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Abstract

:

Treatment options for advanced gallbladder cancer (GBC) are scarce and usually rely on cytotoxic chemotherapy, but the effectiveness of any regimen is limited and recurrence rates are high. Here, we investigated the molecular mechanisms of acquired resistance in GBC through the development and characterization of two gemcitabine-resistant GBC cell sublines (NOZ GemR and TGBC1 GemR). Morphological changes, cross-resistance, and migratory/invasive capabilities were evaluated. Then, microarray-based transcriptome profiling and quantitative SILAC-based phosphotyrosine proteomic analyses were performed to identify biological processes and signaling pathways dysregulated in gemcitabine-resistant GBC cells. The transcriptome profiling of parental and gemcitabine-resistant cells revealed the dysregulation of protein-coding genes that promote the enrichment of biological processes such as epithelial-to-mesenchymal transition and drug metabolism. On the other hand, the phosphoproteomics analysis of NOZ GemR identified aberrantly dysregulated signaling pathways in resistant cells as well as active kinases, such as ABL1, PDGFRA, and LYN, which could be novel therapeutic targets in GBC. Accordingly, NOZ GemR showed increased sensitivity toward the multikinase inhibitor dasatinib compared to parental cells. Our study describes transcriptome changes and altered signaling pathways occurring in gemcitabine-resistant GBC cells, which greatly expands our understanding of the underlying mechanisms of acquired drug resistance in GBC.
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1. Introduction


Gallbladder cancer (GBC) is the most common neoplasm of the biliary tract, characterized by a marked variation in overall incidence and mortality among different populations. The prognosis for GBC is poor because most cases continue to be diagnosed at advanced stages when complete surgical resection, the only potentially curative treatment, is not possible [1].



Adjuvant systemic therapy is prescribed for most patients after gallbladder resection to decrease the risk of recurrence by eliminating clinically undetectable micrometastatic disease [2]. Nevertheless, recurrence is high and the reported 5-year survival rates are less than 50% for this setting [3,4,5]. For patients with unresectable locally advanced and metastatic GBC, systemic chemotherapy with gemcitabine alone or combined with a platinum compound represents the mainstay of first-line treatment [6,7], whereas combination chemotherapy with 5-fluorouracil (5-FU) plus leucovorin and oxaliplatin (FOLFOX) or 5-FU plus leucovorin and irinotecan (FOLFIRI) are used as second-line regimens [1]. Unfortunately, the effectiveness of any one of these regimens is limited and the median overall survival is less than 1 year [8]. A recent systematic review and meta-analysis showed that radiological response rates for GBC seem to be higher than for other forms of biliary tract cancer, but that does not result in longer progression-free survival (PFS) or overall survival (OS) [9].



The high recurrence rates and limited clinical responses to the current therapeutic regimens reflect the aggressive nature and highly drug-resistant phenotype of GBC cells. The cellular and molecular mechanisms associated with chemoresistance in GBC have been scarcely explored, and most studies have essentially evaluated intracellular mechanisms involved in drug resistance in other cancers, such as the activation of drug transporters [10], the expression of specific microRNAs [11,12], the inactivation of drug-metabolizing enzymes [13], or the presence of cancer stem cells [14].



Gemcitabine is the major cytotoxic agent in the adjuvant setting and standard first-line chemotherapy in GBC, used alone or in combination with other cytotoxic agents. Therefore, understanding the mechanisms and molecular features associated with the development of gemcitabine resistance in GBC is crucial for the development of novel therapeutic strategies aimed at either enhancing its cytotoxic effect or selectively targeting vulnerabilities of drug-resistant tumor cells.



In this study, we investigated the cellular and molecular changes associated with the acquisition of gemcitabine resistance in gallbladder cancer by developing and characterizing two gemcitabine-resistant cell lines (NOZ GemR and TGBC1 GemR). Comparative transcriptome and quantitative phosphotyrosine (pY) proteomic analyses revealed potential mechanisms underlying gemcitabine resistance, including the dysregulation of drug metabolism, the enrichment of the epithelial-to-mesenchymal transition (EMT) process, and the activation of receptor and nonreceptor tyrosine kinases such as ABL1, PDGFRA, and LYN. Moreover, pharmacological inhibition using the multikinase inhibitor dasatinib suppressed the proliferation and migration of NOZ GemR cells, suggesting novel therapeutic targets to overcome gemcitabine resistance in gallbladder cancer.




2. Results


2.1. Establishment and Biological Characterization of Gemcitabine-Resistant Gallbladder Cancer Sublines


The GBC cell lines NOZ and TGBC1 were used to explore the mechanisms underlying acquired resistance to gemcitabine in GBC. The stable gemcitabine-resistant sublines (NOZ GemR and TGBC1 GemR) showed an increased IC50 compared to that of the parental cell lines, with a resistance index (RI) of 32.8 and 22.2, respectively (Figure 1A and Table S1). The gemcitabine-resistant cells also displayed a reduced growth rate (Figure S1), with a significant increase in times of 36.26 and 33.03 h for NOZ GemR and TGBC1 GemR compared to 28.97 and 26.08 h for parental NOZ and TGBC1 cells, respectively.



Regarding morphology, we observed differences in size and shape. Notably, most gemcitabine-resistant cells exhibited an elongated shape, a characteristic change in EMT, and TGBC1 GemR cells were larger and did not grow in clusters like parental TGBC1 cells (Figure 1B).



The acquisition of resistance induced by a drug treatment commonly results in the development of multidrug resistance, which determines cross-resistance to other chemotherapeutic agents with overlapping working mechanisms or even to structurally and functionally unrelated drugs [15]. Since gemcitabine is often administered in combination with cisplatin and sequential second-line systemic therapy for GBC includes 5-FU-based combination chemotherapy [1], we decided to evaluate whether gemcitabine resistance conferred cross-resistance to 5-FU and cisplatin in our in vitro model of acquired drug resistance. The viability assay demonstrated that NOZ GemR cells displayed similar resistance to cisplatin and 5-FU compared to parental cells, exhibiting a slight increase in the IC50 values (Table S1). Instead, cross-resistance to cisplatin (RI = 2.9) and 5-FU (RI = 23.6) was observed in TGBC1 GemR (Table S1).




2.2. Gemcitabine-Resistant Cells Exhibit an EMT Signature and Dysregulation of Metabolic Pathways


The gene expression profiling revealed a very clear distinction between parental and gemcitabine-resistant cells (Figure S2A). The extensive analysis of GeneChip data showed differential expression of 562 protein-coding genes (DEGs) in NOZ GemR cells, from which 263 were upregulated and 299 were downregulated compared to NOZ parental cells (Figure S2B, Table S2). In TGBC1, from a total of 773 protein-coding DEGs, 280 were upregulated and 493 were downregulated in gemcitabine-resistant cells compared to parental cells (Figure S2B, Table S2).



Only 16 upregulated DEGs and 9 downregulated DEGs were shared between NOZ GemR and TGBC1 GemR cells (Figure S2C). However, gene ontology analysis identified several dysregulated biological processes shared by both gemcitabine-resistant sublines, including flavonoid glucuronidation (GO: 0052696), xenobiotic glucuronidation (GO: 0052697), biphenyl catabolic process (GO: 0070980), drug metabolism (KEGG: 00982/00983), and pentose and glucuronate interconversions (KEGG: 00040), among others (Figure S2D). These biological processes are represented by gene families such as UGT, GST, AKR, and ALDH that encode enzymes involved in the metabolism of anticancer agents (Table S3). Consistently, the pathway-driven analysis revealed sets of DEGs involved in the same metabolic pathways as well as in the EMT process (Figure 2A,B). To identify enriched biological processes in the gemcitabine-resistant sublines, we also performed a GSEA analysis by examining the DEGs ranked according to their expression level. The results confirmed that the epithelial–mesenchymal transition hallmark was significantly enriched in NOZ GemR cells (NES: 2.56; p = 0.003), along with the enrichment of other biological processes in both GemR cells (Figure 2C, Table S4). The enrichment of each hallmark is promoted by a subset of overrepresented DEGs, called core genes [16], which could play a key role in the chemoresistant phenotype of GemR cells. Based on the leading-edge analysis, we identified core genes that overlapped among the top five most positively enriched gene sets (Figure 2D, Table S5). Many of them have been associated with the acquisition of malignant properties and/or chemoresistance in other tumors, including DPP4, ITGB3, and SPARC (identified in TGBC1 GemR cells), as well as FN1, LAMC2, PTGES, FYN, and CDA (identified in NOZ GemR cells).



According to the transcriptomics data, the EMT process was particularly enriched in both gemcitabine-resistant sublines, and further validation by qRT-PCR and Western blot confirmed the acquisition of an EMT phenotype. Thus, significant upregulation of ZEB1, VIM, and SNAI2 was found in both resistant sublines (Figure 2E). CDH2 was also significantly upregulated in NOZ GemR cells (p = 0.0211) but downregulated in TGBC1 GemR cells (p = 0.0083) (Figure 2E). On the other hand, transcript levels of SNAI1 increased in TGBC1 GemR cells but decreased in NOZ GemR cells (p = 0.0105) (Figure 2E). P-values and fold-change comparisons between microarray data and qRT-PCR are detailed in Tables S6 and S7. Changes in protein levels showed agreement with gene expression (Figure 2F and Figure S3). N-cadherin was undetectable by Western blot, probably because transcript levels were close to the Ct cut-off value.



Alteration of drug metabolism was also identified as a potential chemoresistance mechanism. In particular, we found a significant upregulation of CDA in both resistant cell sublines (p = 0.0033 NOZ GemR and p = 0.0091 TGBC1 GemR), although the fold change was less than 3 in TGBC1 GemR cells (2.32, Table S7). CDA encodes cytidine deaminase, an enzyme capable of inactivating cytidine nucleoside analogs and thereby limiting the antineoplastic efficacy of gemcitabine [17]. CDA was also identified as a dysregulated xenobiotic-metabolism gene in NOZ GemR according to the pathway-driven and leading-edge analyses (Figure 2A,D). Further validation by qRT-PCR and Western blot showed a significant upregulation and overexpression of CDA in both gemcitabine-resistant sublines compared to parental cells, being higher in NOZ GemR cells (p = 0.0007) than in TGBC1 GemR cells (p = 0.0039) (Figure 2E,F).



We also evaluated the gene expression of drug transporters involved in the cellular uptake and efflux of gemcitabine since they have been linked to chemoresistance and low clinical responses. Both gemcitabine-resistant cells exhibited a significant downregulation of SLC29A1 and SLC29A2, genes encoding ENT1 and ENT2, respectively, the major transporters involved in the cellular uptake of gemcitabine (Figure S4). None of the efflux ABC transporters were upregulated in NOZ GemR cells, whereas ABCC2 was significantly upregulated in TGBC1 GemR cells (p = 0.0308) (Figure S4), which could explain the cross-resistance to 5-FU and cisplatin observed in TGBC1-resistant cells.



Taken together, our analyses show that gemcitabine-resistant GBC cells carried out transcriptional reprograming consistent with a chemoresistance phenomenon, which seems to be associated with the acquisition of mesenchymal features and the dysregulation of processes associated with the metabolism of xenobiotics.




2.3. Dysregulation of Gemcitabine Metabolism-Related Genes Is an Early Adaptation of GBC Cells to Drug Toxicity


CDA was the main gemcitabine metabolism-related enzyme found to be upregulated in both stable drug-resistant GBC cell models. Thus, we wanted to clarify whether CDA upregulation is an early cell adaptation in response to gemcitabine-induced stress. We extended the analysis to ENT and ABC transporters and evaluated four GBC cell lines exhibiting varying sensitivity to gemcitabine, from the most sensitive to the most resistant (NOZ, G-415, TGBC1, and TGBC2) (Table S8, Figure S5).



The modulation of gene expression was evaluated by comparing Ct values (2−ΔΔCt) between treated and nontreated cells after exposing them to high doses of gemcitabine (1 and 5 µM) for 24 h. A significant upregulation of CDA was observed in three cell lines, but the fold change was higher in the most sensitive cell lines, NOZ and G-415 (Figure 3A).



All GBC cell lines exhibited the significant upregulation of at least two drug efflux transporters after gemcitabine treatment, with the upregulation of ABCB1 being a common event in all of them (Figure 3B–E). As expected, TGBC1 and TGBC2 showed minor changes as they intrinsically already express high levels of ABC transporters compared to NOZ and G-415 (Figure S5). Regarding the ENT transporters, the levels of SLC29A2 transcripts decreased significantly in NOZ (p = 0.0231 at 1 µM), G-415 (p = 0.0374 at 1 µM and p = 0.0093 at 5 µM), and TGBC2 (p = 0.0050 at 1 µM and p = 0.0195 at 5 µM) after gemcitabine treatment, whereas no significant changes were observed in SLC29A1 expression (Figure 3B–E).



These results suggest that GBC cells could avoid gemcitabine cytotoxicity by activating mechanisms associated with drug transport and metabolism. Among those events, the upregulation of CDA seems to be an early adaptation to acute drug stress (24 h), which is retained during the acquisition of stable gemcitabine resistance.




2.4. Quantitative Analysis of Tyrosine Phosphoproteome in Gemcitabine-Resistant NOZ Cells


To identify signaling molecules associated with acquired gemcitabine resistance in GBC, we combined SILAC-based quantitative proteomics with an anti-phosphotyrosine-based enrichment method to quantify the difference in tyrosine phosphorylation between parental NOZ and NOZ GemR cells (Figure 4A). From duplicate experiments, 1659 tyrosine phosphorylation sites were quantified on 983 proteins. Specifically, we identified 61 proteins with 83 tyrosine hyperphosphorylation sites in NOZ GemR cells and 211 proteins with 320 tyrosine hyperphosphorylation sites in parental NOZ cells. The phosphosites are summarized in Tables S9–S11.



Proteins with increased tyrosine phosphorylation in NOZ GemR cells were significantly enriched in multiple biological processes including peptidyl-tyrosine phosphorylation, the positive regulation of cell migration, lamellipodium assembly, protein autophosphorylation, and substrate-dependent cell migration/cell extension (Figure 4B, Table S12). In the case of parental NOZ cells, proteins with increased tyrosine phosphorylation were significantly enriched in homophilic cell adhesion via plasma membrane adhesion molecules, peptidyl-tyrosine phosphorylation, signal transduction, the ERBB2 signaling pathway, and the EGFR signaling pathway (Figure 4B, Table S13).



To predict the kinase activity in NOZ parental and NOZ GemR cells, we first listed the kinases with increased phosphosites and determined the kinase-regulatory phosphosites using the information registered in Uniprot and PhosphoSitePlus (Table S14). The activation of growth factor receptors (AXL, EGFR, and MET) in parental NOZ cells was consistent with our observation that parental cells grow faster than corresponding gemcitabine-resistant cells. On the other hand, three tyrosine kinases were potentially activated in NOZ GemR cells: ABL1, LYN, and PDGFR. ABL1 was hyperphosphorylated at three activation phosphosites (Y226, Y393, and Y185) and its substrates also showed increased phosphorylation (ABL interactor 1 (ABL1) at Y213) and vinculin (VCL) at Y822). Among the LYN substrates, cortactin (CTTN) was found hyperphosphorylated at Y421 and Y446 in NOZ GemR cells. We also found the increased phosphorylation of multiple PDGFR phosphotyrosine residues (Y742, Y768, Y762, Y849, and Y1017) that act as docking sites and are required for PDGFR interaction with the signaling molecules PIK3R1, CRK, and PLCG1.




2.5. Dasatinib Selectively Killed NOZ GemR Cells and Reduced Their Migration Ability


We reasoned that one or more of the active kinase candidates could be used as potential therapeutic targets for overcoming chemoresistance to gemcitabine in gallbladder cancer. We chose two inhibitors to test the dependency of NOZ GemR cells on the potentially activated pathways: SU6656, a small molecule that selectively inhibits members of the Src kinase family [18], and dasatinib, which is a potent tyrosine kinase inhibitor that targets multiple kinases including ABL, Src family kinases, and PDGFRA [19]. Those agents interact with the active site of their target kinases when they are actively phosphorylated, affecting the downstream signaling. Therefore, we sought to examine the antiproliferative effects of these two inhibitors in NOZ parental and NOZ GemR cells. As shown in Figure 5A, NOZ GemR cells were more sensitive to each inhibitor compared to parental cells; however, the potency of dasatinib was higher than SU6656, with an IC50 of ~5 nM after 72 h of treatment.



The acquired gemcitabine resistance was linked to a more migratory and invasive phenotype in NOZ GemR cells (Figure 5B). After 24 h, we found that NOZ GemR cells exhibited a significant 3.2-fold (p = 0.029) and 3.5-fold (p = 0.029) increase in their ability to migrate and invade, respectively. We then explored the effect of dasatinib on the in vitro migratory and invasive capacity of NOZ GemR cells using inhibitor concentrations that did not significantly affect cell viability (Figure S6). Transwell inserts were prepared, as described in the Methods section, but cells were suspended in a serum-free medium containing the vehicle or the inhibitor at the indicated concentrations. As shown in Figure 5C, the migration of NOZ GemR cells was reduced by 18%, 49%, and significantly reduced by 69% (p = 0.004) at 50, 100, and 200 nM, respectively, compared to the vehicle control. No differences were observed in cell invasion (Figure S7). Taken together, our results indicated that dasatinib can effectively hinder the migration of NOZ GemR cells.





3. Discussion


Gallbladder cancer is an aggressive disease with few therapeutic options, low treatment response rates, and high recurrence risk [1]. The chemotherapeutic failure in many cancers is largely attributed to drug resistance, a complex and multifactorial process that allows tumor cells to survive therapy due to drug-induced selective pressure and adaptive tumor evolution [20]. Currently, the underlying mechanisms associated with the development of chemoresistance in GBC have been scarcely explored.



Here, we investigated the potential molecular pathways involved in acquired resistance to gemcitabine in GBC by developing two gemcitabine-resistant cell lines (NOZ GemR and TGBC1 GemR). Our in vitro models of acquired gemcitabine resistance shared morphological and molecular features, even though the parental cells exhibited different sensitivity to the drug. EMT was a particularly enriched biological process in both GemR cells. As is known, during EMT, tumor cells shift between epithelial and mesenchymal states, acquiring stem cell-like properties that are ultimately responsible for increased drug resistance, invasiveness, and metastatic ability [21]. Here, the dysregulation of several EMT-related genes as well as the spindle-shaped morphology and increased cell size observed in both gemcitabine-resistant GBC sublines supported the acquisition of mesenchymal traits similar to that observed in pancreatic tumor cells with acquired resistance to gemcitabine [22,23]. The transcription factors that mediate gene expression reprogramming during EMT (EMT-TFs) include the zinc-finger Snail homologs (Snai1/Snail, Snai2/Slug, and Snai3), zinc-finger E-box-binding (ZEB1 and ZEB2/SIP1) and several basic helix-loop-helix factors such as Twist and TCF3/E47/E12 [24]. In this study, we report increased levels of EMT-TFs in GemR cells compared to respective parental cells, such as Slug and ZEB1. Slug induces vimentin expression [25] and acts as a transcriptional repressor of CDH1 [26]. Accordingly, vimentin expression was higher in gemcitabine-resistant sublines, and E-cadherin expression was reduced in TGBC1 GemR cells. The dysregulation of EMT-TFs in GBC has not been evaluated in the context of chemoresistance; however, the overexpression of ZEB1 in GBC tissues has been associated with aggressive traits, such as peritumoral tissue invasion [27].



The EMT-induced chemoresistance can be mediated by the upregulation of ATP-binding cassette (ABC) transporters. For instance, MDR1 expression has been regulated by Twist in a model doxorubicin-resistant liver cancer cell line (HepG2) [28] and by Snail in colorectal cancer cells [29]. The downregulation of ENT1, the main transporter regulating the cellular uptake of gemcitabine, has also been pointed to as an EMT-mediated chemoresistance mechanism, as recently demonstrated in pancreatic tumor cells, where the E- to N-cadherin switching initiated by EMT negatively influenced the expression of ENT1, cell surface location, and transport function, leading to gemcitabine resistance [30]. In our study, only TGBC1 GemR cells exhibited the significant upregulation of ATP-transporters coding genes, specifically ABCB1 (MDR1) and ABCC2 (MRP2), together with the overexpression of Snail, Slug, and ZEB1. By contrast, in NOZ GemR cells, none of the five ABC transporters evaluated showed significant changes in gene expression, although the overexpression of Slug was also observed. Regarding ENT1 expression, only NOZ GemR cells exhibited downregulation of the ENT1 coding gene SLC29A1. Taken together, our results suggest a major role of EMT in gemcitabine resistance in GBC; however, further analyses are needed to clarify the functional role and regulatory networks of EMT-related transcription factors during the acquisition of drug resistance in GBC.



The efficacy of gemcitabine is limited due to CDA-mediated detoxification [31]. In pancreatic cancer cell lines, CDA directly metabolizes the captured gemcitabine (dFdC) to an inactive form (dFdU), decreasing the cytoplasmic concentration of phosphorylated gemcitabine [32]. High levels of CDA have been related to the development of gemcitabine resistance in breast [33] and pancreatic tumor cells [34,35,36]. Here, we demonstrated a significant increase in CDA expression in both gemcitabine-resistant sublines, as well as increased transcript levels in GBC cell lines exposed to short-term gemcitabine treatment. Higher changes in CDA expression were found in gemcitabine-sensitive GBC cells (NOZ and G-415), probably because the most resistant cells (TGBC1 and TGBC2) were able to avoid cytotoxicity through enhanced drug efflux since the ABC transporters were upregulated in those cells. Although our results suggest that CDA overexpression could be a protective mechanism of GBC cells against gemcitabine, thereby enhancing drug detoxification processes, additional experiments are needed to determine the role of CDA in the early adaptation of GBC cells to gemcitabine-induced stress, including the assessment of protein expression and functional analyses. To the best of our knowledge, these findings have not been reported in GBC; however, CDA has been proposed as a prognostic factor [37], therapeutic target [38], or predictive biomarker for cytotoxicity [39], and therapy response [40] against gemcitabine-based treatments in other tumors.



Finally, we employed quantitative phosphoproteomics analysis to identify aberrantly activated signaling events associated with acquired gemcitabine resistance in NOZ cells, which may contribute to clarifying novel druggable targets. Our analyses revealed the potential activation of three kinases in NOZ GemR cells: ABL1, PDGFRA, and LYN. These tyrosine kinases play a role in multiple key cellular processes, and their dysregulation has been associated with the aggressive behavior of tumor cells. For instance, ABL kinases are involved in the regulation of actin remodeling through the tyrosine phosphorylation of proteins controlling cytoskeleton dynamics [41]. The activation of ABL kinases has been shown to regulate the expression of EMT transcription factors and promote tumor invasion in melanoma [42]. LYN, a member of the Src kinase family of nonreceptor tyrosine kinases (SFKs), transmits signals from cell surface receptors and controls the regulation of several biological processes [43]. LYN kinase activity has been reported as significantly elevated in other solid tumors, such as pancreatic [44] and breast cancer [45,46]. PDGFRA, on the other hand, is a cell surface tyrosine kinase receptor that plays an essential role in the regulation of embryonic development, cell proliferation, survival, and chemotaxis [47]. The pharmacological inhibition of those kinases using dasatinib, a multikinase inhibitor, resulted in the decreased viability and cell migration of NOZ GemR cells. The specificity of dasatinib on gemcitabine-resistant cells compared to parental cells suggest that one or more of the targeted pathways are activated in GemR cells and could represent a therapeutic vulnerability in gallbladder cancer having acquired resistance to chemotherapy. Previous reports have shown that dasatinib reduces cell motility and increases tumor chemosensitivity by proapoptotic mechanisms and the reduction in cancer stemness, respectively [48,49]. In GBC, dasatinib reduced tumor growth in vivo and enhanced the therapeutic response to anti-EGFR treatment [50]. Therefore, dasatinib could represent an effective pharmacological strategy to reverse gemcitabine resistance in GBC, although validation in preclinical models is necessary to confirm the activation of those kinases (ABL1, PDGFRA, and LYN) in gemcitabine-resistant tumors and the effectiveness of dasatinib to potentially overcome resistance to chemotherapy in GBC.



In summary, the transcriptomic and phosphoproteomic characterization of gemcitabine-resistant GBC cells identified multiple potential biomarkers for predicting and/or monitoring chemoresistance and uncovered potential molecular pathways that could be targeted to overcome the resistant phenotype. For instance, the increased expression of CDA, FN1, LAMC2, and EMT-related markers, as well as potentially activated tyrosine kinases. Thus, these two drug-resistant GBC sublines may be useful in exploring and validating potential therapeutic targets for chemotherapy-refractory GBC.




4. Materials and Methods


4.1. Cell Culture


The human GBC cell line NOZ was obtained from the Health Science Research Resources Bank (Osaka, Japan; No. JCRB1033). The other three GBC cell lines, G-415, TGBC-1TKB (TGBC1), and TGBC-2TKB (TGBC2), were purchased from RIKEN BioResource Center (Ibaraki, Japan; No. RCB2640, RCB1129, and RCB1130). NOZ, TGBC1, and TGBC2 were grown in Dulbecco’s Modified Eagle Medium (DMEM high glucose; Corning, NY, USA) supplemented with 5% fetal bovine serum (FBS, Thermo Fisher Scientific Inc., Waltham, MA, USA) and 10 units/mL penicillin and 10 mg/mL streptomycin (1% P/S, Thermo Fisher Scientific). The G-415 cells were grown in RPMI 1640 medium (Thermo Fisher Scientific) supplemented with 10% FBS and 1% P/S. Cells were maintained at 37 °C in a humidified atmosphere containing 5% CO2. All cell lines were routinely tested for mycoplasma by PCR and authenticated by short tandem repeat DNA profiling.




4.2. Establishment of Gemcitabine-Resistant Sublines


Gemcitabine-resistant sublines (NOZ GemR and TGBC1 GemR) were established by exposing parental cell lines to stepwise increased gemcitabine (Sigma-Aldrich, St. Louis, MO, USA) concentrations. In brief, cells at subconfluent densities were exposed to low doses of gemcitabine starting at absolute ~IC80 (2 nM for NOZ and 5 nM for TGBC1, as determined from the dose-response curves). At every two subcultures at 70% confluence, the concentration of gemcitabine was gradually increased until it reached 500 nM. The establishment of a stable gemcitabine-resistant subline was determined by comparing the IC50 values of parental and resistant cells after growing them in a gemcitabine-free medium for at least 1 month. The resistance index (RI) was determined as the ratio of the IC50 values between the resistant and parental cells. The stability of drug resistance was examined, when necessary, at monthly intervals.




4.3. Measurement of Cell Viability


Cells were seeded into 96-well plates at a density of 3.5 × 103 cells/well in 100 μL of cell culture medium. After an overnight attachment period, the cells were treated for 72 h with a serial dilution of the drug, and cell viability was assessed by incubating the cells for 2 h at 37 °C with MTS–PMS colorimetric solution (Promega Corp., Madison, WI, USA). The 11-point 1:3 serial dilutions started from 300 µM for gemcitabine, 500 µM for cisplatin (Calbiochem, Merck Group, Darmstadt, Germany), 2000 µM for 5-fluorouracil (5-FU, Laboratorios Kampar, Santiago, Chile), and 100 µM for SU6656 (Calbiochem) and dasatinib (Selleckchem, Houston, TX, USA). Absorbance was read at a wavelength of 490 nm using the Epoch™ microplate spectrophotometer (BioTek Instruments Inc., Winooski, VT, USA). The half-maximal inhibitory concentration (IC50) was calculated from the dose-response curves. Three independent experiments were performed with three technical replicates for each.




4.4. Cell Growth Characteristics


Doubling time (DT) was calculated by seeding 10,000 cells per well in 12-well plates and counting them using Trypan blue dye exclusion with a Neubauer camera (Marienfeld-Superior, Lauda-Königshofen, Germany) every 24 h for 4 days. The population doubling time was determined from the growth curves using the “cell calculator++” online tool (https://doubling-time.com/compute_more.php (accessed on 16 April 2018). Three independent experiments were performed with three technical replicates for each.




4.5. Transwell Migration and Invasion Assays


A total of 1 × 104 and 4 × 104 cells (for migration and invasion, respectively) were seeded into the upper chamber of 8 µm-pore transwell inserts (Corning, Corning, NY, USA) in serum-free DMEM and allowed to migrate/invade for 24 h toward the lower chamber containing 600 µL of DMEM with 10% FBS. In the case of the invasion assays, the transwell inserts were precoated with 20 µg of Matrigel (Corning, NY, USA). At the end of the incubation period, the membranes were removed from the inserts using a scalpel blade, mounted onto a glass slide, and scanned using the Aperio Digital Pathology Slide Scanner AT2 (Leica Biosystems, Wetzlar, Germany). The number of cells that migrated/invaded was counted in at least five randomly selected fields at 10× magnification (ImageJ v1.5, National Institutes of Health, Bethesda, MD, USA). Three independent experiments were performed in duplicate for each assay.




4.6. Total RNA Extraction and Microarray Hybridization


Total RNA was extracted using the AllPrep DNA/RNA/miRNA Universal Kit (Qiagen, Valencia, CA, USA) and quantified by spectrophotometry on the Epoch™ microplate spectrophotometer. RNA quality was assessed using the 2200 TapeStation System (Agilent Technologies, Santa Clara, CA, USA). A total of 500 ng of RNA was used to synthesize double-stranded cDNA and the corresponding in vitro transcription cRNA (Ambion WT Expression Kit, Thermo Fisher Scientific). Subsequently, cRNA was purified, quantified, and subjected to single-strand (ss) cDNA synthesis. The purified ss cDNA was then fragmented to <150 bp and the end-terminus was labeled using GeneChipTM WT Terminal Labeling Kit (Thermo Fisher Scientific) following the manufacturer’s guidelines. The labeled samples were then hybridized at 45 °C for 16 h to the Affymetrix human transcriptome array 2.0 according to the guidelines of the Affymetrix GeneChip WT Terminal Labeling and Hybridization User Manual (Thermo Fisher Scientific). Three independent experiments were performed.




4.7. Microarray Data Analysis


The CEL files generated by the Affymetrix GeneChip® Command Console (AGCC) were imported into the Affymetrix Transcriptome Expression Console (TAC) software (version 4.0.2.15) for data normalization using the default robust multichip analysis (SST-RMA) algorithm. Normalized data were then analyzed using the Gene Level Differential Expression Analysis function to identify differentially expressed protein-coding genes with an ANOVA p-value cut-off of <0.01 and a fold change of ≥3. ClueGO was used for gene ontology (GO) analysis [51], considering a kappa score level threshold of 0.4 for the term–term interrelation and including only clusters with a p-value of <0.001 and a Bonferroni correction. Gene set enrichment analysis (GSEA) in preranked mode [16] was performed using differentially expressed genes (p-value cut-off of <0.01) that were tested against a collection of 50 hallmark gene sets available in MSigDB, v7.5.1 (www.gsea-msigdb.org; accessed on 3 August 2022). A leading-edge analysis was then performed in the GSEA software (version 4.2.2) to overlay the gene subsets that contribute the most to the enrichment of the top five dysregulated biological pathways and thus identify the upregulated genes shared among those biological processes.




4.8. Quantitative Real-Time PCR Analysis (qRT-PCR)


Complementary DNA (cDNA) synthesis was carried out from 1 µg of RNA using the AffinityScript QPCR cDNA Synthesis Kit (Agilent). Then, quantitative PCR was performed using the 2× Brilliant II SYBR® Green qPCR master mix (Agilent) and the Cobas Z480 Analyzer (Roche, Indianapolis, IN, USA). Three biological replicates were performed for each experimental condition and the relative expression levels were quantified using the 2−ΔΔCt method [52] and using TFCP2 and QARS as normalizers. Primer sequences are shown in Table S15.




4.9. Western Blot Analysis


Protein expression was analyzed by Western blot assays, as previously described [53]. At least three biological assays were performed. A summarized protocol is shown in the Supplementary Materials: Supplementary Methods/Western blot analysis. The following rabbit monoclonal antibodies were used in this study: anti-Vimentin (D21H3, #5741), anti-E-cadherin (24E10, #3195), anti-Snail (C15D3, #3879), anti-Slug (C19G7, #9585), anti-N-cadherin (D4R1H, #13116), and anti-β-Actin (13E5, #4970) from Cell Signaling Technologies Inc. (Danvers, MA, USA); anti-CDA (EPR20525, #ab222515) from Abcam (Cambridge, UK); and anti-Zeb1 (#HPA027524) from Sigma-Aldrich. HRP-conjugated goat anti-rabbit (#7074) secondary antibody was obtained from Cell Signaling Technologies Inc.




4.10. SILAC Labeling, Peptide Preparation, and Phosphopeptide Enrichment


NOZ cells were grown in a 13C6-lysine/13C6-arginine-containing (heavy) medium, while NOZ GemR cells were grown in a normal (light) medium. The experiment was carried out in a biological duplicate. DMEM with and without lysine and arginine, fetal bovine serum (FBS), L-glutamine, and antibiotics were purchased from Thermo Fisher Scientific. SILAC amino acids, 13C6-lysine, and 13C6-arginine were acquired from Cambridge Isotope Laboratories (Andover, MA, USA). Peptides were prepared using an in-solution tryptic digestion protocol with modifications [54,55]. The eluted peptides were lyophilized and subjected to phosphopeptide enrichment by immunoaffinity purification (IAP), as previously described [54,55]. Peptides were eluted twice from beads by incubating the beads with 0.1% TFA at room temperature. Protocol details are shown in the Supplementary Materials: Supplementary Methods/SILAC protocol.




4.11. Liquid Chromatography–Tandem Mass Spectrometry (LC–MS/MS)


The LC–MS/MS analysis of IAP-enriched phosphopeptides was carried out using a reversed-phase liquid chromatography system interfaced with an Orbitrap-equipped Fusion Lumos Tribrid mass spectrometer. The peptides were loaded onto an analytical column (10 cm × 75 cm, Magic C18 AQ 5 µm, 120 Å) with 0.1% formic acid and eluted using an acetonitrile gradient (0–60%) containing 0.1% formic acid. The settings were: (a) precursor scans (FTMS) from 350–1550 m/z at a 120,000 resolution; and (b) MS2 scan (FTMS) of HCD fragmentation of the most intense ions (cycle time: 30 s; isolation mode: quadrupole; isolation width: 1.60 m/z; Isolation m/z offset: 0.3; stepped collision energy (%): 5; collision energy (%): 32; activation Q = 0.25; FT first mass value: 110.00 (fixed); and data type: centroid at a 30,000 resolution.




4.12. Mass Spectrometric Data Analysis


The tandem mass spectra were searched using the Andromeda algorithm against a human UniProt database (2020-06 release) through the MaxQuant platform (version 1.6.17.0). The search parameters included: SILAC 2-state, Arg6/Lys6; a maximum of three SILAC labels per peptide; a maximum of two missed cleavages; fixed modification: carbamidomethylation of cysteine; variable modification: protein N-term acetylation, oxidation of methionine, deamination of asparagine and glutamine, and the phosphorylation of serine, threonine, and tyrosine. See the Supplementary Materials: Supplementary Methods/Mass spectrometric data analysis for details on parameter values. The quantification of each identified phosphosite was calculated by MaxQuant. The probability of phosphorylation for each Ser/Thr/Tyr site on each peptide was calculated using Andromeda (MaxQuant). For each identified tyrosine phosphorylation site, if the ratio of NOZ GemR over NOZ was more than 2 or there was a lack of heavy peak in both replicates, the site was considered upregulated in NOZ GemR cells; on the other hand, if the ratio of NOZ GemR over NOZ was less than 0.5 or there was lack of light peak in both replicates, the site was considered downregulated in NOZ GemR cells. The GO analysis of up- and downregulated proteins in the biological process was carried out in DAVID Bioinformatics Resource [56,57].




4.13. Statistical Analysis


Data were statistically analyzed using GraphPad Prism 8 software for Windows (GraphPad, San Diego, CA, USA). Between-group comparisons were analyzed using Wilcoxon–Mann–Whitney U or Kruskal–Wallis tests. Expression levels from qPCR data were first analyzed using the Shapiro–Wilk test to determine normality. Then, a two-tailed Student’s t-test with Welch’s correction or Wilcoxon–Mann–Whitney U test was carried out to compare two groups, while a one-way ANOVA or Kruskal–Wallis test was applied to compare mRNA levels among more than two independent groups. For all tests, differences were taken to be statistically significant at a p-value < 0.05 (* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001).









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms24087238/s1.





Author Contributions


Conceptualization, P.G., J.Z. and P.L.; validation, J.Z. and P.G.; formal analysis, L.V.-G., J.Z., K.B. and P.G.; investigation, L.V.-G., C.B., J.Z., F.S. and P.G.; resources, J.Z., K.E., G.R., P.L., J.C.R. and P.G.; writing—original draft preparation, L.V.-G., J.Z. and P.G.; writing—review and editing, L.V.-G., C.B., J.Z., K.B., C.I., H.W., J.O., L.R. and P.G.; visualization, L.V.-G., J.Z., K.B. and P.G.; supervision, J.Z. and P.G.; project administration, P.G.; funding acquisition, P.G., C.B, J.C.R., H.W. and P.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was financially supported by ANID/FONDECYT [grant numbers 11130515, 11180987, 1130392, 1201734, 1221253, and 1221345] and ANID/FONDAP 152220002.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Transcriptomics data have been submitted to the Gene Expression Omnibus database under the accession numbers GSE208659 (NOZ and NOZ GemR) and GSE208660 (TGBC1 and TGBC1 GemR); proteomics data are available at ProteomeXchange via identifier PXD036348.




Acknowledgments


We want to thank Jaime A. Espinoza for his valuable help and support and Justo Lorenzo-Bermejo for helping us with the authentication of the GBC cell lines. Luis Vergara is a candidate from the Applied Molecular and Cellular Biology Ph.D. Program, at Universidad de La Frontera, Temuco.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Roa, J.C.; Garcia, P.; Kapoor, V.K.; Maithel, S.K.; Javle, M.; Koshiol, J. Gallbladder cancer. Nat. Rev. Dis. Prim. 2022, 8, 69. [Google Scholar] [CrossRef] [PubMed]

	



Aloia, T.A.; Jarufe, N.; Javle, M.; Maithel, S.K.; Roa, J.C.; Adsay, V.; Coimbra, F.J.; Jarnagin, W.R. Gallbladder cancer: Expert consensus statement. HPB 2015, 17, 681–690. [Google Scholar] [CrossRef] [PubMed]

	



Czito, B.G.; Hurwitz, H.I.; Clough, R.W.; Tyler, D.S.; Morse, M.A.; Clary, B.M.; Pappas, T.N.; Fernando, N.H.; Willett, C.G. Adjuvant external-beam radiotherapy with concurrent chemotherapy after resection of primary gallbladder carcinoma: A 23-year experience. Int. J. Radiat. Oncol. Biol. Phys. 2005, 62, 1030–1034. [Google Scholar] [CrossRef] [PubMed]

	



Gold, D.G.; Miller, R.C.; Haddock, M.G.; Gunderson, L.L.; Quevedo, F.; Donohue, J.H.; Bhatia, S.; Nagorney, D.M. Adjuvant therapy for gallbladder carcinoma: The Mayo Clinic Experience. Int. J. Radiat. Oncol. Biol. Phys. 2009, 75, 150–155. [Google Scholar] [CrossRef]

	



Wang, S.J.; Lemieux, A.; Kalpathy-Cramer, J.; Ord, C.B.; Walker, G.V.; Fuller, C.D.; Kim, J.S.; Thomas, C.R., Jr. Nomogram for predicting the benefit of adjuvant chemoradiotherapy for resected gallbladder cancer. J. Clin. Oncol. 2011, 29, 4627–4632. [Google Scholar] [CrossRef]

	



Okusaka, T.; Nakachi, K.; Fukutomi, A.; Mizuno, N.; Ohkawa, S.; Funakoshi, A.; Nagino, M.; Kondo, S.; Nagaoka, S.; Funai, J.; et al. Gemcitabine alone or in combination with cisplatin in patients with biliary tract cancer: A comparative multicentre study in Japan. Br. J. Cancer 2010, 103, 469–474. [Google Scholar] [CrossRef]

	



Valle, J.; Wasan, H.; Palmer, D.H.; Cunningham, D.; Anthoney, A.; Maraveyas, A.; Madhusudan, S.; Iveson, T.; Hughes, S.; Pereira, S.P.; et al. Cisplatin plus gemcitabine versus gemcitabine for biliary tract cancer. N. Engl. J. Med. 2010, 362, 1273–1281. [Google Scholar] [CrossRef]

	



You, M.S.; Ryu, J.K.; Choi, Y.H.; Choi, J.H.; Huh, G.; Paik, W.H.; Lee, S.H.; Kim, Y.T. Therapeutic outcomes and prognostic factors in unresectable gallbladder cancer treated with gemcitabine plus cisplatin. BMC Cancer 2019, 19, 10. [Google Scholar] [CrossRef]

	



Azizi, A.A.; Lamarca, A.; McNamara, M.G.; Valle, J.W. Chemotherapy for advanced gallbladder cancer (GBC): A systematic review and meta-analysis. Crit. Rev. Oncol. Hematol. 2021, 163, 103328. [Google Scholar] [CrossRef]

	



Zhan, M.; Wang, H.; Chen, T.; Chen, W.; Yang, L.; He, M.; Xu, S.; Wang, J. NOX1 mediates chemoresistance via HIF1alpha/MDR1 pathway in gallbladder cancer. Biochem. Biophys. Res. Commun. 2015, 468, 79–85. [Google Scholar] [CrossRef]

	



Wang, H.; Zhan, M.; Xu, S.W.; Chen, W.; Long, M.M.; Shi, Y.H.; Liu, Q.; Mohan, M.; Wang, J. miR-218-5p restores sensitivity to gemcitabine through PRKCE/MDR1 axis in gallbladder cancer. Cell Death Dis. 2017, 8, e2770. [Google Scholar] [CrossRef] [PubMed]

	



Yu, J.; Zhang, W.; Lu, B.; Qian, H.; Tang, H.; Zhu, Z.; Yuan, X.; Ren, P. miR-433 accelerates acquired chemoresistance of gallbladder cancer cells by targeting cyclin M. Oncol. Lett. 2018, 15, 3305–3312. [Google Scholar] [CrossRef] [PubMed]

	



Nakano, T.; Saiki, Y.; Kudo, C.; Hirayama, A.; Mizuguchi, Y.; Fujiwara, S.; Soga, T.; Sunamura, M.; Matsumura, N.; Motoi, F.; et al. Acquisition of chemoresistance to gemcitabine is induced by a loss-of-function missense mutation of DCK. Biochem. Biophys. Res. Commun. 2015, 464, 1084–1089. [Google Scholar] [CrossRef] [PubMed]

	



Yu, J.; Tang, Z.; Gong, W.; Zhang, M.; Quan, Z. Isolation and identification of tumor-initiating cell properties in human gallbladder cancer cell lines using the marker cluster of differentiation 133. Oncol. Lett. 2017, 14, 7111–7120. [Google Scholar] [CrossRef] [PubMed]

	



Loria, R.; Vici, P.; Di Lisa, F.S.; Soddu, S.; Maugeri-Sacca, M.; Bon, G. Cross-Resistance Among Sequential Cancer Therapeutics: An Emerging Issue. Front. Oncol. 2022, 12, 877380. [Google Scholar] [CrossRef]

	



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]

	



Frances, A.; Cordelier, P. The Emerging Role of Cytidine Deaminase in Human Diseases: A New Opportunity for Therapy? Mol. Ther. 2020, 28, 357–366. [Google Scholar] [CrossRef]

	



Blake, R.A.; Broome, M.A.; Liu, X.; Wu, J.; Gishizky, M.; Sun, L.; Courtneidge, S.A. SU6656, a selective src family kinase inhibitor, used to probe growth factor signaling. Mol. Cell Biol. 2000, 20, 9018–9027. [Google Scholar] [CrossRef]

	



Lombardo, L.J.; Lee, F.Y.; Chen, P.; Norris, D.; Barrish, J.C.; Behnia, K.; Castaneda, S.; Cornelius, L.A.; Das, J.; Doweyko, A.M.; et al. Discovery of N-(2-chloro-6-methyl-phenyl)-2-(6-(4-(2-hydroxyethyl)-piperazin-1-yl)-2-methylpyrimidin-4-ylamino)thiazole-5-carboxamide (BMS-354825), a dual Src/Abl kinase inhibitor with potent antitumor activity in preclinical assays. J. Med. Chem. 2004, 47, 6658–6661. [Google Scholar] [CrossRef]

	



Yuan, S.; Norgard, R.J.; Stanger, B.Z. Cellular Plasticity in Cancer. Cancer Discov. 2019, 9, 837–851. [Google Scholar] [CrossRef]

	



Shibue, T.; Weinberg, R.A. EMT, CSCs, and drug resistance: The mechanistic link and clinical implications. Nat. Rev. Clin. Oncol. 2017, 14, 611–629. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.; Li, Y.; Kong, D.; Banerjee, S.; Ahmad, A.; Azmi, A.S.; Ali, S.; Abbruzzese, J.L.; Gallick, G.E.; Sarkar, F.H. Acquisition of epithelial-mesenchymal transition phenotype of gemcitabine-resistant pancreatic cancer cells is linked with activation of the notch signaling pathway. Cancer Res. 2009, 69, 2400–2407. [Google Scholar] [CrossRef]

	



El Amrani, M.; Corfiotti, F.; Corvaisier, M.; Vasseur, R.; Fulbert, M.; Skrzypczyk, C.; Deshorgues, A.C.; Gnemmi, V.; Tulasne, D.; Lahdaoui, F.; et al. Gemcitabine-induced epithelial-mesenchymal transition-like changes sustain chemoresistance of pancreatic cancer cells of mesenchymal-like phenotype. Mol. Carcinog. 2019, 58, 1985–1997. [Google Scholar] [CrossRef] [PubMed]

	



Lamouille, S.; Xu, J.; Derynck, R. Molecular mechanisms of epithelial-mesenchymal transition. Nat. Rev. Mol. Cell Biol. 2014, 15, 178–196. [Google Scholar] [CrossRef] [PubMed]

	



Vuoriluoto, K.; Haugen, H.; Kiviluoto, S.; Mpindi, J.P.; Nevo, J.; Gjerdrum, C.; Tiron, C.; Lorens, J.B.; Ivaska, J. Vimentin regulates EMT induction by Slug and oncogenic H-Ras and migration by governing Axl expression in breast cancer. Oncogene 2011, 30, 1436–1448. [Google Scholar] [CrossRef]

	



Molina-Ortiz, P.; Villarejo, A.; MacPherson, M.; Santos, V.; Montes, A.; Souchelnytskyi, S.; Portillo, F.; Cano, A. Characterization of the SNAG and SLUG domains of Snail2 in the repression of E-cadherin and EMT induction: Modulation by serine 4 phosphorylation. PLoS ONE 2012, 7, e36132. [Google Scholar] [CrossRef]

	



Adachi, Y.; Takeuchi, T.; Nagayama, T.; Ohtsuki, Y.; Furihata, M. Zeb1-mediated T-cadherin repression increases the invasive potential of gallbladder cancer. FEBS Lett. 2009, 583, 430–436. [Google Scholar] [CrossRef]

	



Li, R.; Wu, C.; Liang, H.; Zhao, Y.; Lin, C.; Zhang, X.; Ye, C. Knockdown of TWIST enhances the cytotoxicity of chemotherapeutic drugs in doxorubicin-resistant HepG2 cells by suppressing MDR1 and EMT. Int. J. Oncol. 2018, 53, 1763–1773. [Google Scholar] [CrossRef]

	



Wang, H.; Li, J.M.; Wei, W.; Yang, R.; Chen, D.; Ma, X.D.; Jiang, G.M.; Wang, B.L. Regulation of ATP-binding cassette subfamily B member 1 by Snail contributes to chemoresistance in colorectal cancer. Cancer Sci. 2020, 111, 84–97. [Google Scholar] [CrossRef]

	



Weadick, B.; Nayak, D.; Persaud, A.K.; Hung, S.W.; Raj, R.; Campbell, M.J.; Chen, W.; Li, J.; Williams, T.M.; Govindarajan, R. EMT-Induced Gemcitabine Resistance in Pancreatic Cancer Involves the Functional Loss of Equilibrative Nucleoside Transporter 1. Mol. Cancer Ther. 2021, 20, 410–422. [Google Scholar] [CrossRef]

	



Eliopoulos, N.; Cournoyer, D.; Momparler, R.L. Drug resistance to 5-aza-2′-deoxycytidine, 2′,2′-difluorodeoxycytidine, and cytosine arabinoside conferred by retroviral-mediated transfer of human cytidine deaminase cDNA into murine cells. Cancer Chemother. Pharmacol. 1998, 42, 373–378. [Google Scholar] [CrossRef] [PubMed]

	



Bjanes, T.K.; Jordheim, L.P.; Schjott, J.; Kamceva, T.; Cros-Perrial, E.; Langer, A.; Ruiz de Garibay, G.; Kotopoulis, S.; McCormack, E.; Riedel, B. Intracellular Cytidine Deaminase Regulates Gemcitabine Metabolism in Pancreatic Cancer Cell Lines. Drug Metab. Dispos. 2020, 48, 153–158. [Google Scholar] [CrossRef] [PubMed]

	



Ye, F.G.; Song, C.G.; Cao, Z.G.; Xia, C.; Chen, D.N.; Chen, L.; Li, S.; Qiao, F.; Ling, H.; Yao, L.; et al. Cytidine Deaminase Axis Modulated by miR-484 Differentially Regulates Cell Proliferation and Chemoresistance in Breast Cancer. Cancer Res. 2015, 75, 1504–1515. [Google Scholar] [CrossRef] [PubMed]

	



Weizman, N.; Krelin, Y.; Shabtay-Orbach, A.; Amit, M.; Binenbaum, Y.; Wong, R.J.; Gil, Z. Macrophages mediate gemcitabine resistance of pancreatic adenocarcinoma by upregulating cytidine deaminase. Oncogene 2014, 33, 3812–3819. [Google Scholar] [CrossRef]

	



Samulitis, B.K.; Pond, K.W.; Pond, E.; Cress, A.E.; Patel, H.; Wisner, L.; Patel, C.; Dorr, R.T.; Landowski, T.H. Gemcitabine resistant pancreatic cancer cell lines acquire an invasive phenotype with collateral hypersensitivity to histone deacetylase inhibitors. Cancer Biol. Ther. 2015, 16, 43–51. [Google Scholar] [CrossRef]

	



Miller, A.L.; Garcia, P.L.; Gamblin, T.L.; Vance, R.B.; Yoon, K.J. Development of gemcitabine-resistant patient-derived xenograft models of pancreatic ductal adenocarcinoma. Cancer Drug Resist. 2020, 3, 572–585. [Google Scholar] [CrossRef]

	



Tibaldi, C.; Camerini, A.; Tiseo, M.; Mazzoni, F.; Barbieri, F.; Vittimberga, I.; Brighenti, M.; Boni, L.; Baldini, E.; Gilli, A.; et al. Cytidine deaminase enzymatic activity is a prognostic biomarker in gemcitabine/platinum-treated advanced non-small-cell lung cancer: A prospective validation study. Br. J. Cancer 2018, 119, 1326–1331. [Google Scholar] [CrossRef]

	



Sohal, D.; Krishnamurthi, S.; Tohme, R.; Gu, X.; Lindner, D.; Landowski, T.H.; Pink, J.; Radivoyevitch, T.; Fada, S.; Lee, Z.; et al. A pilot clinical trial of the cytidine deaminase inhibitor tetrahydrouridine combined with decitabine to target DNMT1 in advanced, chemorefractory pancreatic cancer. Am. J. Cancer Res. 2020, 10, 3047–3060. [Google Scholar]

	



Ciccolini, J.; Dahan, L.; Andre, N.; Evrard, A.; Duluc, M.; Blesius, A.; Yang, C.; Giacometti, S.; Brunet, C.; Raynal, C.; et al. Cytidine deaminase residual activity in serum is a predictive marker of early severe toxicities in adults after gemcitabine-based chemotherapies. J. Clin. Oncol. 2010, 28, 160–165. [Google Scholar] [CrossRef]

	



Serdjebi, C.; Seitz, J.F.; Ciccolini, J.; Duluc, M.; Norguet, E.; Fina, F.; Lacarelle, B.; Ouafik, L.; Dahan, L. Rapid deaminator status is associated with poor clinical outcome in pancreatic cancer patients treated with a gemcitabine-based regimen. Pharmacogenomics 2013, 14, 1047–1051. [Google Scholar] [CrossRef]

	



Colicelli, J. ABL tyrosine kinases: Evolution of function, regulation, and specificity. Sci. Signal. 2010, 3, re6. [Google Scholar] [CrossRef] [PubMed]

	



Jain, A.; Tripathi, R.; Turpin, C.P.; Wang, C.; Plattner, R. Abl kinase regulation by BRAF/ERK and cooperation with Akt in melanoma. Oncogene 2017, 36, 4585–4596. [Google Scholar] [CrossRef] [PubMed]

	



Ingley, E. Src family kinases: Regulation of their activities, levels and identification of new pathways. Biochim. Biophys. Acta 2008, 1784, 56–65. [Google Scholar] [CrossRef]

	



Creeden, J.F.; Alganem, K.; Imami, A.S.; Brunicardi, F.C.; Liu, S.H.; Shukla, R.; Tomar, T.; Naji, F.; McCullumsmith, R.E. Kinome Array Profiling of Patient-Derived Pancreatic Ductal Adenocarcinoma Identifies Differentially Active Protein Tyrosine Kinases. Int. J. Mol. Sci. 2020, 21, 8679. [Google Scholar] [CrossRef] [PubMed]

	



Croucher, D.R.; Hochgrafe, F.; Zhang, L.; Liu, L.; Lyons, R.J.; Rickwood, D.; Tactacan, C.M.; Browne, B.C.; Ali, N.; Chan, H.; et al. Involvement of Lyn and the atypical kinase SgK269/PEAK1 in a basal breast cancer signaling pathway. Cancer Res. 2013, 73, 1969–1980. [Google Scholar] [CrossRef]

	



Tornillo, G.; Knowlson, C.; Kendrick, H.; Cooke, J.; Mirza, H.; Aurrekoetxea-Rodriguez, I.; Vivanco, M.D.M.; Buckley, N.E.; Grigoriadis, A.; Smalley, M.J. Dual Mechanisms of LYN Kinase Dysregulation Drive Aggressive Behavior in Breast Cancer Cells. Cell Rep. 2018, 25, 3674–3692.e3610. [Google Scholar] [CrossRef]

	



Chen, P.H.; Chen, X.; He, X. Platelet-derived growth factors and their receptors: Structural and functional perspectives. Biochim. Biophys. Acta 2013, 1834, 2176–2186. [Google Scholar] [CrossRef]

	



Van Oosterwijk, J.G.; van Ruler, M.A.; Briaire-de Bruijn, I.H.; Herpers, B.; Gelderblom, H.; van de Water, B.; Bovee, J.V. Src kinases in chondrosarcoma chemoresistance and migration: Dasatinib sensitises to doxorubicin in TP53 mutant cells. Br. J. Cancer 2013, 109, 1214–1222. [Google Scholar] [CrossRef]

	



Tian, J.; Raffa, F.A.; Dai, M.; Moamer, A.; Khadang, B.; Hachim, I.Y.; Bakdounes, K.; Ali, S.; Jean-Claude, B.; Lebrun, J.J. Dasatinib sensitises triple negative breast cancer cells to chemotherapy by targeting breast cancer stem cells. Br. J. Cancer 2018, 119, 1495–1507. [Google Scholar] [CrossRef]

	



Lee, S.H.; Kim, J.M.; Lee, D.G.; Lee, J.; Park, J.G.; Han, T.S.; Cho, H.S.; Cho, Y.L.; Bae, K.H.; Park, Y.J.; et al. Loss of desmoglein-2 promotes gallbladder carcinoma progression and resistance to EGFR-targeted therapy through Src kinase activation. Cell Death Differ. 2021, 28, 968–984. [Google Scholar] [CrossRef]

	



Bindea, G.; Mlecnik, B.; Hackl, H.; Charoentong, P.; Tosolini, M.; Kirilovsky, A.; Fridman, W.H.; Pages, F.; Trajanoski, Z.; Galon, J. ClueGO: A Cytoscape plug-in to decipher functionally grouped gene ontology and pathway annotation networks. Bioinformatics 2009, 25, 1091–1093. [Google Scholar] [CrossRef]

	



Schmittgen, T.D.; Livak, K.J. Analyzing real-time PCR data by the comparative C(T) method. Nat. Protoc. 2008, 3, 1101–1108. [Google Scholar] [CrossRef] [PubMed]

	



Weber, H.; Valbuena, J.R.; Barbhuiya, M.A.; Stein, S.; Kunkel, H.; Garcia, P.; Bizama, C.; Riquelme, I.; Espinoza, J.A.; Kurtz, S.E.; et al. Small molecule inhibitor screening identifified HSP90 inhibitor 17-AAG as potential therapeutic agent for gallbladder cancer. Oncotarget 2017, 8, 26169–26184. [Google Scholar] [CrossRef] [PubMed]

	



Rush, J.; Moritz, A.; Lee, K.A.; Guo, A.; Goss, V.L.; Spek, E.J.; Zhang, H.; Zha, X.M.; Polakiewicz, R.D.; Comb, M.J. Immunoaffinity profiling of tyrosine phosphorylation in cancer cells. Nat. Biotechnol. 2005, 23, 94–101. [Google Scholar] [CrossRef] [PubMed]

	



Zhong, J.; Kim, M.S.; Chaerkady, R.; Wu, X.; Huang, T.C.; Getnet, D.; Mitchell, C.J.; Palapetta, S.M.; Sharma, J.; O’Meally, R.N.; et al. TSLP signaling network revealed by SILAC-based phosphoproteomics. Mol. Cell Proteom. 2012, 11, 017764. [Google Scholar] [CrossRef] [PubMed]

	



Huangda, W.; Sherman, B.T.; Lempicki, R.A. Bioinformatics enrichment tools: Paths toward the comprehensive functional analysis of large gene lists. Nucleic Acids Res. 2009, 37, 1–13. [Google Scholar] [CrossRef]

	



Huangda, W.; Sherman, B.T.; Lempicki, R.A. Systematic and integrative analysis of large gene lists using DAVID bioinformatics resources. Nat. Protoc. 2009, 4, 44–57. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 24 07238 g001 550] 





Figure 1. Distinctive features of gemcitabine-resistant gallbladder cancer cells. (A) Dose-response curves of gemcitabine-resistant and parental cells after 72 h of incubation with gemcitabine (mean ± SD from three independent experiments with three technical replicates); and (B) bright-field images showing morphological characteristics of parental and gemcitabine-resistant cells, and the fusiform shape of resistant cells (arrowheads). Scale bars of 50 µm. 
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Figure 2. Biological processes dysregulated in gemcitabine-resistant cells. (A,B) Heat map representation of dysregulated pathways in NOZ GemR and TGBC1 GemR cells compared to parental cells. Data are expressed as the average signal expression of biological triplicates; (C) GSEA enrichment plots showing positively enriched biological pathways in each gemcitabine-resistant subline; (D) heat maps showing the clusters of upregulated genes (columns) of enriched biological processes (rows) in NOZ GemR and TGBC1 GemR cells according to the leading-edge analysis. The expression values are represented by colors from high (red) to low (dark blue); and (E,F) gene and protein expression of CDA and EMT regulators. Relative gene expression of each drug-resistant subline is compared to their respective parental cells normalized to 1 (dashed horizontal line). All data are representative of at least three independent experiments (mean ± SD). Statistical significance was determined using a two-tailed Student’s t-test with Welch’s correction (* p < 0.05, ** p < 0.01, and *** p < 0.001). Graph bars without an asterisk represent results without statistical significance. 
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Figure 3. Differential gene expression induced by short-term exposure to gemcitabine. (A) Relative expression of CDA; and (B–E) the relative expression of genes encoding ENT1/2 and ABC transporters. Relative gene expression was normalized to TFCP2 and QARS (mean ± SD). All data are representative of three independent experiments (* p < 0.05, ** p < 0.01, and *** p < 0.001 by one-way ANOVA or Kruskal–Wallis test). 
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Figure 4. Dysregulated tyrosine phosphorylation in NOZ GemR cells quantified by SILAC. (A) SILAC quantitation experimental design. “Light” NOZ GemR cells (purple) and “heavy” NOZ parental cells (green) were lysed, mixed, and subjected to in-solution trypsin digestion. The tryptic peptides were enriched by an anti-phosphotyrosine antibody for tyrosine-phosphorylated peptides. The enriched phosphopeptides were analyzed on an Orbitrap Fusion Lumos Tribrid mass spectrometer. Upregulated and downregulated phosphorylation in NOZ GemR cells is revealed by the ratio of paired SILAC peaks. (B) GO biological process terms specific to upregulated (upper) and downregulated (bottom) phosphoproteins in NOZ GemR cells. The bars represent the percentage of proteins associated with the terms. 
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Figure 5. The in vitro effect of dasatinib on cell viability and the migration of NOZ GemR cells. (A) Dose-response curves of NOZ GemR and NOZ parental cells after 72 h of incubation with dasatinib and SU6656 (mean ± SD); (B) differential migratory and invasive capacity of NOZ GemR cells compared to NOZ parental cells (mean ± SD); and (C) relative cell migration in NOZ GemR cells after treatment with dasatinib (mean ± SD). Representative images: 10× magnification, scale bar: 250 µm. All data are representative of three independent experiments with three technical replicates. (* p < 0.05; ** p < 0.01 using the Kruskal–Wallis test). 
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