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			The pro-apoptotic proteins BAX and BAK are critical regulatory factors constituting the apoptosis machinery. Downregulated expression of BAX and BAK in human colorectal cancer lead to chemotherapeutic failure and poor survival rate in patients. In this study, isogenic DLD-1 colon cancer cells and the BAX and BAK double knockout counterpart were used as the cellular model to investigate the role of BAX/BAK-associated signaling network and the corresponding downstream effects in the development of drug resistance. Our data suggested that DLD-1 colon cancer cells with BAX/BAK double-knockout were selectively resistant to a panel of FDA-approved drugs (27 out of 66), including etoposide. PCR array analysis for the transcriptional profiling of genes related to human cancer drug resistance validated the altered level of 12 genes (3 upregulated and 9 downregulated) in DLD-1 colon cancer cells lack of BAX and BAK expression. Amongst these genes, XPC responsible for DNA repairment and cellular respiration demonstrated the highest tolerance towards etoposide treatment accompanying upregulated glycolysis as revealed by metabolic stress assay in DLD-1 colon cancer cells deficient with XPC. Collectively, our findings provide insight into the search of novel therapeutic strategies and pharmacological targets to against cancer drug resistance genetically associated with BAX, BAK, and XPC, for improving the therapy of colorectal cancer via the glycolyticpathway.
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			Introduction

			Colorectal cancer (CRC) is one of the most common malignant tumor types (Liu and Liu, 2018), accounting for approximately 10% of global cancer deaths (Gandomani et al., 2017). Although conventional chemotherapy has demonstrated satisfactory therapeutic efficacy in the treatment of CRC, a considerable amount of patients are still suffering from spontaneous or acquired resistance after chemotherapy, which significantly reduced the survival rate (Hammond et al., 2016). Therefore, it is essential to clarify the transcriptional and molecular machinery that drives the transition of CRC from drug-sensitive phenotype to the resistant counterpart for facilitating the search of novel pharmacological targets and drug candidates.

			Mechanisms underpinning the chemotherapy resistance in cancer cells are varied (Holohan et al., 2013). For instance, overexpression of the DNA repair mediator, xeroderma pigmentosum complementation group C (XPC) (Sugasawa etal., 1998; Shell et al., 2013), enhances the repairment of damaged DNA via nucleotide excision repair (NER) process in cancer cells, rendering them the capability of escaping from cytotoxicity induced by chemotherapeutic drugs (Fautrel et al., 2005). In terms of regulation of cellular respiration, the reduced protein level of XPC in human cancer cells may result in a metabolic shift from mitochondrial oxidative phosphorylation (OXPHOS) to anaerobic glycolysis in response to the accumulation of nuclear DNA damage and increased oxidant production (Mori et al., 2017). Such alteration of energy metabolism implicated that production of energy rapidly to maintain the continuity of the biological process, therefore, supporting the high proliferative rate of cancer cells even in the drastic environment with insufficient oxygen supply (Heiden et al., 2009; Najafov and Alessi, 2010). The upregulation of glycolytic pathway is generally observed in most cancer cells which are associated with their worsened responses towards common anticancer agents as reflected from the restored sensitivity upon the inhibition of glycolysis (Xu et al., 2005; Pelicano et al., 2006). For example, the overexpression of glucose transporters in human colon cancer cells lead to high-rate glycolysis under hypoxia, which inhibits apoptosis and promotes cellular survival, thereof, the development of drug resistance (Cao et al., 2007). On the other hand, deficient in apoptosis is another molecular culprit of drug resistance as a result of the uncontrolled proliferation of cancer cells (Helmbach et al., 2002). As such, the promotion of apoptosis is currently one of the main therapeutic strategies for the pharmacological intervention of cancers (Wong, 2011). The pro-apoptotic proteins BAX and BAK are important to the induction of apoptosis in cancer cells via the interaction with mitochondrial voltage-dependent anion channels and induction of downstream cytochrome c release (Shimizu etal., 1999; Gerl and Vaux, 2005). However, persistent chemotherapy may stimulate mutation and loss of functions of these genes which hampers the therapeutic effects (Housman et al., 2014). In fact, BAX and BAK expression are severely attenuated in many malignancies, and downregulation of BAX and BAK are associated with the development of apoptosis resistance (Wei et al., 2001). We previously found that double knockout of Bax and Bak in mouse embryo fibroblasts (MEFs) were resistant to apoptosis induced by a panel of chemotherapeutic agents, such as cisplatin, doxorubicin, paclitaxel, etoposide, and staurosporine (Law et al., 2014; Law et al., 2016). Of note, the protein function of BAX and BAK can also be inactivated in cancer cells under the cellular environment dominated by anaerobic energy metabolism conferring survival advantages to cancer growth (Tomiyama et al., 2006).

			In this study, the effect of deficiency of both BAX and BAK on the transcription profiling in DLD-1 colon cancer cells was examined. Owing to the significance of BAX and BAK in the induction of apoptosis and the complexity of the involved downstream signaling network, we aimed to identify the genes potentially regulated by BAX and BAK. The alteration of such genes may manipulate the apoptotic process of DLD-1 colon cancer cells and implicate in the development of drug resistance. This hypothesis was tested by screening the gene expression profile in wild type DLD-1 colon cancer cells (DLD-1 WT cells) and the isogenic line ablated with both BAX and BAK (DLD-1 BAX–BAK DKO cells) using the human cancer drug resistance PCR array. We show here that the expression of XPC was downregulated after the loss of BAX and BAK accompanying a reduction of sensitivity towards etoposide treatment. The in-depth metabolic analysis further verified the enhanced glycolysis in our cellular model after the suppression of XPC gene. Therefore, we reported here a new molecular pathway of BAX/BAK-induced drug resistance of DLD-1 colon cancer cells which is mediated by the downregulated expression of the XPC gene via the further heightening of glycolytic process.

			Materials and Methods

			Cells Culture

			DLD-1 BAX–BAK DKO cells and DLD-1 WT cells were purchased from Sigma-Aldrich (St. Louis, MO, USA). These cell lines were authenticated by ATCC. RPMI 1640 medium (Gibco, Waltham, MA, USA) supplemented with 1% penicillin–streptomycin–glutamine and 10% fetal bovine serum (Gibco, Waltham, MA, USA) was used as the culture medium. For DLD-1 BAX–BAK DKO cells, the culture medium was additionally supplemented with 1% sodium pyruvate (Gibco, Waltham, MA, USA). Cells were cultured at 37°C in a humidified incubator with 5% CO2.

			Chemicals, Antibodies, and Small Interfering RNAs

			The following chemicals were used at doses indicated in the text and figures. Etoposide and the FDA-approved Drug Library were purchased from Meryer (Shanghai, China) and Selleck (Houston, TX, USA), respectively. Antibodies against CYP2C19, XPC, and PPARα were obtained from Abgent (San Diego, CA, USA). Antibodies against BAX, BAK, NFBKIβ, EGFR, and FOS were purchased from Cell Signaling Technology (Danvers, MA, USA). NAT2 antibody was purchased from OmnimAbs (Alhambra, CA, USA). TPMT antibody was obtained from 4A Biotech (Beijing, China). UGCG antibody was purchased from Proteintech (Chicago, IL, USA). β-actin antibody was purchased from Sigma-Aldrich (St. Louis, MO, USA). siRNAs targeting EGFR, FOS, NFKB1, PPARα, RXRα, RXRβ, TPMT, UGCG, and XPC were obtained from Qiagen (Hilden, Germany). All reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise specified.

			Real-Time Quantitative PCR

			Gene expression was analyzed by real-time quantitative PCR (RT-qPCR) with ViiA™ 7 Real-Time PCR System (Applied Biosystems, Waltham, MA, USA) using PowerUp™ SYBR™ Green Mastermix (ThermoFisher Scientific, San Jose, CA, USA). The cDNA was prepared by using the Transcriptor Universal cDNA Master Kit (Roche, Basel, Switzerland). Primers sequence (see Table 2) synthesized by Tech Dragon Ltd. (Hong Kong, China), were designed by employing the ThermoFisher Scientific’s online OligoPerfect™ Designer software and further verified with NCBI’s Primer-BLAST software. Results were normalized to ACTB relative to control and analyzed using the ΔΔCt methods (2-ΔΔCt).

			Western Blot Analysis

			Cells were lysed with RIPA lysis buffer (Cells Signaling Technology, Danvers, MA, USA) for cellular proteins extraction with the concentrations determined by using the Bio-Rad protein assay (Hercules, CA, USA). Proteins from SDS/PAGE was electrotransferred to a Hybond enhanced chemiluminescence nitrocellulose membrane (GE Healthcare, Buckinghamshire, UK) by electrophoresis. The membrane was then immunoblotted with specific antibodies. Proteins detection was performed using Amersham Imager 600 (GE Healthcare, Buckinghamshire, UK) and Clarity Western ECL Substrate (Bio-Rad, Hercules, CA, USA). Band intensities were quantified by using the software Image J (NIH, USA).

			MTT Assay

			Cells viability was determined by the half maximal inhibitory concentration (IC50) using MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay as previously described (Wong et al., 2009). Briefly, cells were seeded and incubated in96-well plates for treatment with compounds in the FDA-drugs library dissolved in DMSO to different concentrations (0–100 μmol) for 72h. The samples were then incubated with MTT at 37°C for 4h before the administration of solubilization buffer (10% SDS in 0.01 mol/L HCl) for overnight incubation. Absorbance at A570nm was measured to cells viability on a plate reader (Tecan Infinite M200 PRO, Tecan, Männedorf, Switzerland). The percentage of cells viability was calculated using the following formula: Cells viability (%) = (Atreated – Abackground)/(Acontrol – Abackground) × 100. The drugs resistance fold (RF) was calculated as IC50 DLD-1 BAX–BAK DKO/IC50 DLD-1 WT.

			RT2 Profiler PCR Arrays Analysis

			Total RNA was prepared by using the Qiagen RNeasy® Mini Kit (Qiagen, Hilden, Germany) and cDNA was synthesized by the RT2 First Strand Kit (Qiagen, Hilden, Germany). Cancer Drug Resistance RT2 Profiler PCR Array Kit (Qiagen, Hilden, Germany) comprising 84 cancer drugs resistant or metabolism-related genes were used to evaluate the expression profiling in DLD-1 WT and DLD-1 BAX–BAK DKO cells. The PCR reactions were performed by using RT2 SYBR® Green qPCR Mastermix (Qiagen, Hilden, Germany) and the ViiA™ 7 Real-Time PCR System (Applied Biosystems, Waltham, MA, USA). The array data were normalized with a panel of housekeeping gene: B2M, HPRT1, RPL13A, GAPDH, and ACTB. The integrated web-based software package (Qiagen, Hilden, Germany) was used for data analysis.

			Seahorse XF Metabolic Stress Assay

			Cells were plated in XFp Cells Culture Miniplates (Agilent, Santa Clara, CA, USA) at 15000 cells/well. After 24h, mitochondrial respiration or glycolysis was determined with XFp Cells Mito Stress Test Kit or XFp Cells Glycolysis Stress Test Kit (Agilent, Santa Clara, CA, USA) on Seahorse Bioscience XFp extracellular flux analyzer (Agilent, Santa Clara, CA, USA). The mitochondrial oxygen consumption rate (OCR) was measured by serial injection of oligomycin (10 μmol), carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) (0.5 μmol), and 0.5 μmol mix of rotenone (complex I inhibitor) and antimycin A (complex III inhibitor). Glucose (10 mmol), oligomycin (10μmol) and 2-deoxyglucose (2-DG, 50 mmol) were serially injected to measure the extracellular acidification rate (ECAR). Data analysis were performed with Seahorse XFp Analyzer Software (Agilent, Santa Clara, CA,USA).

			LC-MS/MS Measurement of ATP Metabolites

			Intracellular ATP, ADP, and AMP contents in the DLD-1 WT and DLD-1 BAX–BAK DKO cells were quantified by LC-MS/MS analysis carried out on a ThermoFisher TSQ LC-MS/MS system (San Jose, CA, USA) using multiple reactions monitoring as reported earlier (Li et al., 2018). Chromatographic separation was performed on the Sepax GP-C18 column at 35°C with the flow rate of 0.2 mL/min. The mobile phase was composed of water (A) and acetonitrile (B). The column was eluted with a linear gradient system: 0–5–10–12–13–18 min, 12–30–40–55–12–12% B. The autosampler was set at 4°C. Mass detection was carried out using ESI in the negative mode using the following optimized parameters: ion spray voltage, 2800V; vaporizer temperature, 300°C; sheath gas pressure, 50psi; capillary temperature, 320°C; auxiliary gas pressure, 15psi. Data acquisition was performed with the Xcalibur software version 2.0.7 (ThermoFisher Scientific, San Jose, CA, USA), and data processing using the Thermo LCquan 2.5.6 data analysis program (ThermoFisher Scientific, San Jose, CA, USA).

			Results

			Genetic Deficiency of the Pro-Apoptotic Proteins BAX and BAK Induced Drug Resistance in DLD-1 Colon Cancer Cells

			BAX and BAK proteins are critical to the activation of apoptotic pathways mediated by mitochondrial outer membrane permeabilization (O’neill et al., 2016) and the deficiency of BAX and BAK is related to drug resistance in cancer treatment (Müller et al., 2018). Therefore, cancer cell lines deficient in both BAX and BAK may serve as ideal models for examining the drug resistance mechanisms. For clarifying the association of BAX and BAK with the development of drug-resistant phenotype of colon cancers, isogenic DLD-1 WT cancer cells and DLD-1 BAX–BAK DKO cancer cells were used as the cellular model in this study. As shown in Figure 1A, the expression of both BAX and BAK in DLD-1 BAX–BAK DKO cells were completely abolished when compared with the DLD-1 WT cells (p < 0.001). Consistent with the gene expression study, the BAX and BAK proteins were not detected in DLD-1 BAX–BAK DKO cells as demonstrated by Western blot analysis (Figure 1B). We then validated the potency of BAX and BAK deficiency in the induction of drug resistance in DLD-1 WT and DLD-1 BAX–BAK DKO cells against FDA-approved drugs conventionally used for the therapies of cancer, inflammation and metabolic diseases, as tumorigenesis is closely related to inflammatory disorder and metabolic dysfunction (Coussens and Werb, 2002; Coller, 2014). In total, 234 compounds were chosen from the FDA-approved Drug Library for screening, in which, 66 out of the 234 drugs demonstrated significant cytotoxicity towards the DLD-1 WT and DLD-1 BAX–BAK DKO cells. Notably, DLD-1 BAX–BAK DKO cells were insensitive to 27 out of the 66 drugs (RF ≥ 3) when compared with DLD-1 WT cells (Table 1). Therefore, DLD-1 BAX–BAK DKO cells is a reliable drug resistance model with pathways related to the BAX/BAK axis with selectively resistant towards a panel of FDA-approved drugs.
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			Figure 1 | Study of BAX and BAK expression level in DLD-1 colon cancer cells. (A) Quantification of BAX and BAK genes expression in DLD-1 WT and DLD-1 BAX–BAK DKO cells by RT-qPCR. (B) Proteins expression levels of BAX and BAK in DLD-1 WT and DLD-1 BAX–BAK DKO cells were detected by Western blot with β-actin as loading control. The full-length images of Western blot are shown in Figure S1. The data is represented as the mean ± S.D. (n = 3). ***p < 0.001 and ###p < 0.001 versus BAX and BAK expression level in DLD-1 WT cells respectively, t-test analysis.

		



							Table 1 | Drug-resistant potency of FDA-approved anti-cancer drugs in DLD-1 WT and DLD-1 BAX–BAK DKO cells.
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			Alteration of Cancer Drug Resistance Gene Expression Profile Associated With BAX and BAK Deficiency in DLD-1 Colon Cancer Cells

			The effect of BAX and BAK deletion on the expression levels of other genes related to cancer drug resistance were analyzed by Human Cancer Drug Resistance RT2 Profiler™ PCR array assay with DLD-1 cellular models. As shown in the scatter plot (Figures 2A, B), 12 out of totally 84 examined genes demonstrated more than 1.5 fold up or down-regulation in the DLD-1 BAX–BAK DKO cells when compared with the wild type counterpart. Amongst which, cytochrome P450 family 2 subfamily C polypeptide 19 (CYP2C19), N-acetyltransferase 2 (NAT2), and nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor beta (NFKBIβ) genes were highly upregulated in DLD-1 BAX–BAK DKO cells compared with DLD-1 WT cells. Whereas epidermal growth factor receptor (EGFR), FBJ murine osteosarcoma viral oncogene homolog (FOS), nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 (NFKB1), peroxisome proliferator-activated receptor alpha (PPARα), retinoid X receptor alpha (RXRα), retinoid X receptor beta (RXRβ), thiopurine S-methyltransferase (TPMT), UDP-glucose ceramide glucosyltransferase (UGCG), and xeroderma pigmentosum, complementation group C (XPC) genes were significantly downregulated in DLD-1 BAX–BAK DKO cells. The expression level of these 12 genes were further validated individually by RT-qPCR using primers with sequence as listed in Table 2. As shown in Figure 2C, the expression profiles of the 12 genes were consistent with the result as presented in the PCR array assay. In addition, the expression levels of the corresponding proteins encoded by these genes as analyzed by Western blot detection demonstrated similar tendency as in the result of gene expression assays (Figures 3A–L). Therefore, BAX and BAK deficiency altered the expression of CYP2C19, NAT2, NFKBIβ, EGFR, FOS, NFKB1, PPARα, RXRα, RXRβ, TPMT, UGCG, and XPC both at the transcriptional and translational levels in DLD-1 BAX–BAK DKO cells. These results were in line with the result in Table 1 demonstrating that BAX and BAK are extensively involved in resistance of our cellular model to against a considerable number of FDA-approved drugs with anti-cancer effect.


		
			
				
					
							
							Table 2 | RT-qPCR primer sequence.

						
					

					
							
							Gene

						
							
							Forward primer sequence

						
							
							Reverse primer sequence

						
					

					
							
							BAX

						
							
							5’-AAGGTGCCGGAACTGATC-3’

						
							
							5’-CCGGAGGAAGTCCAATGT-3’

						
					

					
							
							BAK

						
							
							5’-CCTCCTGCTCCTACAGCA-3’

						
							
							5’-TGATGCCACTCTCAAACAGG-3’

						
					

					
							
							CYP2C19

						
							
							5’-GCTGCATGGATATGAAGTGGT-3’

						
							
							5’-GCTGCATGGATATGAAGTGGT-3’

						
					

					
							
							NAT2

						
							
							5’-TGGTGTCTCCAGGTCAATCA-3’

						
							
							5’-CCATGCCAGTGCTGTATTTG-3’

						
					

					
							
							NKFBIβ

						
							
							5’-GTCTTCGGCTACGTCACTGAG-3’

						
							
							5’-TGTCTGGCCTAGGTCATTCTG-3’

						
					

					
							
							EGFR

						
							
							5’-GGTGCAGGAGAGGAGAACTG-3’

						
							
							5’-GGTGGCACCAAAGCTGTATT-3’

						
					

					
							
							FOS

						
							
							5’-AGAATCCGAAGGGAAAGGAA-3’

						
							
							5’-CTTCTCCTTCAGCAGGTTGG-3’

						
					

					
							
							NFKB1

						
							
							5’-GCCTCTAGATATGGCCACCA-3’

						
							
							5’-TCAGCCAGCTGTTTCATGTC-3’

						
					

					
							
							PPARα

						
							
							5’-ACGATTCGACTCAAGCTGGT-3’

						
							
							5’-GTTGTGTGACATCCCGACAG-3’

						
					

					
							
							RXRα

						
							
							5’-CAAGGACTGCCTGATTGACA-3’

						
							
							5’-CTGGTCGACTCCACCTCATT-3’

						
					

					
							
							RXRβ

						
							
							5’-TCCCACACTTTTCCTCCTTG-3’

						
							
							5’-AGGATGCCATCTCGAACATC-3’

						
					

					
							
							TPMT

						
							
							5’-ACGGCAAGACTGCTTTTCAT-3’

						
							
							5’-CTACACTGTGTCCCCGGTCT-3’

						
					

					
							
							UGCG

						
							
							5’-CAATGCAAAACTCTGGCTCA-3’

						
							
							5’-GAACCAGGCGACTGCATAAT-3’

						
					

					
							
							XPC

						
							
							5’-CCATGAGGACACACACAAGG-3’

						
							
							5’-TCCAATGAACCACTTCACCA-3’
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			Figure 2 | RT² Profiler™ PCR Array analysis for gene expression of DLD-1 BAX–BAK DKO cells. (A) Scatter plot of drug resistance genes fold regulation values from DLD-1 BAX–BAK DKO cells relative to DLD-1 WT cells (control). Genes not regulated (black), upregulated genes (red), and downregulated genes (blue) with threshold lines of 1.5 and −1.5. (B) List of genes with expression fold change in DLD-1 BAX–BAK DKO cells with more than 1.5-fold up- or down-regulation compared with DLD-1 WT cells. Positive and negative fold changes stand for up- or down-regulation, respectively. (C) RT-qPCR independent validation from DLD-1 WT cells (control), or DLD-1 BAX–BAK DKO cells. Gene expressions were normalized to ACTIN, relative to control, and analyzed using the 2−ΔΔCT method. The data is represented as mean ± S.D. (n = 3). ***p < 0.001, **p < 0.01 and *p < 0.05, genes expression level in DLD-1 BAX–BAK DKO cells were compared with its level in DLD-1 WT cells, t-test analysis.
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			Figure 3 | Western blot analysis of relevant proteins expression level in DLD-1 WT and DLD-1 BAX–BAK DKO cells. (A–L) Cropped images showed protein expression levels of CYP2C19, NAT2, NFKBIβ, EGFR, FOS, NFKB1, PPARα, RXRα, RXRβ, TPMT, UGCG, and XPC in DLD-1 WT and DLD-1 BAX–BAK DKO cells. Bar charts presented relative changes of mean gray value, which was normalized to that of β-actin. The full-length images of Western blot are shown in Figure S2. The data is represented as mean ± S.D. (n = 3). ***p < 0.001 and **p < 0.01, proteins expression level in DLD-1 BAX–BAK DKO cells were compared with its level in DLD-1 WT cells, t-test analysis.

		


			Knockdown of XPC Suppresses the Sensitivity to Etoposide in DLD-1 Colon Cancer Cells

			Based on the gene array and Western blot data, the 9 downregulated genes (EGFR, FOS, NFKB1, PPARα, RXRα, RXRβ, TPMT, UGCG, and XPC) in the DLD-1 BAX–BAK DKO cells potentially involved in BAX/BAK-mediated drug resistance were further investigated by downregulating their endogenous expression in the DLD-1 WT cells with siRNA-mediated gene silencing. Control siRNA were used as blank controls and the transfection efficiency was verified by RT-qPCR detection. As shown in Figure 4A, the gene expression levels of all the siRNA-transfected cells were significantly downregulated when compared with DLD-1 WT cells and DLD-1 ctrl siRNA cells. Amongst the 3 upregulated genes, CYP2C19 and NAT2 have long been reported to participate in the failure of anticancer agents treatment or the increased occurrence of cancers (Hein et al., 1993; Hein et al., 2000; Rochat, 2005; AbuHammad and Zihlif, 2013). In contrast, literature concerning NFKBIβ and the development of cancer drug resistance or tumorigenesis is scarce, therefore, the gene was selected for clarifying its mechanistic role in the development of drug resistance. NFKBIβ was examined by enhancing the expression of the gene via transfection of FLAG-HA-tagged NFKBIβ plasmid (FLAGNFKBIβ) into DLD-1 WT cells. The expression level of basal NFKBIβ and FLAG-linked NFKBIβ proteins in the DLD-1 WT cells transfected with FLAGNFKBIβ (DLD-1 NFKBIβ overexpression cells) or FLAG-HA tag only (DLD-1 ctrl vector cells) were recognized by NFKBIβ and FLAG antibodies, respectively. As illustrated in Figure 4B, the protein expression of FLAG-linked NFKBIβ significantly increased after FLAGNFKBIβ transfection when compared with the basal NFKBIβ level as observed in DLD-1 ctrl vector cells and DLD-1 WT cells, suggesting that the transfection was successful. To further confirm whether the altered expression of these 10 genes (NFKBIβ, EGFR, FOS, NFKB1, PPARα, RXRα, RXRβ, TPMT, UGCG, and XPC) in DLD-1 colon cancer cells would affect their responsiveness towards chemotherapeutics agents, MTT assay was performed to analyze the viability of the transfected cells after etoposide treatment. As presented in Table 3, DLD-1 WT cells knockdown with siRNA for XPC (DLD-1 siXPC cells) showed the highest IC50 value (> 60 μmol) and resistance (RF = 18.23) towards etoposide compared with the DLD-1 WT cells. The response of XPC knockdown was comparable to those observed in DLD-1 BAX–BAK DKO cells (IC50 value > 40 μmol; RF = 13.22) suggesting the enhancing role of XPC in the development of resistance in DLD-1 colon cancer cells model against chemotherapy.
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			Figure 4 | Expression level of specific gene or protein in DLD-1 WT cells after siRNA-mediated gene silencing or protein overexpression. (A) The expression levels of the targeted genes knockdown by specific siRNA in DLD-1 WT cell, DLD-1 ctrl siRNA cells and DLD-1 specific gene knockdown cells. (B) NFKBIβ and FLAG-linked NFKBIβ proteins expression levels in DLD-1 WT, DLD-1 ctrl vector cells, and DLD-1 WT cells transfected with FLAG-HA-tagged NFKBIβ plasmid. β-actin was used as internal control. The full-length images of Western blot are shown in Figure S3. The data is represented as mean ± S.D. (n = 3). ***p < 0.001, **p < 0.01 were compared as indicated, t-test analysis.

		


		
			
				
					
							
							Table 3 | Cytotoxicity of etoposide was detected in DLD-1 WT, DLD-1 BAX–BAK DKO, and DLD-1 WT cells transfected with siRNA or with NFKBIβ overexpression.

						
					

					
							
							Cells line

						
							
							IC50 value (μmol)

						
							
							Resistance fold

						
					

					
							
							DLD-1 WT cells

						
							
							3.38 ± 0.70

						
							
							–

						
					

					
							
							DLD-1 BAX–BAK DKO cells

						
							
							44.7 ± 1.26

						
							
							13.22

						
					

					
							
							DLD-1 siXPC cells

						
							
							61.64 ± 5.45

						
							
							18.23

						
					

					
							
							DLD-1 NFKBIβ overexpression cells

						
							
							33.76 ± 0.92

						
							
							9.98

						
					

					
							
							DLD-1 siEGFR cells

						
							
							9.74 ± 2.88

						
							
							2.88

						
					

					
							
							DLD-1 siRXRβ cells

						
							
							9.71 ± 2.87

						
							
							2.87

						
					

					
							
							DLD-1 siRXRα cells

						
							
							7.37 ± 1.70

						
							
							2.18

						
					

					
							
							DLD-1 siFOS cells

						
							
							5.58 ± 1.65

						
							
							1.65

						
					

					
							
							DLD-1 siTPMT cells

						
							
							4.06 ± 1.20

						
							
							1.20

						
					

					
							
							DLD-1 siPPARα cells

						
							
							2.88 ± 0.85

						
							
							0.85

						
					

					
							
							DLD-1 siUGCG cells

						
							
							2.33 ± 0.69

						
							
							0.69

						
					

					
							
							DLD-1 siNFKB1 cells

						
							
							1.52 ± 0.45

						
							
							0.45

						
					

				
			

		


			BAX and BAK Deficiency Upregulated Mitochondrial Respiration and Glycolysis in DLD-1 Colon Cancer Cells

			Upregulation of glycolysis in cancer cells would facilitate their survival during energy deprivation resulting in the acquisition of therapeutic resistance (Correia and Bissell, 2012; Bhattacharya et al., 2016). Therefore, we clarified the cellular energy metabolic activity of both DLD-1 WT and DLD-1 BAX–BAK DKO cells. The metabolisms of these cancer cells were characterized by the use of Seahorse XFp analyzer by comparing with the DLD-1 WT cells. Firstly, DLD-1 BAX–BAK DKO and DLD-1 WT cells were glucose-starved for 1h before the start of experiments. The glycolytic activity of the cellular model was assessed based on their ECAR. Since glycolytic metabolism is a dynamic process, glycolysis will be inhibited through glucose deprivation and set as zero before the experiment. As presented in Figure 5A, the basal glycolysis (after the administration of saturated glucose solution), and glycolytic capacity (after the suppression of the ATP synthase by oligomycin) were significantly increased in DLD-1 BAX–BAK DKO cells when compared with DLD-1 WT cells. 2-DG was injected at the last step to inhibits glycolysis via competitive combining to glucose hexokinase. Finally, under the inhibition of 2-DG, ECAR value decreased to the same level as the experiment started, substantiating that the ECAR induction during the reaction was entirely caused by glycolysis. Such result indicated the prominent role of BAX and BAK in the regulation of glycolysis in DLD-1 cellular models because the basal glycolysis and glycolytic capacity were significantly increased in DLD-1 BAX–BAK DKO cells when compared with DLD-1 WT cells. Subsequently, the effect of BAX and BAK double knockout in the mitochondrial respiration rates in DLD-1 colon cancer cells was analyzed by measuring the OCR of DLD-1 cellular models with the use of different inhibitors or stimulators of the mitochondrial respiratory pathway. As demonstrated in Figure 5B, the cellular basal respiration, ATP production (after the inhibition of the ATP synthase by oligomycin), maximal respiration (after the stimulation of the OCR by FCCP), and non-mitochondrial respiration (after the mitochondrial respiration shuts down by the combination of rotenone and antimycin A) were significantly increased in DLD-1 BAX–BAK DKO cells when compared with DLD-1 WT cells. In addition, LC-MS/MS-based ATP metabolites measurement showed that DLD-1 BAX–BAK DKO cells generated more ATP than DLD-1WT cells (Figure 5C). Therefore, deficiency of BAX and BAK elevated cellular energy metabolism via the upregulation of mitochondrial oxidative respiratory reaction and glycolysis, suggesting that the glucose catabolism was involved in the development of drug resistance.
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			Figure 5 | Capacity of glycolytic and mitochondrial respiration in DLD-1 WT and DLD-1 BAX–BAK DKO cells. (A) The glycolytic profile of DLD-1 WT and DLD-1 BAX–BAK DKO cells. The glycolytic function was measured by directly detecting the ECAR of cells. The compounds (glucose, oligomycin, 2-DG) were serially injected to measure the glycolysis and glycolytic capacity, respectively. (B) The mitochondrial respiration profile of DLD-1 WT and DLD-1 BAX–BAK DKO cells. Mitochondrial respiration test determines the key parameters of mitochondrial function by directly measuring the OCR of cells. The compounds (oligomycin, FCCP, and a mix of rotenone and antimycin A) were serially injected to measure the basal respiration, ATP production, and maximal respiration, respectively. (C) ATP production (pmol/106 cells) in DLD-1 WT and DLD-1 BAX–BAK DKO colon cancer cells. The data is represented as mean ± S.D. (n = 3). ***p < 0.001, **p < 0.01 and *p < 0.05 compared with DLD-1 WT cells, t-tests analysis.

		


			Silencing of XPC Promoted Glycolysis inDLD-1 Colon Cancer Cells

			Evidence showed that silencing of XPC would promote glycolysis (Rezvani et al., 2011a). In current research, the expression level of XPC gene was downregulated in DLD-1 colon cancer cells with the deficient of both BAX and BAK. Therefore, to verify if the upregulation of cellular energy metabolism and the drug resistance observed in DLD-1 BAX–BAK DKO cells was associated with the suppression of XPC gene, seahorse analysis was used to assess the ECAR and OCR in DLD-1 siXPC cells and DLD-1 WT cells. As presented in Figure 6A, the basal glycolytic and maximal glycolytic capacity of DLD-1 XPC knockdown cells were significantly higher than that of DLD-1 WT cells. These data indicated that XPC gene silencing would stimulate the glycolysis in DLD-1 colon cancer cells. However, as shown in Figure 6B, the mitochondrial respiratory response of DLD-1 siXPC cells demonstrated no significant alteration after stimulation with oligomycin and FCCP as compared with DLD-1 WT cells. In addition, when compared with DLD-1 WT cells, the accumulation of ATP in DLD-1 siXPC cells were significantly enhanced to a small extent by the downregulation of XPC (Figure 6C). In conclusion, the downregulation of XPC plays an important role in drug resistance acquirement via XPC-mediated upregulation of glycolysis.
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			Figure 6 | Capacity of glycolytic and mitochondrial respiration in DLD-1 WT cells and DLD-1 siXPC cells. (A) The glycolytic profile of DLD-1 WT and DLD-1 siXPC cells. (B) The mitochondrial respiration profile of DLD-1 WT and DLD-1 siXPC cells. (C) ATP production (pmol/106 cells) in DLD-1 WT and DLD-1 siXPC cells. The data is represented as mean ± S.D. (n = 3). ***p < 0.001 and *p < 0.05 compared with DLD-1 WT cells, t-tests analysis.

		


			Discussion

			Chemotherapy represents one of the mainstays of pharmacological intervention for cancer treatment. The mechanism of action (MOA) for most anticancer drugs, for example, platinum-based compounds and topoisomerase inhibitors, involves the induction of DNA damage, the downstream apoptosis-mediated cytotoxicity, and microenvironment variation (Longley and Johnston, 2005; Curtin, 2012). Therefore, repaired DNA damage, hampered apoptotic machinery of cancer cells, together with altered microenvironment during the course of tumorigenesis, are critical to the development of drug-resistant phenotype, which remains a major concern fortherapeutic efficacy (Taylor etal., 2000; Longley and Johnston, 2005). In particular, CRC is interested in this study due to the low survival rate of patients resulted from poor diagnosis (Vega et al., 2015). The invasive colonoscopy for the standard assessment of CRC discouraged patients from early diagnosis. In addition, there are no specific symptoms for CRC and common abdominal symptoms are mostly unrelated to the occurrence of neoplasm, patients are usually diagnosed at the advanced stage of the disorder demonstrating significant chemoresistance (Van Der Jeught etal., 2018).

			In this study, we investigated the mechanism underpinning the chemoresistance of DLD-1 BAX–BAK DKO colon cancer cells. Research finding suggested that Bax-deficiency alone promotes etoposide resistance in MEFs (McCurrach et al., 1997), while the overexpression of BAK confers sensitivity of drug-resistant upon MT1-Adr breast carcinoma (von Haefen etal.,2002). However, Weiet al. reported that MEFs demonstrate resistance to etoposide and ultraviolet radiation only when these cells are knocked out with both Bax and Bak (Wei et al., 2001). As such, DLD-1 BAX–BAK DKO cells were used in this study for establishing a cellular model with reliable resistant phenotype against chemotherapeutic drug-induced apoptosis. Our findings showed that DLD-1 BAX–BAK DKO cells were relatively insensitive to etoposide-induced apoptosis when compared to wild type control, confirming the drug-resistant nature of our cellular model.

			After the screening of more than 200 FDA-approved drugs against the DLD-1 cells models, 66 of them were found capable of inducing cytotoxicity towards the DLD-1 WT cells (i.e. IC50 < 100 μmol). The DLD-1 BAX–BAK DKO cells are resistant (RF ≥ 3) to 41% (27/66) and sensitive (RF < 3) to the rest (59%; 39/66) of the 66 drugs relative to the wide type counterpart. The induced cytotoxicity in the apoptosis-resistant DLD-1 BAX–BAK DKO cells is most probably due to the activation of cells death pathways other than apoptosis. For example, sorafenib which demonstrated the RF value of 1.08 in this study are having the capacity to trigger autophagic cells death in hepatocellular carcinoma and gastrointestinal cancer cells mediated by the inhibition of myeloid cells leukemia-1 (MCL-1) and activation of CD95, respectively (Park et al., 2010; Tai et al., 2013). In fact, our previous findings suggested that cytotoxicity can be induced in DLD-1 BAX–BAK DKO cells via the activation of autophagic cells death via the manipulation of 5’ AMP-activated protein kinase (AMPK) (Law et al., 2016; Law et al., 2017). However, some of the tested drugs with RF ≥ 3 are also inducer of autophagic cells death, such as, dasatinib (RF > 23.25) through the mediation of beclin1 and Akt in ovarian cancer (Le et al., 2010). Such diverse behavior of DLD-1 BAX–BAK DKO cells could be explained by the involvement of different molecular pathways mediating the induction of autophagy by these drugs, and that the activation of autophagy is highly cells type-specific. In-depth analysis of the MOA of the 27 FDA-approved drugs demonstrating insensitivity towards DLD-1 BAX–BAK DKO cells provided insight to illustrate the molecular details underlying the observed chemoresistance. Twenty-three out of these 27 drugs are conventional anticancer pharmaceuticals acting against cancers through the cellular processes, including the inhibition of angiogenesis, antiproliferation, and the modulation of extrinsic and intrinsic pathways of apoptosis. The remaining 4 drugs, including fluticasone propionate, phenformin hydrochloride, idebenone, and triamterene, are suggested treatment for metabolic disorders or inflammation by the FDA. Accordingly, the DLD-1 BAX–BAK DKO cells may circumvent the cytotoxicity induced by these 27 drugs, at least partially, owing to their apoptosis-deficient nature. Indeed, the involvement of other cellular responses in DLD-1 BAX–BAK DKO cells associated with the resistance to these drugs is far more complex and cannot be neglected.

			Therefore, it was tempted to clarify the downstream effects of BAX and BAK deficiency in the development of cancer drug resistance. From our gene array study, BAX and BAK deficiency in DLD-1 BAX–BAK DKO cells significantly downregulated the expression of XPC compared with DLD-1 WT cells. Of note, our findings suggest that DLD-1 WT cells transfected with siRNA of XPC illustrated the highest resistance upon cytotoxicity assay. In principle, downregulation of XPC can enhance apoptosis by hampering the efficiency of NER. However, our finding was contradictory to the previous studies, since the damaged NER may be compensated through other DNA repair pathways in DLD-1 siXPC cells. We then investigated the functional effects of XPC which may potentially lead to the development of chemoresistance in the DLD-1 BAX–BAK DKO cells. Apart from participation to DNA repairment, XPC is critical to the maintenance of cellular energy metabolism (Rezvani etal., 2011a). For example, transduction of siRNA of XPC into human keratinocytes induces lactic acidosis which resulted in suppressed expression of mitochondrial OXPHOS subunits and upregulation of enzymes associated with glycolysis (Rezvani etal., 2011b). Our data suggested that both knockout of BAX/BAK or knockdown of XPC affected glycolysis in DLD-1 WT cells. The altered expression of XPC may affect the sensitivity of DLD-1 colon cancer cells to etoposide by manipulating the glycolytic process, since cancer cells have the preference for acquiring cellular energy from aerobic glycolysis over the usual oxidative phosphorylation pathway. In addition, the increased level of glycolysis metabolites can facilitatethe biosynthesis of nucleotides, lipid, and macromolecules which promotes the unconstrained proliferation of cancer cells (Gatenby and Gillies, 2004; Heiden et al., 2009; Phan etal.,2014). Intriguingly, the expression of the proto-oncogenes responsible for cell growth and proliferation, including KRAS, HRAS, NRAS, MYB, and platelet derived growth factor subunit B (PDGFB), in DLD-1 BAX–BAK DKO cells were suppressed when compared with the WT control (Figure S4), which suggested that the development of drug-resistant phenotype may not necessary be associated with the proliferation ability of the cancer cells, implicating the critical role of apoptosis resistance in suchissue.

			Taken together, BAX and BAK deficiency in the DLD-1 colon cancer cells downregulated the expression of XPC and altered the energy metabolism of cancer cells via the upregulation of glycolysis implicating the development of drug resistance. Since the use of combination of drugs is usual therapeutic strategy for the treatment of colon cancers, our findings suggested that compounds which are capable of modulating the glycolytic pathway are potential pharmacologic candidates for simultaneous use with other conventional drugs, in particularly, for colon cancers resistant to chemotherapy. As such, treatment assay with the use of xenograft models deserves further in-depth investigation. The currentfindings identified and confirmed the genes associated with drug-resistant DLD-1 colon cancers may provide insight to the establishment of xenograft model for examining the in vivo efficacy of compounds with therapeutic potential. Provided that, BAX and BAK are clinically relevant to the pathogenesis of colorectal cancer (Krajewska et al., 1996; Ogura et al., 1999; Bandrés et al., 2006), the findings of this study encourage to the search of novel prognostic and therapeutic strategies targeting the glycolytic pathway mediated by the BAX/BAK-XPC axis for improving the therapy of colon cancer, particularly for patients demonstrating the resistant phenotype. The activated genes identified by the cancer drug resistance array could serve as reference markers to assess the efficacy of targeted therapy specifically for the treatment of colon cancers with drug-resistant phenotype.

			Data Availability

			The raw data supporting the conclusions of this manuscript will be made available by the authors, without undue reservation, to any qualified researcher.

			Author Contributions

			VW, BL and LL conceived and designed the research; YH and SM drafted the manuscript; YH, YQ, JC, CX, HH, ZL, CQ, and WZ performed experiments; YH, JC, and YQ analyzed data; SM and YQ edited the article; VW, BL and LL approved the final version of the article.

			Acknowledgments

			This work was supported by a FDCT grant from the Macao Science and Technology Development Fund (Project code: 0048/2018/A2).

			Abbreviations

			CRC, Colorectal cancer; DLD-1 WT cells, DLD-1 wild-type colon cells; DLD-1 BAX–BAK DKO cells, DLD-1 BAX and BAK double knockout colon cells; NER, Nucleotide excision repair; MEFs, Mouse embryonic fibroblasts; RT-qPCR, Real-Time quantitative PCR; FDA, Food and Drug Administration; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; RF, Resistance fold; IC, Cells viability and inhibitory concentration; OCR, Oxygen consumption rate; ECAR, Extracellular acidification rate; FCCP, Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone; OXPHOS, Oxidative phosphorylation; 2-DG, 2-deoxyglucose; MOA, Mechanism of action; CYP2C19, Cytochrome P450 family 2 subfamily C polypeptide 19; NAT2, N-acetyltransferase 2; NFKBIβ, Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor beta; EGFR, Epidermal growth factor receptor; FOS, FBJ murine osteosarcoma viral oncogene. homolog; NFKB1, Nuclear factor of kappa light polypeptide gene. enhancer in B-cells 1; PPARα, Peroxisome proliferator-activated receptor alpha; RXRα, Retinoid X receptor alpha; RXRβ, Retinoid X receptor beta; PDGFB, Platelet derived growth factor subunit B; TPMT, Thiopurine S-methyltransferase; UGCG, UDP-glucose ceramide glucosyltransferase; XPC, Xeroderma pigmentosum complementation group C; FLAGNFKBIβ, FLAG-HA-tagged NFKBIβ plasmid; DLD-1 NFKBIβ overexpression cells, DLD-1 Wild-type cells NFKBIβ overexpression; DLD-1 ctrl vector cells, DLD-1 Wild-type cells transfected with FLAG- HA tag only; DLD-1 ctrl siRNA cells, DLD-1 Wild-type cells silencing with control siRNA; DLD-1 siEGFR cells, DLD-1 Wild-type cells EGFR knockdown; DLD-1 siFOS cells, DLD-1 Wild-type cells FOS knockdown; DLD-1 siNFKB1 cells, DLD-1 Wild-type cells NFKB1 knockdown; DLD-1 siPPARα cells, DLD-1 Wild-type cells PPARα knockdown; DLD-1 siRXRα cells, DLD-1 Wild-type cells RXRα knockdown; DLD-1 siRXRβ cells, DLD-1 Wild-type cells RXRβ knockdown; DLD-1 siTPMT cells, DLD-1 Wild-type cells TPMT knockdown; DLD-1 siUGCG cells, DLD-1 Wild-type cells UGCG knockdown; DLD-1 siXPC cells, DLD-1 Wild-type cells XPC knockdown.

			Supplementary Material

			The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2019.00912/full#supplementary-material

			References

			AbuHammad, S., and Zihlif, M. (2013). Gene expression alterations in doxorubicin resistant MCF7 breast cancer cell line. Genomics 101 (4), 213–220. doi: 10.1016/j.ygeno.2012.11.009

			Bandrés, E., Cubedo, E., Agirre, X., Malumbres, R., Zárate, R., Ramirez, N., et al. (2006). Identification by Real-time PCR of 13 mature microRNAs differentially expressed in colorectal cancer and non-tumoral tissues. Mol. Cancer 5, 29. doi: 10.1186/1476-4598-5-29

			Bhattacharya, B., Mohd Omar, M. F., and Soong, R. (2016). The Warburg effect and drug resistance. Br. J. Pharmacol. 173 (6), 970–979. doi: 10.1111/bph.13422

			Cao, X., Fang, L., Gibbs, S., Huang, Y., Dai, Z., Wen, P., et al. (2007). Glucose uptake inhibitor sensitizes cancer cells to daunorubicin and overcomes drug resistance in hypoxia. Cancer Chemother. Pharmacol. 59 (4), 495–505. doi: 10.1007/s00280-006-0291-9

			Coller, H. A. (2014). Is cancer a metabolic disease? Am. J. Pathol. 184 (1), 4–17. doi: 10.1016/j.ajpath.2013.07.035

			Correia, A. L., and Bissell, M. J. (2012). The tumor microenvironment is a dominant force in multidrug resistance. Drug Resist. Updat. 15 (1–2), 39–49. doi: 10.1016/j.drup.2012.01.006

			Coussens, L. M., and Werb, Z. (2002). Inflammation and cancer. Nature 420 (6917), 860–867. doi: 10.1038/nature01322

			Curtin, N. J. (2012). DNA repair dysregulation from cancer driver to therapeutic target. Nat. Rev. Cancer 12 (12), 801–817. doi: 10.1038/nrc3399

			Fautrel, A., Andrieux, L., Musso, O., Boudjema, K., Guillouzo, A., and Langouët,S. (2005). Overexpression of the two nucleotide excision repair genes ERCC1 and XPC in human hepatocellular carcinoma. J. Hepatol. 43 (2), 288–293. doi: 10.1016/j.jhep.2005.02.020

			Gandomani, H. S., Yousefi, S. M., Aghajani, M., Mohammadian-Hafshejani, A., Tarazoj, A. A., Pouyesh, V., et al. (2017). Colorectal cancer in the world: incidence, mortality and risk factors. Biomed. Res. Ther. 4 (10), 1656–1675. doi: 10.15419/bmrat.v4i10.372

			Gatenby, R. A., and Gillies, R. J. (2004). Why do cancers have high aerobic glycolysis? Nat. Rev. Cancer 4 (11), 891–899. doi: 10.1038/nrc1478

			Gerl, R., and Vaux, D. L. (2005). Apoptosis in the development and treatment of cancer. Carcinogenesis 26 (2), 263–270. doi: 10.1093/carcin/bgh283

			Hammond, W. A., Swaika, A., and Mody, K. (2016). Pharmacologic resistance in colorectal cancer: a review. Ther. Adv. Med. Oncol. 8 (1), 57–84. doi: 10.1177/1758834015614530

			Heiden, M. G. Vander, Cantley, L. C., and Thompson, C. B. (2009). Understanding the warburg effect: the metabolic requirements of cell proliferation. Science 324 (5930), 1029–1033. doi: 10.1126/science.1160809

			Hein, D. W., Doll, M. A., Fretland, A. J., Leff, M. A., Webb, S. J., Xiao, G. H., etal. (2000). Molecular genetics and epidemiology of the NAT1 and NAT2 acetylation polymorphisms. Cancer Epidemiol. Biomarkers Prev. 9 (1), 29–42.

			Hein, D. W., Doll, M. A., Gray, K., Rustan, T. D., and Ferguson, R. J. (1993). Metabolic Activation of N-Hydroxy-2-aminofluorene and N-Hydroxy-2-acetylaminofluorene by Monomorphic N-Acetyltransferase (NAT1) and Polymorphic N-Acetyltransferase (NAT2) in Colon Cytosols of Syrian Hamsters Congenic at the NAT2 Locus. Cancer Res. 53 (3), 509–514.

			Helmbach, H., Kern, M. A., Rossmann, E., Renz, K., Kissel, C., Gschwendt, B., etal. (2002). Drug resistance towards etoposide and cisplatin in human melanoma cells is associated with drug-dependent apoptosis deficiency. J.Invest. Dermatol. 118 (6), 923–932. doi: 10.1046/j.1523-1747.2002.01786.x

			Holohan, C., Van Schaeybroeck, S., Longley, D. B., and Johnston, P. G. (2013). Cancer drug resistance: an evolving paradigm. Nat. Rev. Cancer 13 (10), 714–726. doi: 10.1038/nrc3599

			Housman, G., Byler, S., Heerboth, S., Lapinska, K., Longacre, M., Snyder, N., et al. (2014). Drug resistance in cancer: an overview. Cancers (Basel) 6(3), 1769–1792. doi: 10.3390/cancers6031769

			Krajewska, M., Moss, S. F., Krajewski, S., Song, K., Holt, P. R., and Reed, J. C. (1996). Elevated expression of Bcl-X and reduced Bak in primary colorectal adenocarcinomas. Cancer Res. 56 (10), 2422–2427.

			Law, B. Y. K., Chan, W. K., Xu, S. W., Wang, J. R., Bai, L. P., Liu, L., et al. (2014). Natural small-molecule enhancers of autophagy induce autophagic cell death in apoptosis-defective cells. Sci. Rep. 4, 5510. doi: 10.1038/srep05510

			Law, B. Y. K., Mok, S. W. F., Chan, W. K., Xu, S. W., Wu, A. G., Yao, X. J., et al. (2016). Hernandezine, a novel AMPK activator induces autophagic cell death in drug-resistant cancers. Oncotarget 7 (7), 8090–8104. doi: 10.18632/oncotarget.6980

			Law, B. Y. K., Mok, S. W. F., Chen, J., Michelangeli, F., Jiang, Z. H., Han, Y., etal. (2017). N-desmethyldauricine induces autophagic cell death in apoptosis-defective cells via Ca2+ mobilization. Front. Pharmacol. 8, 388. doi: 10.3389/fphar.2017.00388

			Le, X. F., Mao, W., Lu, Z., Carter, B. Z., and Bast, R. C. (2010). Dasatinib induces autophagic cell death in human ovarian cancer. Cancer 116 (21), 4980–4990. doi: 10.1002/cncr.25426

			Li, Z., Zhang, H.-X., Li, Y., Lam, C. W. K., Wang, C.-Y., Zhang, W.-J., et al. (2018). Method for Quantification of Ribonucleotides and Deoxyribonucleotides in Human Cells Using (Trimethylsilyl)diazomethane Derivatization Followed by Liquid Chromatography–Tandem Mass Spectrometry. Anal. Chem. 91, 1019–1026. doi: 10.1021/acs.analchem.8b04281

			Liu, S., and Liu, B. (2018). Overexpression of Nitrogen Permease Regulator Like-2 (NPRL2) Enhances Sensitivity to Irinotecan (CPT-11) in Colon Cancer Cells by Activating the DNA Damage Checkpoint Pathway. Med. Sci. Monit. 24, 1424–1433. doi: 10.12659/MSM.909186

			Longley, D., and Johnston P. G. (2005). Molecular mechanism of drug resistance. J.Pathol. 205 (2), 275–292. doi: 10.1007/978-3-319-48683-3_3

			McCurrach, M. E., Connor, T. M., Knudson, C. M., Korsmeyer, S. J., and Lowe, S. W. (1997). Bax-deficiency promotes drug resistance and oncogenic transformation by attenuating p53-dependent apoptosis. Proc. Natl. Acad. Sci. 94, 2345–2349. doi: 10.1073/pnas.94.6.2345

			Mori, M. P., Costa, R. A. P., Soltys, D. T., Freire, T., de, S., Rossato, F. A., etal. (2017). Lack of XPC leads to a shift between respiratory complexes I and II but sensitizes cells to mitochondrial stress. Sci. Rep. 7 (1), 155. doi: 10.1038/s41598-017-00130-x

			Müller, A., Gillissen, B., Richter, A., Richter, A., Chumduri, C., Daniel, P. T., et al. (2018). Pan-class I PI3-kinase inhibitor BKM120 induces MEK1/2-dependent mitotic catastrophe in non-Hodgkin lymphoma leading to apoptosis or polyploidy determined by Bax/Bak and p53. Cell Death Dis. 44 (4), 349–366. doi: 10.1038/s41419-018-0413-4

			Najafov, A., and Alessi, D. R. (2010). Uncoupling the Warburg effect from cancer. Proc. Natl. Acad. Sci. 107 (45), 19135–19136. doi: 10.1073/pnas.1014047107

			O’neill, K. L., Huang, K., Zhang, J., Chen, Y., and Luo, X. (2016). Inactivation of prosurvival Bcl-2 proteins activates Bax/Bak through the outer mitochondrial membrane. Genes Dev. 30, 973–988. doi: 10.1101/gad.276725.115

			Ogura, E., Senzaki, H., Yamamoto, D., Yoshida, R., Takada, H., Hioki, K., et al. (1999). Prognostic significance of Bcl-2, Bcl-xL/S, Bax and Bak expressions in colorectal carcinomas. Oncol. Rep. 6 (2), 365–369. doi: 10.3892/or.6.2.365

			Park, M. A., Reinehr, R., Häussinger, D., Voelkel-johnson, C., Ogretmen, B., Yacoub, A. et al. (2010). Sorafenib activates CD95 and promotes autophagy and cell death via Src family kinases in GI tumor cells. Mol. Cancer Ther. 9, 2220–2231. doi: 10.1158/1535-7163.MCT-10-0274

			Pelicano, H., Martin, D. S., Xu, R. H., and Huang, P. (2006). Glycolysis inhibition for anticancer treatment. Oncogene 25 (34), 4633–4646. doi: 10.1038/sj.onc.1209597

			Phan, L. M., Yeung, S.-C. J., and Lee, M.-H. (2014). Cancer metabolic reprogramming: importance, main features, and potentials for precise targeted anti-cancer therapies. Cancer Biol. Med. 11 (1), 1–19. doi: 10.7497/j.issn.2095-3941.2014.01.001

			Rezvani, H. R., Kim, A. L., Rossignol, R., Ali, N., Daly, M., Mahfouf, W., et al. (2011a). XPC silencing in normal human keratinocytes triggers metabolic alterations that drive the formation of squamous cell carcinomas. J. Clin. Invest. 121 (1), 195–211. doi: 10.1172/JCI40087

			Rezvani, H. R., Rossignol, R., Ali, N., Benard, G., Tang, X., Yang, H. S., etal. (2011b). XPC silencing in normal human keratinocytes triggers metabolic alterations through NOX-1 activation-mediated reactive oxygenspecies.Biochim. Biophys. Acta Bioenerg. 1807 (6), 609–619. doi: 10.1016/j.bbabio.2010.12.006

			Rochat, B. (2005). Role of cytochrome P450 activity in the fate of anticancer agents and in drug resistance: focus on tamoxifen, paclitaxel and imatinib metabolism. Clin. Pharmacokinet. 44 (4), 349–366. doi: 10.2165/00003088-200544040-00002

			Shell, S. M., Hawkins, E. K., Tsai, M. S., Hlaing, A. S., Rizzo, C. J., and Chazin,W.J. (2013). Xeroderma pigmentosum complementation group C protein (XPC) serves as a general sensor of damaged DNA. DNA Repair (Amst.) 12 (11), 947–953. doi: 10.1016/j.dnarep.2013.08.013

			Shimizu, S., Narita, M., and Tsujimoto, Y. (1999). Bcl-2 family proteins regulate the release of apoptogenic cytochrome c by the mitochondrial channel VDAC. Nature 399 (6735), 483–487. doi: 10.1038/20959

			Sugasawa, K., Ng, J. M. Y., Masutani, C., Iwai, S., Van Der Spek, P. J., Eker, A.P.M., et al. (1998). Xeroderma pigmentosum group C protein complex is the initiator of global genome nucleotide excision repair. Mol. Cell 2 (2), 223–232. doi: 10.1016/S1097-2765(00)80132-X

			Tai, W. T., Shiau, C. W., Chen, H. L., Liu, C. Y., Lin, C. S., Cheng, A. L., et al. (2013). Mcl-1-dependent activation of Beclin 1 mediates autophagic cell death induced by sorafenib and SC-59 in hepatocellular carcinoma cells. Cell Death Dis. 4, e485. doi: 10.1038/cddis.2013.18

			Taylor, S. T., Hickman, J. A., and Dive, C. (2000). Epigenetic determinants of resistance to etoposide regulation of Bcl- x(L) and Bax by tumor microenvironmental factors. J. Natl. Cancer Inst. 92 (1), 18–23. doi: 10.1093/jnci/92.1.18

			Tomiyama, A., Serizawa, S., Tachibana, K., Sakurada, K., Samejima, H., Kuchino,Y., et al. (2006). Critical role for mitochondrial oxidative phosphorylation in the activation of tumor suppressors Bax and Bak. J. Natl. Cancer Inst 98 (20), 1462–1473. doi: 10.1093/jnci/djj395

			Van Der Jeught, K., Xu, H. C., Li, Y. J., Lu, X. B., and Ji, G. (2018). Drug resistance and new therapies in colorectal cancer. World J. Gastroenterol. 24, 3834–3848. doi: 10.3748/wjg.v24.i34.3834

			Vega, P., Valentín, F., and Cubiella, J. (2015). Colorectal cancer diagnosis: pitfalls and opportunities. World J. Gastrointest. Oncol. 7, 422. doi: 10.4251/wjgo.v7.i12.422

			von Haefen, C., Daniel, P. T., Dörken, B., Radetzki, S., Gillissen, B., Sturm,I., etal. (2002). The apoptosis promoting Bcl-2 homologues Bak and Nbk/Bik overcome drug resistance in Mdr-1-negative and Mdr-1-overexpressingbreast cancer cell lines. Oncogene 21, 227–238. doi: 10.1038/sj/onc/1205010

			Wei, M. C., Zong, W. X., Cheng, E. H. Y., Lindsten, T., Panoutsakopoulou,V., Ross, A. J., et al. (2001). Proapoptotic BAX and BAK: a requisite gateway tomitochondrial dysfunction and death. Science 292 (5517), 727–730. doi: 10.1126/science.1059108

			Wong, R. S. Y. (2011). Apoptosis in cancer: from pathogenesis to treatment. J. Exp. Clin. Cancer Res. 30, 87. doi: 10.1186/1756-9966-30-87

			Wong, V. K. W., Zhou, H., Cheung, S. S. F., Li, T., and Liu, L. (2009). Mechanistic study of saikosaponin-d (Ssd) on suppression of murine T lymphocyte activation. J. Cell. Biochem. 107 (2), 303–315. doi: 10.1002/jcb.22126

			Xu, R. H., Pelicano, H., Zhou, Y., Carew, J. S., Feng, L., Bhalla, K. N., et al. (2005). Inhibition of glycolysis in cancer cells: a novel strategy to overcome drug resistance associated with mitochondrial respiratory defect and hypoxia. Cancer Res. 65 (2), 613–621.

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

			Copyright © 2019 Han, Qu, Mok, Chen, Xia, He, Li, Zhang, Qiu, Liu, Law and Wong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms

		

OEBPS/Images/Figure_5.jpg
Glycolytic Function

s erepA—

ECAR (mpH/min)

0 10 20 30 40 50 60 70 &
‘Time (min)
B
Mitochondrial Respiration
120 O R ammoa
= owiw

R e erspe——
g
g o
ﬂg‘ !

s0 60 70 80

0 10 20 30 40

Glyealytie Function
E - vt
. e = o
e |

ECAR (mpH/min)

Glycolysis  Glycolytic Capacity

Mitochondrial Respiration

OCR (pmol/min)

Basal
Respiraion  Production

‘Time (min)
{6;
o P
2 ! g !
”





OEBPS/Images/Figure_2.jpg
DLD-1 BAX-BAK DKO vs. DLD-1 WT PCR Armay

[ ——
G et o e
amars s
s s
sorn -
os 2706
s
oo aas
- 260
veco asoe
e e
C DD Wi
! - & .

=S e
g ot voce xrc
-






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fphar.2019.00912_cover.jpg
’ frontiers
in Pharmacology

A Novel Drug Resistance
Mechanism: Genetic Loss
of Xeroderma Pigmentosum
Complementation Group C (XPC)
Enhances Glycolysis-Mediated
Drug Resistance in DLD-1 Colon
Cancer Cells





OEBPS/Images/Figure_4.jpg
— " — -
# i i
— —_—— 1 ——

ol - o — ol —
: 4 4
: 2. I, -

o e -

i,

B

Covikoy (VFRB ovsexesion)

— ! NFKBIB (48KDa)
ﬁ Fran

Pactin (43KDa)






OEBPS/Images/Figure_6.jpg
>

Glycolytic Function

Glycolytic Function

" G omme a0 -
_ o e
E o <
%« H
3 H]
) 8
0 fo 20 30 40 s e T 8 Glycolysis
“Time (min)
B
Mitochondrial Respiration " coins
Mitochondrial Respiration
4 . 2 -
Wetmadann T e

z o

£ g T

£ £

3 S T

£ 2 H

z M

g §

3 ]

80 Basal AP Maximal
Respiration  Production ~ Respiration

ime (min)

oo Lo e





OEBPS/Images/logo.jpg
’ frontiers
in Pharmacology





OEBPS/Images/tbl1.jpg
Bosutint>
Dasatint>

Ertinb HO!

Niotisb.

Crizotns

Docetasel

—

Adni

pbionate

Bicomyci sulfate
Eloposide

donubicin HOI
Flodarabine Phosphato
2-Methoryostraciol
vincrsion

MDV3100

Floxuridng
Mercaptopuin
Ruxolind

Praatrxate
Teriposide
Diethystibestrol
Futcasons propionate
Methacycino hydrochiorido
Phonfomin hydrochiordo.
debenone

——

rinotocan

Cladtino

Clofarabino
Vomuralords
Camplothec
Fldarabino

DLD-1 WT
G, valuo
(wmon)

4781068
215045
16602506
1050030
1942014
0202000
1.162006
16762152
2002 2 1680
0262005
338070
7856 £82310M
0212002
102 £001
<0019
1852048
3441067
1456 22744
13412300
0182000
0142002
8122106
0272002
20442215
20155108
19112027
7311032
2472738
7312000
19362016
2843100
408105
0682006

oLD-1
BAX-BAK DKO
1C,,valuo
(pmol)

18532067
550
550

40651543

6802004
>10
>10
550

992 13440

>10
72126
10000
>10
10
0060015
550
550
3
550
1712181
18591199
27181106
089009
100
100
5100
7206:524
>80
>10
50
550
>10
106005

Rosistanco
Fold

387
52325

367
340

5862
37
310

1822
1272
sa761
080
5316
421
1453
5343
372

15278

489
489
5523
085
>1.18
1.3
258
213
245
154

Imatin Mesyate
Pazopan HCI
Soraforss

Sunitnb Maito
Tomssolmus
Vandatanib
Vornostat
Everolimus.
Mitotane
Aeaciidoo
Lomusino
Totenamic acid
Mometasono ecato
Maravioo
Flnaizioo 2HO!
Epatostat
#sparame
Dyclorine HO!
Piogitazons hyckochiorde
Bazedoden HOI
ost.420
Lovosimendan
Clomono crato.
Miepristone
Nivadgino
Rimonabant
Tokapone
Sotralg HCI
Hacbetasal Popionate
Aaaguarine
Copharanthin
Famprofazono.
FK505

DLO-1 WT
1C,,valuo

(umol)

38870240
05251732
5311014
2991029
272047
5121035
1142027
31524038
58455197
6725100
770721188
5308 28,195
3812431
41742308
7261000
76401086
0742200
297522075
13022138
16582181
1,30 £0007
%47 2200
34542018
0632457
65235 1825
15942008
44855128
79+027
52472044
41432260
17891286
6355:2.18
74721811

DLD-1
BAX-BAK.

G, valuo
mol)

>80
550
5792048
6241101
2185170
1250007
2872057
550
73802070
>100
100
100
100
100
10601186
100
100
100
21402149
25042001
184002
>100
343820075
42381064
81572212
1697+ 036
100
10642025
72962162
>100
25042078
>100
100

Resistanco
Fold

129
163
108
200
131
244
243
158
126
214
>130
188
262
52390
146
131
5253
5251
165
161
141
>1.08
100
138
125
100
5223
135
139
241
14
1.4
133





OEBPS/Images/Figure_3.jpg
A WT BAXBAKI
WI_BAX-BAKDKO
cvracis sion

I!

ancs

L

b1 DIt
D wr saxsakko

——| o 7500
S | i 500

Ko

M

G P o
W1 BAX-BAKDKO

I | 7 ois2x0)

e

j oo o
WI_BAXBAKDKO

| s

B W naxeaxr
WI_ BAXBAKDKO

AT GikD)

——— i (500

o1 D
E Wil wxoakoco

——— | i 0510)
s

H P, o
WI_BAX-BAKDKO

Rkassion)

— )

i

K Pt o
WT_BAX-BAK DKO

—— | Uk
[—— 1100

H

C W saxeaxi
WI_BAXBAKDKO

—— | o s
[—— o coion
ek

S

b1 DD
F i saxaakxo

Pr——
[— 100

N

[ oer oo
WI_BAXBAKDKO

Rxwp0N)

—
[—— e 50

o

L ot o
W BAX-BAKDKO

X0

we






OEBPS/Images/Figure_1.jpg
BAX/BAK gene RT-qPCR

=

Fold change

14
o

EEEY #ih

BAX BAK BAX BAK

DILD-1WT DLD-1 BAX-BAK DKO

DLD-1 DLD-1
WT BAX-BAK DKO

- P

B-actin(43 kDa)

BAK (25 kDa)

“ B-actin(43 kDa)






