]. Compared to phosphorylation at S321, phosphorylation at S279 played a marginal role, since 279A did not alter the potential of oxaliplatin-induced circCCDC66 expression (Figure 4E), and phosphorylation at this site may not be related to genotoxic stress at all [38]. By combining the role of DHX9 on resolving RNA secondary structures and DNA damage-induced PI3KK-mediated phosphorylation, we proposed a possible mechanistic explanation for circRNA biogenesis, mirroring the model that DHX9 downregulation promotes circRNA expression [17]. The hypofunction of DHX9 was induced by oxaliplatin-triggered cellular stress through PI3KK-mediated phosphorylation near a double-strand RNA binding domain, allowing pairing between intronic sequences and, thus, promoting the expression of circRNAs. We speculated that negative charges contributed by phosphorylated serine residue(s) may disrupt the interaction between DHX9 and the RNA substrate. The phosphorylated DHX9 may harbor a suboptimal efficacy to process the pairing between the intronic sequences. Interestingly, DHX9 is also known to promote gene expression [20], but the phosphorylation of DHX9 is dispensable for its transactivation [29], implying that there may be different molecular pools of DHX9 with/without phosphorylation for either the regulation of splicing or transactivation. Our discovery provides an alternative point of view that targeting DHX9 with differential molecular statuses will be critical when developing a strategy against DHX9 to tackle cancer. The DHX9-suppressing tumor cells may gain advantages from the deficient RNA processing-induced oncogenic circRNAs and escape from the therapeutic treatment against DHX9. How to cope with DHX9 with differential phosphorylation statuses and/or the subsequent induction of oncogenic circRNA(s) will be a pivotal task and warrant further investigation in the near future.




4. Materials and Methods


4.1. Cell Culture and Treatment


Cells used in this study (HCT116 and HT-29) originated from the American Type Culture Collection (ATCC, Manassas, VA, USA) and were cultured under the conditions according to ATCC recommendation, in a humidified atmosphere with 5% CO2 at 37 °C. Cells were maintained under 90% confluence and reseeded in desired cell numbers for corresponding containers. The oxaliplatin-resistant (OxR) cell lines were established by treating cells with an initial high dose of oxaliplatin (10 μg/mL) for the first week, followed by treatment with 1-μg/mL oxaliplatin for the subsequent 3 weeks. The resistant cells were maintained at 250-ng/mL oxaliplatin and were resumed to oxaliplatin-free medium 2 days prior to further experiments. For collecting apoptotic cells, the floating cells in medium and attached cells were both collected at indicated time points.




4.2. RNA Preparation, Reverse Transcription and Quantitative PCR


Cells were lysed in TRI reagent (Sigma-Aldrich, St. Louis, MO, USA), and total RNA was isolated according to the manufacturer’s instructions. The concentration of RNA was determined by UV absorption at 260 nm using a micro-volume spectrophotometer (Maestrogen MN-913A, Hsinchu City, Taiwan). Total RNA (1 μg) was proceeded to reverse transcription by using a random hexamer at 42 °C for 90 min, and one-tenth of the reverse transcription product then underwent SYBR green-based quantitative real-time PCR (normalized to 18S ribosomal RNA using the 2−ΔΔCT method) using Applied Biosystems StepOnePlus™ Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The sequences of primers used in this study are listed in Supplementary Table S1.




4.3. Transfection


Small interfering RNA (siRNA) oligonucleotides used to target circCCDC66 were adapted from the previous study [13] and are also listed in Supplementary Table S2. Cells were transfected with siRNA oligonucleotides against circCCDC66 or oligonucleotides for negative control (siCON; Dharmacon, D-001810-10-20) at a final concentration of 50 nM using Lipofectamine 2000 (Life Technologies, Carlsbad, CA, USA) reagent according to the manufacturer’s instructions. The construct for the exogenous expression of DHX9 was made by adding C-terminal FLAG tag to pUNO1-DHX9 (InvivoGen, San Diego, CA, USA), followed by the replacement of a blastidin resistance cassette with ampicillin one from pIS2 (the resultant backbone was denoted as pUNO1A) [39,40]. The S279A and S321A mutants were generated by using site-directed mutagenesis. Primers sequences are listed in Supplementary Table S2.




4.4. Cell Survival and Caspase 3 Activity Assays


Cells were seeded in the 12-well plate (2 × 105/well) and treated with oxaliplatin (0.1, 1 and 10 μg/mL) on the next day. After incubation for 48 h, the cells were fixed and stained in Coomassie blue solution (0.05% Coomassie brilliant blue R-250, 50% methanol, 10% acetic acid). For cells transfected with siRNA targeting circCCDC66, the cells were reseeded to 12-well plate 24 h post-transfection and treated with oxaliplatin for another 48 h. The caspase 3 activities were determined by spectro-photometric detection of released p-nitroaniline (pNA) from the labeled substrate DEVD-pNA according to the manufacturer’s instructions (BioVision, Cat#: K106, Milpitas, CA, USA).




4.5. Clonogenic Assay


To assay the development of chemoresistance in CRC cell lines, cells were seeded in 6-cm dish (2 × 104 cells) and treated with 1-µg/mL oxaliplatin for more than 7 days. For siRNA knockdown, the cells were transfected with siRNA for 6 h and reseeded for treatment with 1-µg/mL oxaliplatin. For cells expressing exogenous DHX9, the cells were transfected with DHX9-expressing constructs (pUNO1A-DHX9-WT, S279A or S321A) for 16–18 h and then reseeded for treatment with 1-µg/mL oxaliplatin.




4.6. Immunoprecipitation and Immunoblot


Total proteins (20–30 μg) were resolved and immunoblotted as routinely performed in our laboratory by using the following antisera: anti-cleaved caspase 3 (Cell Signaling Technology, Cat#: 9661, Danvers, MA, USA), anti-β-actin (Sigma-Aldrich, Cat#: A5441, St. Louis, Missouri, USA), anti-DHX9 (Abcam, Cat#: ab183731, Cambridge, UK), anti-FLAG (Sigma-Aldrich, Cat#: F3165) and anti-vinculin (Millipore Corp., Cat#: MAB3574, Burlington, MA, USA). For assessing DHX9 phosphorylation, the immunoprecipitated DHX9 by using anti-DHX9 antibody (Abcam, Cat#: ab183731, Cambridge, UK) was probed with anti-phospho-(S/T)Q antibody (Cell Signaling Technology, Cat#: 2851, Danvers, MA, USA). In a reciprocal way, the immunoprecipitated phospho-PI3KK substrates (harboring the phospho-Ser/Thr-Gln motif) were probed with antibody against DHX9. Briefly, cell lysates prepared in NTEN buffer (150-mM NaCl, 25-mM TrisCl, pH 7.5, 1-mM EDTA and 1% NP-40) were precleared with 20 μL of Dynabeads® Protein G (Invitrogen, Cat#: 10003D, Carlsbad, CA, USA) at room temperature for 1 h, followed by overnight incubation with the antibody for immunoprecipitation at 4 °C on a rotary shaker. The beads/antibody complexes were washed with NTEN buffer for 3 times and then eluted and boiled in 2× sample buffer (20-mM TrisCl, pH7.5, 20-mM EDTA, 2% SDS, 20% glycerol, 0.004% bromophenol blue and 200-mM dithiothreitol). The immunoprecipitated proteins were then resolved on the SDS-PAGE and probed with the antibody against phospho-(S/T)Q or DHX9 to assess the level of phospho-DHX9. All original figures of western blot can be found in the Supplementary File.




4.7. RNA Sequencing and Bioinformatic Analyses


Total RNA from oxaliplatin-resistant HCT116 cells transfected with siRNA control oligonucleotides or ones against the backsplice junction of circCCDC66 for 24 h was isolated using TRI reagent (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s instructions and quantified by using Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). The ribosomal RNA was depleted by using Ribo-zero rRNA Removal Kit (Epicentre, Madison, WI, USA), and the subsequent library was constructed by using NEBNext Ultra Directional RNA Library Prep Kit for Illumina (New England Biolabs, Ipswich, MA, USA). The RNA-seq was performed on the Novaseq 6000 platform (paired-end reads, 2 × 150 bp), and the data were deposited to the Sequence Read Archive hosted by the National Center for Biotechnology Information (Bethesda, MD, USA) under the accession number of BioProject: PRJNA607108. Raw reads were processed to remove low-quality reads, adaptors and rRNA sequences by using FASTQ preprocessor and BBMap [41,42], followed by alignment to the human reference genome (GRCh38.92) using the BWA-MEM algorithm (bwa-0.7.17) [43]. Identification of the circular RNAs was implemented by using CIRI2 (v2.0.6) and in-house scripts [44]. Expression levels of individual genes were analyzed by using HTSeq (v0.11.2) and edgeR (v3.24.3) [45,46]. The reads among samples were normalized to the number of total valid reads. The predicted circCCDC66 target genes [12,13] were then used as a custom gene set and evaluated in Gene Set Enrichment Analysis (GSEA) [47] by using the sorted ratios of reads between treatments from RNA-seq. Pathway enrichment analysis was performed at ICGC data portal [48].




4.8. Statistical Analysis


All data were expressed as mean ± standard error of the mean (SEM). Student’s t-test was performed for comparison between two groups if the data fit the normal distribution; otherwise, the Mann-Whitney test was applied instead. For three or more groups, differences among groups were determined by one-way ANOVA followed by Tukey’s multiple test using GraphPad Prism 5.0 (GraphPad Software, Inc. La Jolla, CA, USA). Statistical significance was set at p < 0.05.





5. Conclusions


In this study, we discovered that the oxaliplatin-resistant CRC cells express higher levels of oncogenic circRNA CCDC66, and the expression of circCCDC66 is induced by oxaliplatin-induced cellular stress through DHX9 phosphorylation in CRC. The induction of circCCDC66 is dependent on the treatment with oxaliplatin and is required for the establishment of chemoresistance to oxaliplatin. The CRC cells with circCCDC66 knockdown showed severer apoptosis and downregulation of several genes related to the modulation of the cell cycle and apoptosis. Moreover, the induction of circCCDC66 is caused by the hypofunction of DHX9, which is triggered by oxaliplatin-induced PI3KK-mediated phosphorylation near the substrate-binding domains. Blockage of PI3KK activity or hindrance of DHX9 phosphorylation by point mutation attenuated the oxaliplatin-induced circCCDC66 expression and the establishment of chemoresistant cells. Taken together, this study provides an insightful mechanism for how CRC cells may escape from chemotherapeutic treatment through impaired RNA processing-induced oncogenic circRNA.








Supplementary Materials


The following are available online at https://www.mdpi.com/2072-6694/12/3/697/s1: Table S1: Primer sequences. Table S2: Sequences of siRNA oligonucleotides. Supplementary file: All original figures of western blot.





Author Contributions


K.-Y.H. was responsible for funding acquisition and project administration. This project was conceptualized by Y.-C.L., and K.-Y.H. Y.-S.Y. performed the experiments, including construction of expressing plasmids, cell survival assay, clonogenic assay and immunoblot. H.-H.L. performed RNA preparation and RT-qPCR. Y.-C.L. established the chemoresistant cell lines. Y.-C.L. and K.-Y.H. performed immunoprecipitation. Y.-C.L. and K.-Y.H. performed the bioinformatic analyses and data curation. Y.-C.L. prepared the first draft of the manuscript. K.-Y.H. revised and made the final version. All authors have read and agreed to the published version of the manuscript.




Funding


Startup funds from the Institute of Biochemistry, College of Life Sciences, and the National Chung Hsing University (10717073G) to KY Hsiao. The Ministry of Science and Technology of Taiwan (MOST 107-2320-B-005-002-MY2) to KY Hsiao.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



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

	



Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2019. CA Cancer J. Clin. 2019, 69, 7–34. [Google Scholar] [CrossRef]

	



Statistics of General Health and Welfare 2017; Ministry of Health and Welfare: Taipei, Taiwan, 2017.

	



Guo, J.U.; Agarwal, V.; Guo, H.; Bartel, D.P. Expanded identification and characterization of mammalian circular RNAs. Genome Biol. 2014, 15, 409. [Google Scholar] [CrossRef]

	



Salzman, J.; Gawad, C.; Wang, P.L.; Lacayo, N.; Brown, P.O. Circular RNAs are the predominant transcript isoform from hundreds of human genes in diverse cell types. PLoS ONE 2012, 7, e30733. [Google Scholar] [CrossRef]

	



Hsiao, K.Y.; Sun, H.S.; Tsai, S.J. Circular RNA—New member of noncoding RNA with novel functions. Exp. Biol. Med. (Maywood) 2017, 242, 1136–1141. [Google Scholar] [CrossRef]

	



Abdelmohsen, K.; Panda, A.C.; Munk, R.; Grammatikakis, I.; Dudekula, D.B.; De, S.; Kim, J.; Noh, J.H.; Kim, K.M.; Martindale, J.L.; et al. Identification of HuR target circular RNAs uncovers suppression of PABPN1 translation by CircPABPN1. RNA Biol. 2017, 14, 361–369. [Google Scholar] [CrossRef]

	



Hansen, T.B.; Jensen, T.I.; Clausen, B.H.; Bramsen, J.B.; Finsen, B.; Damgaard, C.K.; Kjems, J. Natural RNA circles function as efficient microRNA sponges. Nature 2013, 495, 384–388. [Google Scholar] [CrossRef] [PubMed]

	



Memczak, S.; Jens, M.; Elefsinioti, A.; Torti, F.; Krueger, J.; Rybak, A.; Maier, L.; Mackowiak, S.D.; Gregersen, L.H.; Munschauer, M.; et al. Circular RNAs are a large class of animal RNAs with regulatory potency. Nature 2013, 495, 333–338. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, Q.; Bao, C.; Guo, W.; Li, S.; Chen, J.; Chen, B.; Luo, Y.; Lyu, D.; Li, Y.; Shi, G.; et al. Circular RNA profiling reveals an abundant circHIPK3 that regulates cell growth by sponging multiple miRNAs. Nat. Commun. 2016, 7, 11215. [Google Scholar] [CrossRef] [PubMed]

	



Yang, W.; Du, W.W.; Li, X.; Yee, A.J.; Yang, B.B. Foxo3 activity promoted by non-coding effects of circular RNA and Foxo3 pseudogene in the inhibition of tumor growth and angiogenesis. Oncogene 2016, 35, 3919–3931. [Google Scholar] [CrossRef]

	



Lin, Y.C.; Lee, Y.C.; Chang, K.L.; Hsiao, K.Y. Analysis of common targets for circular RNAs. BMC Bioinform. 2019, 20, 372. [Google Scholar] [CrossRef] [PubMed]

	



Hsiao, K.Y.; Lin, Y.C.; Gupta, S.K.; Chang, N.; Yen, L.; Sun, H.S.; Tsai, S.J. Noncoding Effects of Circular RNA CCDC66 Promote Colon Cancer Growth and Metastasis. Cancer Res. 2017, 77, 2339–2350. [Google Scholar] [CrossRef] [PubMed]

	



Ashwal-Fluss, R.; Meyer, M.; Pamudurti, N.R.; Ivanov, A.; Bartok, O.; Hanan, M.; Evantal, N.; Memczak, S.; Rajewsky, N.; Kadener, S. circRNA biogenesis competes with pre-mRNA splicing. Mol. Cell 2014, 56, 55–66. [Google Scholar] [CrossRef] [PubMed]

	



Conn, S.J.; Pillman, K.A.; Toubia, J.; Conn, V.M.; Salmanidis, M.; Phillips, C.A.; Roslan, S.; Schreiber, A.W.; Gregory, P.A.; Goodall, G.J. The RNA Binding Protein Quaking Regulates Formation of circRNAs. Cell 2015, 160, 1125–1134. [Google Scholar] [CrossRef]

	



Ivanov, A.; Memczak, S.; Wyler, E.; Torti, F.; Porath, H.T.; Orejuela, M.R.; Piechotta, M.; Levanon, E.Y.; Landthaler, M.; Dieterich, C.; et al. Analysis of intron sequences reveals hallmarks of circular RNA biogenesis in animals. Cell Rep. 2015, 10, 170–177. [Google Scholar] [CrossRef]

	



Aktas, T.; Avsar Ilik, I.; Maticzka, D.; Bhardwaj, V.; Pessoa Rodrigues, C.; Mittler, G.; Manke, T.; Backofen, R.; Akhtar, A. DHX9 suppresses RNA processing defects originating from the Alu invasion of the human genome. Nature 2017, 544, 115–119. [Google Scholar] [CrossRef]

	



Jeck, W.R.; Sorrentino, J.A.; Wang, K.; Slevin, M.K.; Burd, C.E.; Liu, J.; Marzluff, W.F.; Sharpless, N.E. Circular RNAs are abundant, conserved, and associated with ALU repeats. RNA 2013, 19, 141–157. [Google Scholar] [CrossRef]

	



Zhang, X.O.; Wang, H.B.; Zhang, Y.; Lu, X.; Chen, L.L.; Yang, L. Complementary sequence-mediated exon circularization. Cell 2014, 159, 134–147. [Google Scholar] [CrossRef]

	



Zhong, X.; Safa, A.R. RNA helicase A in the MEF1 transcription factor complex up-regulates the MDR1 gene in multidrug-resistant cancer cells. J. Biol. Chem. 2004, 279, 17134–17141. [Google Scholar] [CrossRef]

	



Liu, M.; Roth, A.; Yu, M.; Morris, R.; Bersani, F.; Rivera, M.N.; Lu, J.; Shioda, T.; Vasudevan, S.; Ramaswamy, S.; et al. The IGF2 intronic miR-483 selectively enhances transcription from IGF2 fetal promoters and enhances tumorigenesis. Genes Dev. 2013, 27, 2543–2548. [Google Scholar] [CrossRef]

	



Lee, T.; Paquet, M.; Larsson, O.; Pelletier, J. Tumor cell survival dependence on the DHX9 DExH-box helicase. Oncogene 2016, 35, 5093–5105. [Google Scholar] [CrossRef] [PubMed]

	



Bakkenist, C.J.; Lee, J.J.; Schmitz, J.C. ATM Is Required for the Repair of Oxaliplatin-Induced DNA Damage in Colorectal Cancer. Clin. Colorectal Cancer 2018, 17, 255–257. [Google Scholar] [CrossRef] [PubMed]

	



Woynarowski, J.M.; Chapman, W.G.; Napier, C.; Herzig, M.C.; Juniewicz, P. Sequence- and region-specificity of oxaliplatin adducts in naked and cellular DNA. Mol. Pharmacol. 1998, 54, 770–777. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Hsiao, K.Y.; Mizzen, C.A. Histone H4 deacetylation facilitates 53BP1 DNA damage signaling and double-strand break repair. J. Mol. Cell Biol. 2013, 5, 157–165. [Google Scholar] [CrossRef]

	



Spriggs, K.A.; Bushell, M.; Willis, A.E. Translational regulation of gene expression during conditions of cell stress. Mol. Cell 2010, 40, 228–237. [Google Scholar] [CrossRef]

	



Sokka, M.; Rilla, K.; Miinalainen, I.; Pospiech, H.; Syvaoja, J.E. High levels of TopBP1 induce ATR-dependent shut-down of rRNA transcription and nucleolar segregation. Nucleic Acids Res. 2015, 43, 4975–4989. [Google Scholar] [CrossRef]

	



Zhong, X.; Safa, A.R. Phosphorylation of RNA helicase A by DNA-dependent protein kinase is indispensable for expression of the MDR1 gene product P-glycoprotein in multidrug-resistant human leukemia cells. Biochemistry 2007, 46, 5766–5775. [Google Scholar] [CrossRef]

	



Matsuoka, S.; Ballif, B.A.; Smogorzewska, A.; McDonald, E.R., 3rd; Hurov, K.E.; Luo, J.; Bakalarski, C.E.; Zhao, Z.; Solimini, N.; Lerenthal, Y.; et al. ATM and ATR substrate analysis reveals extensive protein networks responsive to DNA damage. Science 2007, 316, 1160–1166. [Google Scholar] [CrossRef]

	



Crooks, G.E.; Hon, G.; Chandonia, J.M.; Brenner, S.E. WebLogo: A sequence logo generator. Genome Res. 2004, 14, 1188–1190. [Google Scholar] [CrossRef]

	



Joseph, N.A.; Chiou, S.H.; Lung, Z.; Yang, C.L.; Lin, T.Y.; Chang, H.W.; Sun, H.S.; Gupta, S.K.; Yen, L.; Wang, S.D.; et al. The role of HGF-MET pathway and CCDC66 cirRNA expression in EGFR resistance and epithelial-to-mesenchymal transition of lung adenocarcinoma cells. J. Hematol. Oncol. 2018, 11, 74. [Google Scholar] [CrossRef] [PubMed]

	



Shkreta, L.; Toutant, J.; Durand, M.; Manley, J.L.; Chabot, B. SRSF10 Connects DNA Damage to the Alternative Splicing of Transcripts Encoding Apoptosis, Cell-Cycle Control, and DNA Repair Factors. Cell Rep. 2016, 17, 1990–2003. [Google Scholar] [CrossRef] [PubMed]

	



Braunstein, S.; Badura, M.L.; Xi, Q.; Formenti, S.C.; Schneider, R.J. Regulation of protein synthesis by ionizing radiation. Mol. Cell Biol. 2009, 29, 5645–5656. [Google Scholar] [CrossRef] [PubMed]

	



Cao, S.; Sun, R.; Wang, W.; Meng, X.; Zhang, Y.; Zhang, N.; Yang, S. RNA helicase DHX9 may be a therapeutic target in lung cancer and inhibited by enoxacin. Am. J. Transl. Res. 2017, 9, 674–682. [Google Scholar]

	



Hsu, T.Y.; Simon, L.M.; Neill, N.J.; Marcotte, R.; Sayad, A.; Bland, C.S.; Echeverria, G.V.; Sun, T.; Kurley, S.J.; Tyagi, S.; et al. The spliceosome is a therapeutic vulnerability in MYC-driven cancer. Nature 2015, 525, 384–388. [Google Scholar] [CrossRef]

	



Zhang, S.; Schlott, B.; Gorlach, M.; Grosse, F. DNA-dependent protein kinase (DNA-PK) phosphorylates nuclear DNA helicase II/RNA helicase A and hnRNP proteins in an RNA-dependent manner. Nucleic Acids Res. 2004, 32, 1–10. [Google Scholar] [CrossRef]

	



Sharma, K.; D’Souza, R.C.; Tyanova, S.; Schaab, C.; Wisniewski, J.R.; Cox, J.; Mann, M. Ultradeep human phosphoproteome reveals a distinct regulatory nature of Tyr and Ser/Thr-based signaling. Cell Rep. 2014, 8, 1583–1594. [Google Scholar] [CrossRef]

	



Hsiao, K.Y.; Wu, M.H.; Chang, N.; Yang, S.H.; Wu, C.W.; Sun, H.S.; Tsai, S.J. Coordination of AUF1 and miR-148a destabilizes DNA methyltransferase 1 mRNA under hypoxia in endometriosis. Mol. Hum. Reprod. 2015, 21, 894–904. [Google Scholar] [CrossRef]

	



Farh, K.K.; Grimson, A.; Jan, C.; Lewis, B.P.; Johnston, W.K.; Lim, L.P.; Burge, C.B.; Bartel, D.P. The widespread impact of mammalian MicroRNAs on mRNA repression and evolution. Science 2005, 310, 1817–1821. [Google Scholar] [CrossRef]

	



Bushnell, B. BBMap Short Read Aligner, and Other Bioinformatic Tools. Available online: http://sourceforge.net/projects/bbmap/ (accessed on 16 May 2018).

	



Chen, S.; Zhou, Y.; Chen, Y.; Gu, J. fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 2018, 34, i884–i890. [Google Scholar] [CrossRef]

	



Li, H. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. arXiv 2013, arXiv:1303.3997. [Google Scholar]

	



Gao, Y.; Zhang, J.; Zhao, F. Circular RNA identification based on multiple seed matching. Brief. Bioinform. 2018, 19, 803–810. [Google Scholar] [CrossRef] [PubMed]

	



Anders, S.; Pyl, P.T.; Huber, W. HTSeq—A Python framework to work with high-throughput sequencing data. Bioinformatics 2015, 31, 166–169. [Google Scholar] [CrossRef]

	



Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. edgeR: A Bioconductor package for differential expression analysis of digital gene expression data. Bioinformatics 2010, 26, 139–140. [Google Scholar] [CrossRef] [PubMed]

	



Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.; Pomeroy, S.L.; Golub, T.R.; Lander, E.S.; et al. Gene set enrichment analysis: A knowledge-based approach for interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. USA 2005, 102, 15545–15550. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Bajari, R.; Andric, D.; Gerthoffert, F.; Lepsa, A.; Nahal-Bose, H.; Stein, L.D.; Ferretti, V. The International Cancer Genome Consortium Data Portal. Nat. Biotechnol. 2019, 37, 367–369. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 12 00697 g001 550] 





Figure 1. The level of circCCDC66 is elevated in the oxaliplatin-resistant cells. (A) The results of Coomassie blue staining from HCT116 cells without (parental cells) or with oxaliplatin resistance (OxR) treated with the indicated concentrations of oxaliplatin for 48 h. The right panel shows the quantitative results. (B) Similar to (A), performed in HT-29. (C,D) The levels of circular transcript and mRNA (linear transcript) of CCDC66 assayed by using RT-qPCR in HCT116 and HT-29 cells without/with oxaliplatin resistance. (E) The representative images for cleaved caspase 3 and β-actin from parental and oxaliplatin-resistant cells treated with the indicated concentrations of oxaliplatin for 48 h. (F) Quantitative results for (E). (G) Caspase 3 activities from cells with indicated treatments. * p < 0.05. 
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Figure 2. The expression of circCCDC66 is required for cell survival under oxaliplatin-induced genotoxic stress. (A) The levels of the circular transcript and mRNA (linear transcript) of CCDC66 assessed by qPCR in HCT116 transfected with control siRNA (siCON) or siRNA against circCCDC66 (siCCDC66). (B) The results of Coomassie blue staining from oxaliplatin-resistant (OxR) HCT116 transfected with control siRNA (siCON) or siRNA against circCCDC66 (siCCDC66) followed by a treatment with oxaliplatin at indicated concentrations for 48 h. Right panel: Quantitative results from the Coomassie blue staining. (C) Result of Gene Set Enrichment Analysis using the gene list ranked by fold change (siCCDC66/siCON) and circCCDC66 target genes. (D) Result of a pathway enrichment analysis using circCCDC66 target genes. * p < 0.05. 
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Figure 3. Expression of circCCDC66 is induced by oxaliplatin treatment. (A) Levels of circCCDC66 in CRC cell lines treated with oxaliplatin (Oxa) at indicated doses (Left: HCT116; Right: HT-29). (B) Levels of the circular transcript and mRNA (linear transcript) of CCDC66 in HCT116 treated with oxaliplatin (1 μg/mL) for the indicated times. (C) Levels of the circular transcript and mRNA (linear transcript) of CCDC66 from HCT116 transfected with control siRNA (siCON) or siRNA targeting circCCDC66 (siCCDC66). (D) The representative images for cleaved caspase 3 and β-actin from HCT116 cells transfected with control siRNA (siCON) or siRNA targeting circCCDC66 (siCCDC66) and followed by a treatment with oxaliplatin at the indicated doses for 48 h (left). Quantitative result is shown on the right panel. (E) Caspase 3 activities from cells with the indicated treatments. (F) Representative images for a clonogenic assay performed in HCT116 cells transfected with control siRNA (siCON) or siRNA against circCCDC66 (siCCDC66) and treated with 1-µg/mL oxaliplatin for more than 7 days. * denotes p < 0.05. 
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Figure 4. Oxaliplatin-induced DHX9 phosphorylation promotes circRNA expression. (A) Illustration of DHX9 domains. Triangles: Potential phosphorylation sites at serine 279 and 321. (B) Sequences around predicted PI3KK phosphorylation sites in DHX9 (top) compared to known sequences (Bottom image was generated by using WebLogo [31]. Y-axis: probability for each amino acid at the corresponding position and X-axis: position relative to phosphorylated serine). (C) Representative images of an immunoblot (IB) using an antibody recognizing the pS/TQ motif from immunoprecipitated (IP)-DHX9 (left). In a reciprocal fashion, representative images of a DHX9 immunoblot from immunoprecipitated proteins containing the pS/TQ motif (middle). Levels of phospho-DHX9 are shown as % of input (right). Input: lysates without IP. Oxa: cells treated without (–) or with (+) oxaliplatin (1 μg/mL) for 8 h. IgG: IP using rabbit nonimmune immunoglobulin. (D) Levels of circCCRC66 in the cells treated with indicated compounds for 24 h. Oxa: oxaliplatin (1 μg/mL), KU: KU-55933 (10 μM) and Caf: caffeine (1 mM). * p < 0.05, significantly different to control group. (E) The levels of the circular transcript and mRNA (linear transcript) of CCDC66 determined by quantitative PCR in oxaliplatin-treated HCT116 cells transfected with denoted DHX9 constructs (WT: wildtype; nonphosphorable versions: serine residue at 279 or 321 mutated to alanine or combination of both (AA)). * p < 0.05, significantly different to WT/con. # p < 0.05, significantly different to WT/oxa. (F) The representative images of immunoblots for HCT116 transfected with the DHX9 expressing vector. Vinculin serves as the loading control. (G) Similar to (E), representative images for a clonogenic assay performed in cells transfected with indicated DHX9 constructs and treated with 1-µg/mL oxaliplatin for more than 7 days. * p < 0.05, significantly different to WT. 
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Figure 5. Phosphorylated DHX9 favors circRNA expression. The illustration of distinct populations of DHX9. Genotoxic stress-induced phosphorylated DHX9 may have a lower capacity to access RNA substrates, favor the interaction between intronic sequences and, thus, allow the occurrence of backsplicing to produce circRNAs. 
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