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Abstract

:

The chemoresistance of tumor cells is one of the most urgent challenges in modern oncology and in pancreatic cancer, in which this problem is the most prominent. Therefore, the identification of new chemosensitizing co-targets may be a path toward increasing chemotherapy efficacy. In this work, we performed high-performance in vitro knockout CRISPR/Cas9 screening to find potential regulators of the sensitivity of pancreatic cancer. For this purpose, MIA PaCa-2 cells transduced with two sgRNA libraries (“cell cycle/nuclear proteins genes” and “genome-wide”) were screened by oxaliplatin and cisplatin. In total, 173 candidate genes were identified as potential regulators of pancreatic cancer cell sensitivity to oxaliplatin and/or cisplatin; among these, 25 genes have previously been reported, while 148 genes were identified for the first time as potential platinum drug sensitivity regulators. We found seven candidate genes involved in pancreatic cancer cell sensitivity to both cisplatin and oxaliplatin. Gene ontology enrichment analysis reveals the enrichment of single-stranded DNA binding, damaged DNA binding pathways, and four associated with NADH dehydrogenase activity. Further investigation and validation of the obtained results by in vitro, in vivo, and bioinformatics approaches, as well as literature analysis, will help to identify novel pancreatic cancer platinum sensitivity regulators.
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1. Introduction


Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive types of cancer. Despite the low incidence of the disease, PDAC ranks second or third among the causes of death from oncological diseases [1] and it has one of the lowest five-year survival rates, being less than 10% [1,2]. The main reason is that the asymptomatic early stages of the disease result in a late diagnosis at unresectable stages [3,4]. Another cause of the severity of PDAC is the high rate of tumor resistance to chemotherapeutic drugs limiting the drug treatment options [5]. Unfortunately, new promising approaches to the treatment of oncological diseases, including immunotherapy, have not shown effectiveness in the treatment of PDAC [1,6]. Currently, combined chemotherapy regimens are used to treat metastatic PDAC, including FOLFIRINOX (leucovorin, 5-FU, irinotecan, and oxaliplatin) and the combination of gemcitabine with other cytotoxic agents, such as platinum-based oxaliplatin and cisplatin [6,7]. PARP inhibitors, including their combinations with platinum drugs, were actively studied as part of the clinical trials for PDAC patients with mutations in the BRCA1/2 genes [8,9], which occur in 5–9% of PDAC cases [10,11].



The low effectiveness of the chemotherapy regimens used in the treatment of PDAC is due to the complexity of the disease, including the genetic heterogeneity of tumors, the structure, and the organization of the tumor microenvironment [12,13,14]. Currently, more attention is given to an individual approach to select a PDAC treatment strategy, considering the molecular features of the tumor, including mutations in significant genes [6,15]. For example, platinum-based drugs can be used to treat PDAC patients with mutations in genes associated with DNA repair, but there are not enough data to assess their effectiveness [6,16]. At the moment, the study of the possible mechanisms of regulation of PDAC sensitivity to platinum drugs is limited, and it is discussed mainly in the context of well-known markers of DNA repair pathway defects, such as mutations in the BRCA1/2 and PALB2 genes [15,16,17].



Thus, the search for new regulators of the sensitivity of PDAC to platinum drugs (predictive biomarkers) is extremely relevant for expanding the options of PDAC drug therapy.



High-performance technologies, including SEREX (Serological Analysis of Recombinant Tumor cDNA Expression Libraries), SERPA (Serological Proteome Analysis), and CRISPR/Cas9 technologies [18,19,20,21], make it possible to search for biomarkers among numerous candidates in a relatively short time. CRISPR/Cas9 genome editing technology, applied in the format of high-performance screening using guide RNA libraries, allows analysis of the effect of multiple genes on cell viability in various conditions, including drug treatment [22,23,24,25,26].



In our work, we performed high-performance synthetic lethal knockout CRISPR/Cas9 screenings to search for new regulators of sensitivity of the pancreatic cancer cells MIA PaCa-2 to oxaliplatin and cisplatin using two sgRNA libraries, one of which targets 4799 cell cycle and nuclear protein genes, while the other genome-wide library targets 18,166 genes. This approach allowed us to simultaneously analyze the influence of thousands of genes on the cell sensitivity to platinum drugs and identify new possible regulators of chemosensitivity and new therapeutic approaches to increase the effectiveness of the studied drugs.




2. Results


The synthetic lethal knockout CRISPR/Cas9 screenings of human pancreatic cancer MIA PaCa-2 cells were performed to identify genes potentially involved in the regulation of the sensitivity to cisplatin and oxaliplatin. MIA PaCa-2 cells expressing doxycycline-inducible Cas9 [27] were separately transduced with two sgRNA lentivirus libraries targeting 4799 genes of cell cycle and nuclear protein genes (“CCN”), and genome-wide targeting 18,166 genes (“GW”) (Table 1, Tables S1 and S2).



Cisplatin was used to treat cells infected with the cell cycle/nuclear proteins sgRNA lentiviral library, which includes DNA damage response (DDR) genes associated with the main mechanism of cisplatin cytotoxicity. Treatment with oxaliplatin was applied to the “CCN” as well as the “GW” sgRNA library expressing cells due to the evidence that oxaliplatin possibly has mechanism of action unrelated to DDR [28,29,30]. Thus, three independent CRISPR/Cas9 screenings were performed during this work. Cells were cultivated with a sublethal concentration of drugs or under control conditions for 9–12 cell divisions and collected for further analysis (Figure 1a). Representation of sgRNAs in the cell population changes depending on treatment conditions: it decreases if knockout of the corresponding gene leads to cell death, and vice versa compared with the control conditions. Deep sequencing can be used to identify differently presented sgRNAs due to the sgRNA-containing region being integrated in cell genomic DNA during lentiviral transduction with the sgRNA library (Figure 1b) [31]. The abundance of sgRNA in cells cultivated under different conditions was analyzed according to Wang and Parnas [26,32].



To identify genes whose knockout leads to MIA PaCa-2 cell platinum sensitivity changes, the abundances of sgRNAs in samples treated with 1 ug/ul of doxycycline (“dox”) were compared with those of samples treated with 1 ug/ul doxycycline in combination with 1 ug/ul of oxaliplatin or 3 ug/ul of cisplatin (“dox + drug”). The sgRNAs for which abundance was significantly (FDR (False Discovery Rate) ≤ 0.05) changed in two and more folds were considered as “effective”. The “effective” sgRNAs revealed in the “vehicle vs. drug” comparison of non-treated samples (vehicle, “veh”) or treated with the drug only (“drug”) were considered as false positive and excluded from further analysis. A gene was considered a candidate if abundances of two or more corresponding “effective” sgRNAs changed in the same direction. Candidates from “veh vs. dox” comparisons were considered as essential genes and were excluded from “dox vs. dox + drug” comparison results if present. Candidate genes were analyzed by The Comparative Toxicogenomics Database (CTD) and a database of genes related to platinum resistance in cancer [33] to identify genes previously associated with cancer platinum drug resistance.



The results of the individual CRISPR/Cas9 screenings performed are presented in Table 2, Tables S3–S5. As a result of oxaliplatin CRISPR/Cas9 screenings with the “CCN” sgRNA library, we identified eight candidate genes, the knockout of which significantly changed the sensitivity of MIA PaCa-2 cells to the oxaliplatin (BRIP1, ERCC4, FANCD2, FANCG, FANCI, MAD2L2, PPP2R2A, NPEPPS) (Table 2). Of these, seven genes (BRIP1, ERCC4, FANCD2, FANCG, FANCI, MAD2L2, PPP2R2A) were previously related to the platinum sensitivity/resistance of different types of cancer cells, with NPEPPS being reported for the first time as a platinum drug sensitivity regulator.



CRISPR/Cas9 screenings with oxaliplatin and the genome-wide sgRNA library revealed 141 candidate genes whose knockout influenced MIA PaCa-2 cell sensitivity to oxaliplatin (Table 2). Among them, 13 genes (ALDH1A1, CDKN1B, FANCD2, GAS7, GCLM, LRP1, MAD2L2, MAPK14, MCM9, NDUFS8, STK11, TNFRSF12A, UBE2T) were previously associated with platinum resistance/sensitivity and 128 genes are reported as platinum sensitivity regulators for the first time.



The results of the CRISPR/Cas9 screening of MIA PaCa-2 cells with cisplatin and the sgRNA library targeting cell cycle and nuclear proteins show that the knockout of 34 genes significantly changed the drug sensitivity of PDAC cells (Table 2). Thirteen genes (BRCA1, BRIP1, ERCC4, EXO1, FANCD2, FANCG, FANCI, MAD2L2, NBN, PMS2, RAD51B, TXNRD1, XRCC2) were previously associated with platinum sensitivity/resistance and 21 genes are shown as regulating platinum sensitivity of cancer cells for the first time.



So, three CRISPR/Cas9 screenings conducted in this work allow us to identify 173 candidate genes potentially involved in the regulation of MIA PaCa-2 cell sensitivity to the platinum drugs oxaliplatin and/or cisplatin (Table 3). Of the 173 candidate genes, 25 were previously related to platinum sensitivity/resistance according to CTD and Huang [33] and 148 genes are reported for the first time as platinum sensitivity regulators. We found seven genes involved in the regulation of the MIA PaCa-2 cell sensitivity to both oxaliplatin and cisplatin: BRIP1, ERCC4, FANCD2, FANCG, FANCI, MAD2L2, NPEPPS. Among them, the NPEPPS has not yet been reported as associated with platinum sensitivity regulation in the literature. Notably, FANCD2 and MAD2L2 were revealed as platinum sensitivity regulators in all three CRISPR/Cas9 screenings performed.



We performed the Gene Ontology (GO) enrichment analysis of 173 identified candidate genes to characterize their possible biological functions. Only 152 out of 173 candidate genes are annotated in the GO database. We found the significant enrichment of single-stranded DNA binding in seven genes (GO:0003697: DDX11, ERCC4, MCM9, PMS2, RAD51B, RPA4, WBP11); damaged DNA binding in five genes (GO:0003684: AUNIP, BRCA1, ERCC4, FANCG, NBN); and NADH dehydrogenase activity in four genes (GO:0003954, 0008137, 0050136, 0003955: NDUFB10, NDUFC2, NDUFC2-KCTD14, NDUFS8) (Figure 2; Table S6). Among them, DDX11, RPA4 and WBP11 (single-stranded DNA binding), AUNIP (damaged DNA binding), and NDUFB10, NDUFC2, and NDUFC2-KCTD14 (NADH dehydrogenase activity) are shown as potential platinum sensitivity regulators for the first time.



Taken together, we identified 173 candidate genes as potential regulators of the PDAC cell sensitivity to platinum drugs (Table 3). Among them, 148 genes were related to platinum drug sensitivity for the first time and 25 genes have already been reported as involved in platinum sensitivity/resistance. Seven candidate genes were involved in the MIA PaCa-2 PDAC cell sensitivity to both cisplatin and oxaliplatin. GO enrichment analysis reveals the single-stranded DNA binding and damaged DNA binding ontologies enriched with five and seven genes, respectively, as well as four ontologies associated with NADH dehydrogenase activity, each with the same four genes (Figure 2, Table S6).




3. Discussion


The resistance of tumor cells to chemotherapeutic drugs is one of the most urgent challenges in modern oncology and in pancreatic cancer, for which this problem is the most prominent [14,34,35]. Therefore, the identification of chemosensitizing co-targets may be a path toward increasing chemotherapy efficacy.



In this work, we applied CRISPR/Cas9 genome editing technology as a high-throughput screening to search for genes involved in the regulation of the sensitivity of the pancreatic cancer cell line MIA PaCa-2 to the platinum drugs oxaliplatin and cisplatin. These drugs are used in clinical practice for the treatment of metastatic pancreatic cancer in the combination chemotherapy regimen FOLFIRINOX and in combination with gemcitabine [6,7].



We identified 173 candidate genes whose knockout altered the sensitivity of pancreatic cancer cells MIA PaCa-2 to oxaliplatin and/or cisplatin (Table 3). Out of these, 148 genes are reported as platinum drug sensitivity regulators for the first time and 25 genes have previously been associated with the sensitivity/resistance of tumor cells to platinum drugs, according to the CTD database and published data [33]. Among them, there are genes with products involved in DNA repair (BRCA1, BRIP1, ERCC4, EXO1, FANCD2, FANCG, FANCI, MCM9, NBN, PMS2, RAD51B, STK11, UBE2T. XRCC2), cell cycle regulation (CDKN1B, GAS7, MAD2L2, PPP2R2A), components of detoxification and antioxidant systems (ALDH1A1, GCLM, TXNRD1), as well as other regulators of the most important intracellular signaling pathways (LRP1, MAPK14, NDUFS8, TNFRSF12A).



Interestingly, the knockout of seven genes (BRIP1, ERCC4, FANCD2, FANCG, FANCI, MAD2L2, NPEPPS) increased the sensitivity of MIA PaCa-2 cells to both cisplatin and oxaliplatin, including FANCD2 and MAD2L2 being revealed as candidates in all three screenings. The products of six out of seven genes are involved in DNA repair and cell cycle regulation processes and the regulation of sensitivity/resistance of different types of cancer cells to platinum drugs, which implies their perspectives for pancreatic cancer. The NPEPPS gene is reported as a platinum sensitivity regulator in this work for the first time. This gene encodes puromycin-sensitive aminopeptidase, suggested to be involved in cell cycle processes [36].



The results of the GO enrichment analysis showed the enrichment of pathways associated with DNA repair, single-stranded DNA binding (GO: 0003697), damaged DNA binding (GO: 0003684), and NADH dehydrogenase activity (GO: 0003954, 0008137, 0050136, 0003955) (Figure 2). The enrichment of the first two pathways is predictable, considering known mechanisms of platinum cytotoxicity [37,38]. There are both previously known (ERCC4, MCM9, PMS2, RAD51B, BRCA1, ERCC4, FANCG, NBN), and first identified in this work (DDX11, RPA4, WBP11, AUNIP) regulators of sensitivity to platinum drugs.



The NADH dehydrogenase complex is a key component of cellular respiration and oxidative phosphorylation, as well as a regulator of the NAD+/NADH ratio. It is known that impaired function of the NADH dehydrogenase complex and a decreased level of NAD+ lead cells to acquire more aggressive phenotypes and a high metastatic potential [39]. In addition, a decreased content of NAD+ was observed in tumor cells resistant to cisplatin [40,41]. In this work, we observed that knockout of the NADH dehydrogenase complex subunit genes NDUFB10, NDUFC2, NDUFC2-KCTD14, NDUFS8 led to a decrease in the sensitivity of MIA PaCa-2 pancreatic cancer cells to oxaliplatin. It should be noted that NDUFB10, NDUFC2, and NDUFC2-KCTD14 are first identified by us as potential regulators of sensibility to platinum drugs, while NDUFS8 was previously associated with sensitivity/resistance to cisplatin, according to the CTD database. Consequently, the NADH dehydrogenase complex can be considered as a potential target for the development of approaches to increasing the effectiveness of platinum drugs and one of the components of a possible platinum resistance mechanism.



The fact that our candidate gene list includes those previously associated with sensitivity/resistance to platinum drugs, as well as being involved in platinum cytotoxicity, indicates the adequacy of the CRISPR/Cas9 screening approach to search for regulators of drug sensitivity.



Thus, the approach we used made it possible to identify 173 candidate genes whose knockout altered the sensitivity of MIA PaCa-2 pancreatic cancer cells to cisplatin and/or oxaliplatin, including 25 genes previously reported as involved in the platinum drugs sensitivity/resistance of different type of cancer cells. According to our results, the knockout of seven genes led to the increase in the MIA PaCa-2 PDAC cell sensitivity to both oxaliplatin and oxaliplatin. In this work, 148 genes were characterized as regulators of the sensitivity of tumor cells to platinum drugs. Among them, genes involved in the processes of single-stranded DNA binding (DDX11, RPA4 and WBP11), damaged DNA binding (AUNIP), NADH dehydrogenase activity (NDUFB10, NDUFC2, NDUFC2-KCTD14), and cell cycle processes, such as NPEPPS, are of the most interest and can be considered as potential targets for the development of approaches to increase the effectiveness of pancreatic cancer treatment with platinum drugs. The results obtained in this work need to be further investigated and validated by in vitro, in vivo and bioinformatics approaches, as well as literature searching for the identification of novel pancreatic cancer platinum sensitivity regulators.




4. Materials and Methods


4.1. Cell Culture and Reagents


The pancreatic adenocarcinoma cell line MIA PaCa2 expressing doxycycline-inducible Cas9 (MIA PaCa2/Cas9) obtained in our previous work [27] was grown in RPMI-1690 media supplemented with 10% fetal bovine serum, L-glutamine, penicillin, streptomycin and 1 ug/mL puromycin. The cells were transduced with lentiviral sgRNA libraries according to Wang et al., 2014 [26]. The number of cells handled was 5 × 106 to provide 100× and 55× coverage of the “Cell cycle/nuclear proteins” and “Genome-wide” sgRNA libraries, respectively. The doxycycline hyclate, oxaliplatin and cisplatin were purchased from Merck (Darmstadt, Germany).




4.2. sgRNA Libraries


We used two sgRNA libraries: (1) ”Cell cycle/nuclear proteins genes” targeting 4799 genes of cell cycle and nuclear proteins (“CCN”, 50,000 sgRNAs) and (2) ”Genome-wide” targeting 18,166 genes (“GW”, 90,000 sgRNAs). The “CCN” sgRNA library was taken from Addgene and the “GW” sgRNA library was synthesized by CustomArray Inc (Redmond, WA, USA). The sequences of sgRNAs were taken from Wang et al., 2014 [26].




4.3. In Vitro CRISPR/Cas9 Screening


In vitro CRISPR/Cas9 screenings were performed as described previously [26]. Briefly, MIA PaCa2/Cas9 cells transduced with the appropriate lentiviral sgRNA library were cultured with 1 ug/mL doxycycline (dox) for 72 h to induce Cas9 expression prior to the drug treatment. Cells were then cultivated in the presence or absence of oxaliplatin (1 uM) or cisplatin (3 uM) for 9 cell divisions (12 days). The experimental conditions were “veh” (no dox, no drug); “dox” (1 ug/mL dox, no drug); “drug” (no dox, 1 uM oxaliplatin or 3 uM cisplatin); and “dox + drug” (1 ug/mL dox, 1 uM oxaliplatin or 3 uM cisplatin). On the last day of the experiment, cells were collected and genomic DNA was extracted using a Qiagen Gentra Puregene Kit (Hilden, Germany). sgRNA-containing regions of genomic DNA were amplified and barcoded by PCR. Deep sequencing was performed to analyze the sgRNA abundance in cells cultivated under the different conditions. Sequencing data were treated according to Parnas et al., 2015 [32].




4.4. Gene Ontology Enrichment Analysis


Gene Ontology analysis was conducted using the clusterProfiler package [42] for exploring and determining the possible biological functions of gene candidates. The significance level was p < 0.05. We employed R software to draw the gene-concept network plot.
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Figure 1. Identification of potential regulators of MIA PaCa-2 pancreatic cancer cell sensitivity to platinum drugs by the synthetic lethal knockout CRISPR/Cas9 screening. (a) The design of the synthetic lethal knockout CRISPR/Cas9 screening of pancreatic ductal adenocarcinoma (PDAC) cell line MIA PaCa-2. (b) Application of the high-throughput synthetic lethal knockout CRISPR/Cas9 screening to identify potential predictive biomarkers. Cells expressing doxycycline-inducible Cas9 and transduced with the lentiviral sgRNA library are cultivated in the presence or absence of the studied drug. If Cas9-mediated knockout of the gene leads cells to death in the presence of the drug, then representation of the corresponding sgRNA has decreased in the cell population, and vice versa compared with the control conditions. Differently presented sgRNA are identified by deep sequencing of the sgRNA-containing region of cell genomic DNA integrated during lentiviral transduction of cells with the sgRNA library. Bioinformatics and statistical approaches are used to find gene knockout which significantly changed the sensitivity of cells to the studied drug. Dox—doxycycline. 
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Figure 2. Gene-concept network of identified genes. It shows the enriched concepts, obtained with a p-value cut-off of 0.05 (Gene Ontology biological processes) linked to the genes involved in each concept, and the relationship between them when genes are involved in more than one process. The size of the concept nodes depends on the gene count involved in that pathway. 
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Table 1. Characteristics of the sgRNA libraries used for CRISPR/Cas9 screenings of MIA PaCa-2 pancreatic cancer cells.
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	Name of

sgRNA Library
	Number of

sgRNA 1
	sgRNA

Per Gene
	Number of

Target Genes





	Cell cycle/

nuclear proteins genes (“CCN”)
	50,000
	up to 52
	4799



	Genome-Wide (“GW”)
	90,000
	4–5
	18,166







1 Sequences of sgRNAs are presented in the Supplementary Materials Table S1 for “CCN” and Table S2 for “GW” sgRNA libraries (Supplementary Materials).
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Table 2. Candidate genes changing sensitivity of MIA PaCa-2 pancreatic cancer cells to cisplatin or oxaliplatin according to results of the individual CRISPR/Cas9 screenings with cell cycle/nuclear proteins and genome-wide sgRNA libraries (showing genes for which at least 2 sgRNAs changed representation in ≥ 2 folds, FDR (false discovery rate) ≤ 0.05).
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Candidate genes changing sensitivity of MIA PaCa-2 pancreatic cancer cells to oxaliplatin, n = 146






	

	
CRISPR/Cas9 screening with cell cycle/nuclear proteins sgRNA library




	

	
knockout led to increase in sensitivity to oxaliplatin (n = 7):




	

	
BRIP1, ERCC4, FANCD2, FANCG, FANCI, MAD2L2, NPEPPS




	

	
knockout led to decrease in sensitivity to oxaliplatin (n = 1):




	

	
PPP2R2A




	

	
CRISPR/Cas9 screening with genome-wide sgRNA library




	

	
knockout led to increase in sensitivity to oxaliplatin (n = 96):




	

	
ACOX1, AP2M1, ATF6B, ATF7IP2, BPI, BTK, C14orf93, C17orf70, CDC42EP3, CDKN1B, CERS3, CERS6, COX7A2L, CRYBB1, DDAH1, DDX27, DEFA6, EMC2, EPB41L3, ESCO1, FAM160A2, FAM209A, FANCD2, FCHO2, FGFRL1, FOCAD, GCLM, GFOD2, GJB6, GNAQ, GNGT1, H2BFWT, HERC6, HEYL, HIST1H1T, HMG20B, HMGCS2, HSD3B2, KDM2B, KRTAP10-8, LEFTY1, LGI2, LMAN1, LPO, LRP1, LRRC26, MAD2L2, MAN2B1, MAP7D1, MAPK15, MARCKSL1, MCM9, MDN1, MEF2A, METRN, MPLKIP, MYO1G, NGLY1, NIPSNAP3B, NPEPPS, NPRL2, ORC6, PAX7, PCGF1, PDIA2, PEF1, PIEZO1, PKD2L2, PLAGL2, PPY, PRF1, PRRC2A, PTBP2, PVRL4, RASSF5, RGL2, RPA4, RSPH10B, SEMA3G, SMC5, SMOX, SMR3B, SYNGR2, TEKT2, TMEM185B, TPM3, TRIM4, UBE2N, UBE2T, UBE2V2, UNC5B, VCY, VCY1B, WBP11, ZNF474, ZNF804A




	

	
knockout led to decrease in sensitivity to oxaliplatin (n = 45):




	

	
AGO1, AGO2, ALDH1A1, ANKHD1, ATP5O, C14orf105, CAMTA2, CCDC102B, CLDN8, CREBL2, DDX26B, DYRK1A, EYA3, GAS7, GATS, GDAP1L1, GPX8, LCA5L, LGSN, LOC100127983, MAPK14, MED29, MIS18A, MRPL51, MRPS26, MYOZ2, NDUFB10, NDUFC2, NDUFC2-KCTD14, NDUFS8, NUDCD2, PPAPDC2, RBBP7, RECK, RIPPLY3, SLC38A2, SMAD2, STK11, TEAD2, TLL1, TMC5, TNFRSF12A, ZBTB18, ZNF333, ZNF536




	
Candidate genes changing sensitivity of MIA PaCa-2 pancreatic cancer cells to cisplatin, n = 34




	

	
CRISPR/Cas9 screening with cell cycle/nuclear proteins sgRNA library




	

	
knockout led to increase in sensitivity to cisplatin (n = 32):




	

	
AUNIP, BRCA1, BRIP1, CAB39, CDCA5, DBF4, DDX11, ERCC4, ESCO2, EXO1, FANCD2, FANCG, FANCI, FBXW7, INCA1, KPNA2, MAD2L2, MND1, NBN, NCAPG2, NEUROD6, NPEPPS, PLEKHA7, PPP1R12A, PSMC3IP, PSME3, RAD51B, RAD9A, RHNO1, STRA13, XRCC2, ZNF318




	

	
knockout led to decrease in sensitivity to cisplatin (n = 2):




	

	
PMS2, TXNRD1








Underlined genes were previously related to platinum drug sensitivity/resistance. Genes highlighted in bold were considered as candidates in both oxaliplatin CRISPR/Cas9 screenings.
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Table 3. Summary results of the performed CRISPR/Cas9 screenings of MIA PaCa-2 pancreatic cancer cells with cell cycle/nuclear proteins and genome-wide sgRNA libraries (showing genes for which at least 2 sgRNAs changed representation in ≥ 2 folds, FDR ≤ 0.05).
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Total list of candidate genes, n = 173






	

	
First time associated with cancer platinum sensitivity/resistance, n = 148




	

	
knockout led to increase in sensitivity to platinum drugs (n = 109):




	

	
ACOX1, AP2M1, ATF6B, ATF7IP2, AUNIP, BPI, BTK, C14orf93, C17orf70, CAB39, CDC42EP3, CDCA5, CERS3, CERS6, COX7A2L, CRYBB1, DBF4, DDAH1, DDX11, DDX27, DEFA6, EMC2, EPB41L3, ESCO1, ESCO2, FAM160A2, FAM209A, FBXW7, FCHO2, FGFRL1, FOCAD, GFOD2, GJB6, GNAQ, GNGT1, H2BFWT, HERC6, HEYL, HIST1H1T, HMG20B, HMGCS2, HSD3B2, INCA1, KDM2B, KPNA2, KRTAP10-8, LEFTY1, LGI2, LMAN1, LPO, LRRC26, MAN2B1, MAP7D1, MAPK15, MARCKSL1, MDN1, MEF2A, METRN, MND1, MPLKIP, MYO1G, NCAPG2, NEUROD6, NGLY1, NIPSNAP3B, NPEPPS, NPRL2, ORC6, PAX7, PCGF1, PDIA2, PEF1, PIEZO1, PKD2L2, PLAGL2, PLEKHA7, PPP1R12A, PPY, PRF1, PRRC2A, PSMC3IP, PSME3, PTBP2, PVRL4, RAD9A, RASSF5, RGL2, RHNO1, RPA4, RSPH10B, SEMA3G, SMC5, SMOX, SMR3B, STRA13, SYNGR2, TEKT2, TMEM185B, TPM3, TRIM4, UBE2N, UBE2V2, UNC5B, VCY, VCY1B, WBP11, ZNF318, ZNF474, ZNF804A




	

	
knockout led to decrease in sensitivity to platinum drugs (n = 39):




	

	
AGO1, AGO2, ANKHD1, ATP5O, C14orf105, CAMTA2, CCDC102B, CLDN8, CREBL2, DDX26B, DYRK1A, EYA3, GATS, GDAP1L1, GPX8, LCA5L, LGSN, LOC100127983, MED29, MIS18A, MRPL51, MRPS26, MYOZ2, NDUFB10, NDUFC2, NDUFC2-KCTD14, NUDCD2, PPAPDC2, RBBP7, RECK, RIPPLY3, SLC38A2, SMAD2, TEAD2, TLL1, TMC5, ZBTB18, ZNF333, ZNF536




	

	
Previously associated with platinum sensitivity/resistance, n = 25




	

	
knockout led to increase in sensitivity to platinum drugs (n = 16):




	

	
BRCA1, BRIP1, CDKN1B, ERCC4, EXO1, FANCD2, FANCG, FANCI, GCLM, LRP1, MAD2L2, MCM9, NBN, RAD51B, UBE2T, XRCC2




	

	
knockout led to decrease in sensitivity to platinum drugs (n = 9):




	

	
ALDH1A1, GAS7, MAPK14, NDUFS8, PMS2, PPP2R2A, STK11, TNFRSF12A, TXNRD1








Underlined genes are involved in the regulation of MIA PaCa-2 PDAC cell sensitivity to both oxaliplatin and cisplatin.
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