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Editorial on the Research Topic: 


Drug-resistance in cancer cells: A new wine in an old bottle


Cancer is a major challenge to physicians everywhere, and among its malignancy factors, drug resistance, especially multidrug resistance (MDR) phenotypes stand to be one of the most important challenges. This is why we made a call for papers regarding MDR, its causes, and factors that might affect or are directly related to MDR. At the time of writing this editorial, a total of fourteen articles, six review articles and eight original research articles, have been published in this special issue, with over eighteen thousand views up until now.

Negri et al. report that exosomes from resistant hepatocarcinoma cells can induce resistance in sensitive cells in a process that can be reverted by vitamin D. Ye et al., in their work, propose a novel combination therapy strategy to circumvent drug resistance, using a proteolysis targeting chimera (PROTAC) aimed at BCR-ABL1 mutants, characteristic of chronic myeloid leukemia and tyrosine kinase inhibitors. Narayanan et al. provide us with an evaluation of the anticancer potential of sixteen thiazolyl hydrazone derivates of 1-indanone, remarking that one of them, IHT-6, shows promise in the treatment of p53 mutant colorectal cancers, going as far as providing a possible mechanism of action for the drug. Zeng et al., in their research, show that A011, a sigma-2 receptor ligand shows promising toxicity levels against both parental and resistant MCF-7 cells, which is capable of inhibiting ABCB1 transport activity and downregulating ABCG2 expression. A study involving ovarian cancer patients performed by Oplawski et al. shows a correlation between the levels of antigen CA-125 (associated with drug resistance) and patients that have undergone chemotherapy treatment along with surgery. The work of Indorato et al. evaluates mutations in the Eg5 mitotic kinesin and how they translate into resistance phenotypes, predicting that inhibitors may work or not depending on the binding site for Eg5. Ye et al. provide us with an insightful study of drug-delivery strategies for docetaxel and curcumin via liposomes, showing that the co-delivery system is more efficient than the free drugs against MCF-7 tumors in mice. The work of Szymczyk et al. shows us that activation of Akt by either the canonical or alternative pathways is essential for the protective effect against drugs affecting tubulin polymerization in cancer cells.

We also received very insightful review articles that put established knowledge in a new perspective. Xia et al. summarize the regulatory mechanisms of m6A modification in the drug therapy of digestive system malignancies. Li et al. supply a compendium of the understanding of the mechanism of ferroptosis based on the System Xc−/GSH/GPX4 axis in the treatment of drug-resistant solid tumors. Barreto et al. provide an insight into the immunophenotypic characteristics and mechanisms of resistance presented by LSCs and also suggest possible alternatives for the treatment of patients. Zhou et al. judiciously review the more recent works on the emerging role and underlying mechanisms of ncRNAs involved in cancer drug resistance and focus on their clinical applications as biomarkers and therapeutic targets in cancer treatment. Cheng et al. review predictive factors for anti-PD-1/PD-L1 immunotherapy in EC, demonstrating resistance mechanisms to PD-1/PD-L1 blockade. The work of Very and Yazidi-Belkoura summarizes recent evidence that cancer therapeutics affect cellular O-GlcNAcylation, and reciprocally, that O-GlcNAcylation modulates the response of cancer cells to therapies. It also shows the benefits of targeting O-GlcNAcylation as a novel therapeutic strategy for cancer.

This compilation of studies provides a great insight into cancer therapy and drug resistance, covering various subjects from the underlying causes of MDR to ways of circumventing it. Readers will undoubtedly benefit from this material.
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Several multi-kinase inhibitors were widely tested as potential first-line or second-line therapy in patients with advanced hepatocellular carcinoma (HCC). However, acquired drug resistance limits their clinical efficacy. Exosomes are microvesicles secreted by tumor and stromal cells that participate in many biological processes, including drug resistance. The current study evaluated the capability of exosomes derived from everolimus (EVE)-resistant HCC cells in inducing drug resistance in parental human HCC cells and the effect of 1,25(OH)2Vitamin D (VitD) treatment in restoring EVE sensitivity. The internalization of exosomes from EVE-resistant (EveR) cells into parental cells conferred the transmission of aggressive phenotype by promoting the transition of epithelial-to-mesenchymal phenotype, as demonstrated by immunofluorescence, and the acquisition of EVE resistance, as demonstrated by cell proliferation and colony formation assays. Moreover, the internalization of exosomes from EveR into parental cells induced deregulation of the mTOR pathway mainly by triggering the activation of the serine/threonine protein kinase Akt, involved in the cellular survival pathway, as demonstrated by Western blot analysis. Interestingly, the treatment with VitD prevented exosome-induced EVE resistance in HCC cells, significantly inhibiting cell proliferation but also partially reducing colony and size number when combined with EVE compared with control. In conclusion, the results of the current study demonstrated that exosomes derived from EveR cells could induce EVE resistance in EVE-sensitive HCC cells and that VitD can revert the exosome-induced EVE resistance by resensitizing to EVE treatment.
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Introduction

Hepatocellular carcinoma (HCC) is the most frequent among primary liver cancers and represents the fourth most common cause of cancer-related death worldwide (1). Cancer surveillance is applied to patients with a high risk to develop HCC, such as patients with cirrhosis, hepatitis B, and chronic hepatitis C with liver fibrosis, with the aim to detect tumors at early stages in order to increase the opportunity to use curative treatments and improve survival (1, 2). Nevertheless, regrettably, HCC is often diagnosed at advanced stages (1, 2). Currently, available or emerging systemic therapies, including multi-kinase inhibitors, used in advanced stages, still have limited efficacy with a scarce impact on overall survival (2). As observed in several types of cancers, systemic therapy often results in the reduction of tumor size but rarely succeeds in eradicating the totality of cancer cells, mainly for the acquisition of drug resistance, which is responsible for therapy failure (3). The phenotypic diversity of neoplastic cells that characterizes a tumor mass is considered a major driver of the development of resistance to medical therapy (3). Drug resistance development can involve several concomitant causes and mechanisms, including the drug efflux mechanisms, the persistence of cancer stem cells, the switch of the epithelial–mesenchymal transition (EMT), and the role of cancer-secreted microRNAs (miRNAs) and exosomes in the tumor microenvironment (4). Exosomes are the smallest extracellular vesicles with a diameter size ranging between 40 and 150 nm and a spherical shape bounded by a lipid bilayer membrane (5). Carrying a multitude of diverse biological factors, the exosomes can play a role in the different physiological and pathological processes (5). The different content of exosomes likely reflects the phenotypic states of the cells in physiological and pathological conditions. Interestingly, the exosomal cargoes can be conveyed to the neighboring or distant cells modulating the phenotype of these target cells (5) and, therefore, among the several effects, altering their capability to respond to the medical treatment. A previous study demonstrated that HCC cell-derived exosomes promoted resistance to the multikinase inhibitor sorafenib in in vitro and in vivo HCC models, and exosomes derived from highly invasive tumors could trigger stronger drug resistance (6). However, to the best of our knowledge, no studies have reported the ability of exosomes from HCC cell lines resistant to mTOR inhibitors in inducing drug resistance in HCC parental cells. Therefore, the primary aim of the current study was to investigate whether exosomes released by human everolimus (EVE)-resistant cell lines, JHH-6 and PLC/PRF/5, were able to induce EVE resistance in JHH-6 and PLC/PRF/5 parental cells. Moreover, the recent literature highlights the ability of 1,25(OH) vitamin D (VitD) to reverse the pharmacological resistance acquired in different tumor models and at different levels including the regulation of cancer stem cell growth (7), the EMT (7), and the regulation of specific miRNAs (7, 8). In particular, a recent work of the authors have demonstrated that a pre-treatment with VitD was able to restore the sensitivity to EVE in EVE-resistant HCC cell lines by regulating the EMT process and by reducing oncogene expression through the upregulation of miR-375 expression (8). Therefore, the secondary aim of the current study was to explore the role of VitD in the exosome-mediated transfer of cancer EVE resistance in HCC cell models.



Materials and Methods


Cell Cultures and Compounds

Human HCC cell lines PLC/PRF/5 and JHH-6 were used for the study. Parental cells were cultured as previously described (8). PLC/PRF/5- and JHH-6-resistant cells (EveR) were obtained by continuous culture of cell lines in the presence of EVE 10-8 M for at least 4 months (8). PLC/PRF/5 and JHH-6 parental cells were treated for 16 days with exosomes isolated from PLC/PRF/5 EveR and JHH-6 EveR cells and defined Exo EveR along with the text. Briefly, 1 × 106 PLC/PRF/5 parental cells, 0.5 × 106 JHH-6 parental cells, 2 × 106 PLC/PRF/5 EveR cells, and 1.5 × 106 JHH-6 EveR cells were seeded simultaneously in four different 75-cm3 flasks in the presence of cell culture exosome-free medium (fetal bovine serum, exosome-depleted, One Shot format, Gibco). Exactly every 3 days, the exosomes were extracted by EveR exosome-free medium by the Cell Culture Exosome Purification Midi Kit [Norgen Biotek Corp. (Canada)] according to the manufacturer’s instructions and inoculated in the flasks of both parental cells, respectively. When parental cells reached the confluence, they were detached by trypsin, split, and seeded again in order to complete the exosome-treatment cycle. After 16 days of exosome internalization, the cells were collected for the activity assays. Exosome-treatment protocol has been shown and detailed in Supplementary Figure 1. All cell lines were grown at 37°C in a humidified atmosphere with 5% CO2.

EVE [Selleck Chemicals (UK)] was dissolved in DMSO 100% and stored at −80°C. Fresh aliquots were defrosted prior to each new experiment. Serial dilutions were prepared using DMSO 40% reaching final concentrations of 0.04% in the medium in each well.



Exosomal Protein Extraction and Western Blot

PLC/PRF/5 parental cells (1.5 × 106), (1 × 106) JHH-6 parental cells, (2 × 106) PLC/PRF/5 EveR cells, and (1.5 × 106) JHH-6 EveR cells were seeded in 75-cm3 flasks in the presence of cell culture exosome-free medium (fetal bovine serum, exosome-depleted, One Shot format, Gibco). Cells were grown in adhesion for 3 days, after which they reached 70% of confluence. Exo EveR cells were grown as described in the protocol detailed in Supplementary Figure 1. Parental, EveR, Exo EveR PLC/PRF/5, and JHH-6 cell pellets were harvested and lysed for protein extraction.

Moreover, proteins were also isolated from exosomes released in exosome-free medium of Exo EveR cells by using an ultracentrifuge according to the following protocol. The medium was centrifuged at 300 × g for 10 min at 4°C to remove cell debris. Subsequently, the medium was subjected to 3 other ultracentrifugations to eliminate, based on their size, the large vesicles (2,000 × g for 30 min at 4°C) and medium vesicles (16,500 × g for 30 min at 4°C) and obtain only the smaller vesicles (exosomes) (120,000 × g for 2 h at 4°C). The pellet, composed only of exosomes, is stored at −80°C until protein extraction.

Exosomal proteins were isolated in NP40 buffer supplemented with protease phosphatase inhibitor cocktail and an additional 2.0% SDS on ice for 30 min. The homogenate was centrifuged for 15 min at 1,200 × g and 4°C, and the supernatant was collected and stored at −80°C until use. Exosomal protein concentrations were determined photometrically with a bicinchoninic acid (BCA) Protein Assay Kit (Thermo Scientific, USA).

After protein heat denaturation at 95°C for 10 min, 5 µg of total extracts was used for immunoblotting. Exosomal proteins were separated by 8% SDS-PAGE and then electroblotted onto a nitrocellulose membrane for 90 min in a TransBlot apparatus. After a blocking treatment for 1 h with 5% milk, the nitrocellulose filters were probed with primary antibodies specific for ALIX (EPR15314-33, Abcam), TSG101 [EPR7130(B), Abcam], and CD9 (EPR2949, Abcam) overnight. Subsequently, filters were hybridized with peroxidise-conjugated secondary antibodies and immunoreactive bands were detected by the ECL system. After a chemiluminescent reaction, the blot was exposed to ImageQuant Las 4000 (GE Healthcare).



Exosomes Isolation and Staining

PLC/PRF/5 parental cells (1.5 × 106), (1 × 106) JHH-6 parental cells, (2 × 106) PLC/PRF/5 EveR cells, and (1.5 × 106) JHH-6 EveR cells were seeded in 75-cm3 flasks and grown in 10 ml of exosome-free medium. After 3 days, the cells reached 70% confluence. The medium of EveR cells was collected and exosomes were isolated from cell culture exosome-free medium by using the Cell Culture Exosome Purification Midi Kit [Norgen Biotek Corp. (Canada)] according to the manufacturer’s instructions. Ten milliliters of cell culture media was transferred in a conical tube and centrifuged at 1,000 RPM for 15 min to remove any cells and debris. The cell-free media was transferred into a new 15-ml conical tube where 2.5 µl of ExoC Buffer was added for every 1 ml of cell-free media and 400 µl of Slurry E resin was then supplemented. The solution was mixed well by vortexing for 10 s, left at room temperature for 10 min, and then centrifuged for 2 min at 2,000 RPM. The supernatant was discarded and 400 µl of ExoR Buffer was applied to the slurry pellet; it was mixed well by vortexing for 10 s and the resuspended slurry pellet was incubated at room temperature for 10 min. After incubation, the resuspended pellet was vortexed for 10 s and centrifuged for 2 min at 500 RPM. Lastly, the supernatant was transferred to a Mini Filter Spin column assembled with an elution tube and was centrifuged for 1 min at 6,000 RPM. The flowthrough contained the purified exosomes.

Subsequently, in order to resuspend the exosomes in PBS 1X, the Exo-spin Exosome Purification Kit [Cell Guidance Systems (UK)] was used. Extracted exosomes (200 µl) were added to the column and it was centrifuged for 1 min at 50 × g; the eluate was discarded. The column was placed in a new Eppendorf and 200 µl of PBS 1X was added to the column and centrifuged at 50 × g for 60 s. The exosomes were then marked with PKH67 Green Fluorescent membrane staining [Sigma-Aldrich (USA)]. PKH67 dye (1 µl) was diluted in 500 µl of diluent C. Final dye (250 µl) was mixed with 200 µl of exosomes in PBS 1X for 4 min.

The reaction was stopped by adding an equal volume of PBS 1X and FBS exosome-free (1:1) to this mix, for 3 min. To remove the excess dye, the Exo-spin Exosome Purification Kit [Cell Guidance Systems (UK)] was used as previously described and the colored exosomes were contained in the eluate.

The stained exosomes were inoculated in µ-Dish 35 mm (IBIDI, Germany), previously prepared with PLC/PRF/5 and JHH-6 parental cells at 70% confluence to evaluate the exosome uptake after about 18 h. Images were visualized on an inverted microscope, Olympus IX51, equipped for fluorescence and phase-contrast microscopy (Olympus, Milan, Italy) and were captured at 40× magnification.



mRNA Isolation and RT-qPCR

mRNA isolation from parental and resistant cells was carried out as previously described (9). mRNA expression pattern of single components of mTOR pathway, including mTOR, p70S6k, and 4eBP1, was assessed by SYBR Green-based RT-qPCR performed with specific sets of primer sequences as previously reported (10). The final product was subjected to graded temperature-dependent dissociation to verify that only one product was amplified. Reactions were run in duplicate, and each reaction was repeated thrice on a StepOne Plus real-time PCR machine (Applied Biosystems Foster City, CA, USA). The relative expression levels of each transcript analyzed in each sample were normalized using the housekeeping gene β-actin.



Cell Proliferation Assay

After trypsinization, PLC/PRF/5 parental, EveR and Exo EveR cells (1.5 × 104) and JHH-6 parental, EveR and Exo EveR cells (1.5 × 103) were plated in 1 ml of complete culture medium in 24 well plates for 6 days, respectively. The plates were then placed in an incubator in 5% CO2 at 37°C. After 24 h, VitD 10-7 M and EVE were added to each well at different concentrations, ranging between 10-11 and 10-7 M. Controls were vehicle-treated. Plates were further incubated at 37°C and 5% CO2. The medium was changed and VitD and EVE were freshly added every 3 days. After 6 days of treatment, cells were harvested for DNA measurement. Measurement of total DNA content, representative for the number of cells, was performed using the bisbenzimide fluorescent dye (Hoechst 33258) (Boehring Diagnostics, La Jolla, CA), as previously described (11).



Immunofluorescence Staining

Immunofluorescence staining was performed as previously described (8, 10). The cells were incubated with primary antibodies against Vimentin (Abcam, ab92547, rabbit monoclonal, dilution 1/250) and E-cadherin (Santa Cruz, sc-21791, mouse monoclonal, dilution 1/100) for 1.5 h. Slides were then washed thrice in 0.1% Triton/PBS for 5 min and incubated with the secondary antibodies for 1 h (Millipore, AP124F, goat anti-mouse, FITC conjugated, dilution 1/500; ImmunoReagent, Gtx-Rb-003-DRHO, goat anti-rabbit, TRITC conjugated, dilution 1/500). Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI) (Lonza Group Ltd, Basel, Switzerland), diluted in PBS 1X 1:40,000. Images were visualized on an inverted microscope, Olympus IX51, equipped for fluorescence and phase-contrast microscopy (Olympus, Milan, Italy) and were captured at 40× magnification and acquired with Olympus IX2-LWUCD 6A14956 Digital Camera F-View II (Olympus, Milan, Italy).



Colony-Forming Assay

Colony-forming assay was performed as previously described (8). Parental PLC/PRF/5, EveR, and Exo EveR cells (500 cell/ml) were plated into six-well culture dishes and cultured in complete medium for 21 days. After 24 h of adhesion, cells were treated with EVE 10-10 M and/or VitD 10-7 M, whereas in control cells, vehicles were added. Every 3 days, a fresh medium was replaced and drugs and vehicles were readded. After 21 days, formed colonies were stained (12) and counted. Moreover, the dimension of colonies was evaluated by ImageJ software as integrated density.



Cell Lysis and Western Blot

Cell lysis and WB analysis were performed as previously described (9). Primary antibodies specific for Akt (#9272, Cell Signaling Technology, Italy), p70S6k (H-9) (sc-8418) (Santa Cruz Biotechnology Inc.), 4eBP1 (53H11) (#9644, Cell Signaling Technology, Italy), pAkt (ser473) (#9271, Cell Signaling Technology, Italy), pp70S6k (Thr389) (#9206, Cell Signaling Technology, Italy), p4eBP1 (Ser65) (#9456, Cell Signaling Technology, Italy), and β-actin (A4700; Sigma-Aldrich, Italy) were probed on nitrocellulose filters overnight. Peroxidase-conjugated secondary antibodies (Donkey anti-Rabbit IgG, DkxRb-003-DHRPX, ImmunoReagents, Inc) (Goat anti-Mouse IgG, GtxMu-003-DHRPX, ImmunoReagents, Inc) used were probed for 1 h. Immunoreactive bands were detected by the ECL system and the blot was exposed to ImageQuant Las 4000 (GE Healthcare).



Statistical Analysis

All the experiments were performed in quadruplicate and were replicated three times with the exception of Western blot analysis that was replicated two times. All statistical analyses were performed using GraphPad software. Based on the number of groups to compare, differences between controls and treated groups were determined by Student’s t-test or ANOVA. p-values less than 0.05 were considered statistically significant.




Results


Evaluation of Exosomes’ Extraction From Cell Media

To confirm that the vesicular structures isolated by JHH-6 and PLC/PRF/5 EveR cell media are exosomes, proteins from the plasma and endosomal membranes, including programmed cell death 6-interacting protein (ALIX), tumor susceptibility gene 101 (TSG101), and cluster of differentiation 9 (CD9), were used as markers. As shown in Figure 1A, the specific and selective markers ALIX and TSG101 are both expressed in the exosomes released by JHH-6 and PLC/PRF/5 EveR, while CD9 is only expressed in the exosomes released by JHH-6 EveR. In the exosomal samples of both cell lines, no expression of the cytoskeleton marker, β-actin, confirmed the purity of the exosomal samples.




Figure 1 | (A) Immunoblot analysis of ALIX, TSG101, CD9, and β-actin in whole JHH-6 and PLC/PRF/5 parental cells, EveR, and Exo EveR and in exosome from EveR cell lysates. L, ladder. (B) Green fluorescence microscopy showing the uptake of PKH67-labeled exosomes from JHH-6 and PLC/PRF/5 EveR cells to recipient JHH-6 and PLC/PRF/5 parental cells. Blue represents DAPI staining of the nuclei; green represents exosome membrane staining.





Exosomes From HCC EveR Cells Internalize in HCC Parental Cells

To explore whether the exosomes from donor JHH-6 and PLC/PRF/5 EveR cells could be transferred to recipient JHH-6 and PLC/PRF/5 parental cells, the uptake of labeled exosome was investigated. As shown in Figure 1B, JHH-6 and PLC/PRF/5 EveR cell-derived exosomes, labeled with PKH67 Green Fluorescent Cell Linker, were inoculated with JHH-6 and PLC/PRF/5 parental cells and green staining in the parental cells was observed within 18 h, confirming the exosome incorporation.



Exosomes Induce Mesenchymal-Like Markers in Parental Cells

Tumor progression and the development of drug resistance are dependent on several molecular factors including the crosstalk between tumor cells and their microenvironment. Exosomes released by tumor cells represent a means of communication between cells; therefore, they might take an active role in the transmission of drug resistance. To further investigate the effect of exosome cross-talk on spreading drug resistance signals, it has been tested whether, in parental cells, the incorporation of exosomes released by EveR cells could induce EMT that has been demonstrated to confer resistance to many types of therapeutic agents on tumor cells. Considering the well-known mesenchymal phenotype of parental JHH-6 (13, 14), the EMT has been investigated only the PLC/PRF/5 cell line. As shown in Figure 2, PLC/PRF/5 parental cells and PLC/PRF/5 EveR cells mainly express E-cadherin and vimentin, respectively. Interestingly, when exosomes released by PLC/PRF/5 EveR cells were incorporated by the recipient PLC/PRF/5 parental cells in the latter, a significant gain of EMT marker vimentin (p < 0.01) was observed.




Figure 2 | EMT markers in PLC/PRF/5 parental, EveR, and Exo EveR cells. Exosomes from PLC/PRF/5 EveR cells induce EMT in PLC/PRF/5 parental cells. Blue represents DAPI staining of nuclei; green represents FITC staining of E-cadherin protein; red represents TRITC staining of vimentin protein. *p < 0.05; **p < 0.01; ***p < 0.001.





Exosome Internalization Induces Drug Resistance in HCC Parental Cells

To investigate whether EveR-derived exosome internalization has a role in the acquisition of resistance to EVE in parental cells, cell proliferation assay was performed in JHH-6 and PLC/PRF/5 parental, EveR, and Exo EveR cells after the exposure to escalating doses of EVE, from 10-11 M to 10-7 M, for 6 days. As shown in Figures 3A, B (green line), both HCC cell lines, continuously cultured for at least 4 months in the presence of EVE 10-8 M, acquired drug resistance to the cytostatic effect of escalating doses of EVE, confirming our previous results (8).




Figure 3 | Exosomes are responsible for acquired EVE resistance in HCC cell lines. The graphs represent the proliferation of parental, EveR, and Exo EveR cells in JHH-6 (A) and PLC/PRF/5 (B) cell lines. Parental cells were exposed for 16 days to exosomes isolated by EveR cells (red lines) and then treated for 6 days at escalating doses of EVE. *p < 0.05, **p < 0.01, and ****p < 0.0001 compared to the effect reached after the same EVE treatment doses in parental cells.



Additionally, as shown in Figures 3A, B (red line), following the internalization of exosomes, both JHH-6 and PLC/PRF/5 Exo EveR showed acquired resistance to EVE treatment as demonstrated by the significantly reduced efficacy in inhibiting the cell proliferation observed at the lower concentrations of EVE (10-10 M and 10-9 M) tested. Indeed, in JHH-6 parental cells, the EVE 10-10 M treatment induced 24.7% of inhibition compared to control, whereas the same treatment no longer induced any inhibition in JHH-6 Exo EveR (p < 0.0001 vs. EVE 10-10 M in JHH-6 parental cells). Accordingly, even the EVE 10-9 M treatment induced 56.5% of inhibition (p < 0.0001) in JHH-6 parental cells compared to control, whereas the same treatment in JHH-6 Exo EveR induced only 26.1% of inhibition compared to control, with a reduced percentage of inhibition (30.4%, p < 0.05) compared to the effect of the same EVE treatment in JHH-6 parental (Figure 3A). Consistently, in PLC/PRF/5 parental cells, the EVE 10-10 M treatment induced 16.8% of inhibition (p < 0.05) compared to control, whereas the same treatment no longer induced any inhibition in PLC/PRF/5 Exo EveR (p < 0.01 vs. EVE 10-10 M in PLC/PRF/5 parental cells). Accordingly, even the EVE 10-9 M treatment induced 41.7% of inhibition (p < 0.0001) in PLC/PRF/5 parental cells compared to control, whereas the same treatment in PLC/PRF/5 Exo EveR induced only 21.8% (p < 0.001) of inhibition compared to control, with a reduced percentage of inhibition (19.94%, p < 0.01) compared to the effect of the same EVE treatment in PLC/PRF/5 parental (Figure 3B).

The percentage of cell proliferation inhibition induced by EVE in PLC/PRF/5 and JHH-6 Exo EveR cells is summarized in Table 1.


Table 1 | PLC/PRF/5 and JHH-6 Exo EveR cells acquired resistance to EVE as demonstrated by a reduced percentage of cell proliferation inhibition.



As shown in Figure 4, a colony formation assay, performed with the PLC/PRF/5 cells that in contrast to JHH-6 cells were able to form colonies, demonstrated that the internalization of EveR-derived exosome in parental cells (PLC/PRF/5 Exo EveR) induced the formation of a higher colony number (p = 0.034) and higher colony size (p < 0.0001) compared to parental cells, suggesting that the internalization of EveR-derived exosome might induce a more aggressive phenotype. Nevertheless, the internalization of EveR-derived exosome does not induce EVE resistance compared to parental cells as observed in colony number formation. Indeed, EVE treatment in PLC/PRF/5 parental cells induces 46.7% (p = 0.006) of colony number inhibition and 37.0% (p = 0.009) of colony size reduction compared to the same untreated cells whereas EVE treatment in Exo EveR cells induces 35.3% (p = 0.012) of colony number inhibition and 52.7% (p = 0.001) of colony size reduction compared to the same untreated cells, with a non-significant difference between the effect observed in parental cells treated with EVE and that in Exo-EveR treated with EVE.




Figure 4 | Exosomes are responsible for acquired EVE resistance in HCC cell lines. The images and graphs represent the colony size of parental, EveR, and Exo EveR cells in PLC/PRF/5 before and after EVE treatment. Parental cells were exposed for 16 days to exosomes isolated by EveR cells. All cells were treated for 10 days at EVE 10-10 M. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.



As shown in Figure 5, according to the immunoblot analysis, the protein content of the different mTOR pathway components reflects the acquired resistance to EVE in JHH-6 and PLC/PRF/5 EveR cells. Indeed, a strong reduction of the activity of mTOR downstream effectors p70S6K and 4eBP1 was detected in both cell lines. Interestingly, the internalization of exosomes from EveR cells into parental cells induces a reduction in protein content of phosphorylated forms of p70S6k in both JHH-6 and PLC/PRF/5 Exo EveR cells and of 4eBP1 in PLC/PRF/5 Exo EveR cells, and concomitantly, a hyperexpression of the phosphorylated form of Akt was observed in JHH-6 Exo EveR cells compared to the parental cells.




Figure 5 | Immunoblot analysis of mTOR components in JHH-6 and PLC/PRF/5 parental, EveR, and Exo EveR cells. Densitometry analysis values represent the ratio of phosphorylated/total proteins and of actin as mean of two independent experiments.





Vitamin D Reduces the Exosome-Mediated Transfer of Cancer Resistance to EVE in HCC Cell Lines

To investigate whether EveR-derived exosome internalization might be reduced by VitD, a cell proliferation assay was performed in both JHH-6 and PLC/PRF/5 Exo EveR, while a colony formation assay was performed only in PLC/PRF/5 Exo EveR, after the exposure to VitD 10-7 M, alone and in combination with EVE 10-10 M for 6 days, in the proliferation assay, and for 21 days, in the colony formation assay.

As shown in Figure 6A, VitD induces 23.4% (p < 0.01) of cell proliferation inhibition in JHH-6 Exo EveR, and no further significant inhibition was observed when VitD was combined with EVE compared to control, whereas VitD resensitizes the PLC/PRF/5 Exo EveR to the inhibitory effect of EVE, with 63% (p < 0.0001) of inhibition compared to control and with 50% (p < 0.0001) of inhibition compared to EVE alone.




Figure 6 | VitD reduces the exosome-mediated transfer of cancer resistance to EVE in the PLC/PRF/5 cell line. (A) The graph represents the proliferation of JHH-6 and PLC/PRF/5 Exo EveR cells after 6 days of treatment with EVE 10-10 M, VitD 10-7 M, and EVE 10-10 M + VitD 10-7 M. **p < 0.01; ****p < 0.0001. (B) The images and graph represent the colony number and size of PLC/PRF/5 Exo EveR treated for 21 days with EVE 10-10 M, VitD 10-7 M, and EVE 10-10 M + VitD 10-7 M. **p < 0.01; ***p < 0.001; ****p < 0.0001.



Moreover, as shown in Figure 6B, when VitD was combined with EVE, a trend of further, although not significant, inhibition in colony number and size was also observed in PLC/PRF/5 Exo EveR compared to the effect induced by the treatment with the EVE alone. Indeed, EVE induced 63% (p < 0.001) while the combined treatment induced 80% (p < 0.0001) of inhibition of colony number compared to control. Accordingly, EVE induced 47% (p < 0.01) while the combined treatment induced 79% (p < 0.001) of inhibition of colony size compared to control.




Discussion

The increased number of deaths due to HCC remains a growing concern, although in recent years, great progress has been achieved in diagnosis and therapeutic strategies for the clinical management of HCC (1, 2). Among systemic target therapies recommended for patients who have advanced disease, the multi-kinase inhibitors sorafenib, approved by the Food and Drug Administration (FDA) as a first-line treatment, and regorafenib, approved by FDA as a second-line treatment, have been demonstrated to be safe and effective in increasing survival rate (2). Several additional agents tested for second-line treatment, including the mTOR inhibitor EVE, did not increase the survival rate of advanced HCC (2). The response of a tumor to multi-kinase inhibitors or chemotherapy may be strongly influenced by microenvironmental factors (15). Indeed, solid tumors, including HCC, represent heterogeneous structures composed of cancer, stromal, and immune cells, surrounded by extracellular matrix, and sustained by aberrant vasculature, and exosomes secreted by cancer cells and released in the microenvironment can have an impact on oncogenesis, tumor progression, and drug resistance (15). Increasing evidence demonstrated that exosomes can directly transmit drug-resistant signals by mediating cargo signals including proteins, nucleic acids, and micro-RNA (miRNAs) and affecting EMT or cancer stem cell properties, and by influencing immune response (16–18). It is well known that exosomes have a role in the interactions between HCC tumor cells and their surrounding hepatic milieu. Indeed, a large number of pro-tumorigenic RNAs and proteins, such as MET proto-oncogene, S100 family members, and the caveolins, carried by exosomes from metastatic cell lines, can enhance the migratory and invasive abilities of non-motile immortalized hepatocyte cell line, by activating the mTOR and MAPK pathway (19). In the context of cancer, consisting of heterogeneous cell populations, sensitive cancer cells represent the main cell population that can be affected by multi-kinase inhibitor treatment. Using melanoma cell models, it has been proven that drug-sensitive cells can release “secretomes” driving and fostering the outgrowth of drug-resistant cells (20), and exosomes might represent the major part of these “secretomes” as demonstrated in in vitro and in vivo HCC models where cell-derived exosomes promoted resistance to sorafenib (6). Nevertheless, to the best of our knowledge, it is not clearly demonstrated in HCC models whether the drug-resistant cells can promote and sustain drug resistance in sensitive cancer cells, triggering their cell proliferation progression.

The primary findings of the current study support the hypothesis that exosomes derived from drug-resistant cells mediate tumor cell–cell communications promoting the resistance to EVE and, consequently, inducing tumor progression by the activation of cell proliferation and survival of sensitive HCC cancer cells. Exosomes derived from EVE-resistant cells bestow the mesenchymal phenotype and deregulate the mTOR pathway to sensitive cells, conferring the transmission of an aggressive phenotype. Accordingly, previous studies reported that exosomes derived from highly metastatic HCC cell lines can be taken up by lowly metastatic HCC cell lines undergoing EMT, showing a higher expression of mesenchymal markers and a lower expression of epithelial markers (21, 22). Moreover, previous findings reported by the authors demonstrated that the chronic exposure of HCC cell lines to EVE induces a change in cell phenotype, allowing the cells to acquire more aggressive features as confirmed by the higher expression of vimentin (8). In addition, the results of the current study prove that the “information” of acquired aggressiveness following chronic EVE exposure can be conveyed to sensitive cells through paracrine or endocrine cargo signals by exosomes in HCC in vitro models.

Moreover, the present findings reveal that the chronic EVE exposure induces the inhibition of phosphorylation in Thr389 and in Ser65 in both mTOR pathway components, p70S6K and 4eBP1, respectively, and the activation of Akt in Ser473 in both JHH-6 and PLC/PRF/5 cell models. These data are in line with what has been previously reported even in the BON-1 cell line, a model of pancreatic neuroendocrine tumor, in which a long-lasting (8 weeks) exposure to EVE induced mTOR pathway inactivation of pp70S6K on Thr389 and of p4eBP1 on Thr70 (23). Remarkably, the reduction of molecular target activity is one of best-known mechanisms of resistance to target-based agents. Dowling et al. reported that the key proteins of mTOR pathway p70S6K and 4eBP1 regulate cell growth and mediate cell proliferation, respectively, and notably, when 4eBP1 was knocked down, the anti-proliferative effect of EVE was decreased (24). Interestingly, depending on the cell models and solid tumors, EVE can inhibit the phosphorylation of 4eBP1 on several threonine and serine residues, including Thr70 and Ser65 (25–27), and consequently, the reduced 4eBP1 phosphorylation results in the attenuated effect of EVE that chronically induces EVE resistance. On the other hand, phosphorylation of Akt on Ser473 through the mTOR complex 2 tended to be stronger in EVE-treated cells of solid and hematological tumors, causing the insufficient anti-tumor effect of EVE and triggering the resistant properties of these cells (27–29). Accordingly, the results of the current study showed reduced phosphorylation of p70S6K in JHH-6 and PLC/PRF/5 Exo EveR and of 4eBP1 in PLC/PRF/5 Exo EveR, demonstrating that internalization of EveR exosomes transfers cargo signals capable of deregulating the activity of mTOR target molecules and inducing EVE resistance.

The role of VitD as a reversal agent of drug resistance is gaining growing interest in the scientific community as witnessed by the evidence accumulated during these recent years. Indeed, in several cancer models, VitD has been reported to sensitize tumor drug-resistant cells to chemotherapy and multi-kinase drugs acting through several mechanisms (7), mainly inducing the mesenchymal–epithelial transition (8), inhibiting pro-oncogenic pathway in cancer stem cells (30), upregulating miRNAs that reduce oncogene protein expression (8), and downregulating the expression of multi-drug-resistant protein 1 (MRP1) and multi-drug-resistant protein 5 (MRP5), efflux proteins that cause the chemotherapy and multi-kinase drugs to pump out (31, 32). The results of the current study demonstrated for the first time that VitD can resensitize Exo EveR JHH-6 and PLC/PRF/5 to EVE treatment; indeed, VitD when combined with EVE can inhibit cell proliferation and colony forming, overcoming EVE resistance induced by internalization of EveR exosomes. Further studies need to address the underlying mechanisms through which VitD acts in this experimental setting.

In conclusion, the findings of the current study demonstrated that exosomes, released by HCC cell lines induced to be EVE-resistant by drug chronic exposure, may prompt drug resistance in HCC cell lines in terms of cell proliferation and clonal expansion. The exosome-related drug resistance is due at least to the acquired mesenchymal phenotype and to the deregulation of the mTOR pathway through cargo signals. Moreover, the results of the present study proved that VitD may resensitize HCC cells to the exosome-related EVE resistance.
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Supplementary Figure 1 | Schematic protocol summarizing the sequential steps for the isolation of exosomes from HCC resistant cells and for the internalization in HCC parental cells. On day zero, 1.5x106 JHH-6 EveR, 2x106 PLC/PRF/5 EveR, 0.5x106 JHH-6 and 1x106 PLC/PRF/5 parental cells were seeded in 75 cm2 flasks in exosome-free medium and grown at 37°C in a humidified atmosphere with 5% CO2. After 3 days and every 3 days, precisely at the day 6, 9, 12 and 15, exosomes were isolated from EveR exosome-free medium by Cell Culture Exosome Purification Midi Kit, according to the manufacture instructions and inoculated in the flasks containing parental cells to allow the complete cellular internalization of exosomes. On days 6 and 12, after the collection of media for the exosome isolation, EveR cells, that reached the confluence, were trypsinized and 1.5x106 JHH-6 EveR and 2x106 PLC/PRF/5 EveR were seeded again in a new 75 cm2 flasks in exosome-free medium and grown at 37°C in a humidified atmosphere with 5% CO2. Alike, on days 8 and 14, parental cells, already exposed to exosomes in the previous days, were trypsinized and 0.5x106 JHH-6 and 1x106 PLC/PRF/5 parental cells were seeded again in a new 75cm2 flasks in exosome-free medium and grown at 37°C in a humidified atmosphere with 5% CO2.
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Digestive system tumours, including stomach, colon, esophagus, liver and pancreatic tumours, are serious diseases affecting human health. Although surgical treatment and postoperative chemoradiotherapy effectively improve patient survival, current diagnostic and therapeutic strategies for digestive system tumours lack sensitivity and specificity. Moreover, the tumour’s tolerance to drug therapy is enhanced owing to tumour cell heterogeneity. Thus, primary or acquired treatment resistance is currently the main hindrance to chemotherapy efficiency. N6-methyladenosine (m6A) has various biological functions in RNA modification. m6A modification, a key regulator of transcription expression, regulates RNA metabolism and biological processes through the interaction of m6A methyltransferase (“writers”) and demethylase (“erasers”) with the binding protein decoding m6A methylation (“readers”). Additionally, m6A modification regulates the occurrence and development of tumours and is a potential driving factor of tumour drug resistance. This review systematically summarises the regulatory mechanisms of m6A modification in the drug therapy of digestive system malignancies. Furthermore, it clarifies the related mechanisms and therapeutic prospects of m6A modification in the resistence of digestive system malignancies to drug therapy.
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INTRODUCTION
Digestive system tumours predominantly include stomach, colon, esophagus, liver and pancreatic tumours. Currently, these tumours have high morbidity and mortality rates. Among patients with digestive system tumours, the elderly account for approximately 68.5% (Sung et al., 2021). Surgery, including open, laparoscopic and endoscopic surgeries, is currently the standard treatment for digestive system tumours (Chesney et al., 2021). To date, several treatment strategies, including chemotherapy and radiation, have enhanced the disease-free and overall survival rates of patients with cancer (Zhang et al., 2020a). However, owing to the heterogeneity of cancer cells, primary or acquired treatment resistance is often observed, leading to treatment failure (Dagogo-Jack and Shaw, 2018). Additionally, the occurrence and development of digestive system tumours are reported to be related to the activation of oncogenes, inactivation of tumour suppressor genes and activation of abnormal cell signalling pathways. Furthermore, epigenetic processes regulate gene expression via DNA methylation, histone modification and RNA modification, thereby affecting the occurrence and development of tumours in the digestive system (Kong et al., 2020a).
Liver cancer is the fourth most common cause of cancer-related death worldwide, with hepatocellular carcinoma (HCC) as the most prevalent form, and the incidence of liver cancer is reported to be increasing globally (Kong et al., 2019; Chen et al., 2021a; Kong et al., 2021). HCC is the second most common cause of cancer-related death, but its current treatment strategies and outcomes are poor (Chen et al., 2021a; Llovet et al., 2021). Several drugs, such as Sorafenib (SOR) and Lenvatinib, have been approved for the first-line systemic therapy of advanced or unresectable patients with HCC (Al-Salama et al., 2019; Kant et al., 2021). Thus, the identification of new drug targets for the treatment of HCC is important, especially in tumour immuno-targeted therapy. Currently, systematic therapies, including immune checkpoint inhibitors (ICIs), tyrosine kinase inhibitors and monoclonal antibodies, have been reporting better outcomes than traditional HCC therapies (Llovet et al., 2021). Over the past five years, significant advances have been made in overall survival and the quality of life (Llovet et al., 2018). However, various challenges continue to exist in the treatment of HCC, such as drug resistance.
Pancreatic cancer, a highly lethal malignancy with a 5-year survival rate of approximately 10% in the United States, is becoming an increasingly common cause of cancer-associated death (Mizrahi et al., 2020). Currently, surgical resection remains the only option to cure pancreatic cancer. However, adjuvant chemotherapy has made significant progress in improving the prognosis of patients with pancreatic cancer (Wang et al., 2021a). Adjuvant chemotherapy regimens include FOLFIRINOX [5-fluorouracil (FU), folate, irinotecan and oxaliplatin (OX)] and gemcitabine combined with sodium protein, sodium and paclitaxel and have been shown to prolong overall survival (Mizrahi et al., 2020). Currently, many clinical trials are evaluating the effectiveness of immunotherapy strategies in pancreatic cancer, including ICIs; cancer vaccines; adoptive cell metastasis; and combinations with other immunotherapy agents, chemoradiotherapy, or other molecule-targeted agents. However, the therapeutic outcomes of these strategies remain poor (Schizas et al., 2020). Therefore, the molecular mechanism of pancreatic cancer requires further exploration.
Colorectal cancer (CRC) is the third most common cancer type and has the third-highest rate of cancer-related deaths in the United States (Kong et al., 2020b). CRC ranks 2nd to 4th in the global incidence of cancer depending on region, cancer type or gender (Sawicki et al., 2021). It remains one of the deadliest diseases worldwide due to the lack of early detection methods and appropriate drug treatment strategies (Pavitra et al., 2021). Surgery remains the preferred treatment method for CRC (Chen et al., 2018). Additionally, chemotherapy has become an effective treatment to prolong the survival of patients with CRC. Currently, the commonly used treatment regimens are FOLFOX (OX + calcium folate and FU), CAPEOX (OX + capecitabine) and FOLFIRI (irinotecan + calcium folate and FU) (Dekker et al., 2019). However, the treatment and prognosis of CRC have been unsatisfactory, especially for patients with metastasis. Therefore, the identification of novel drug targets and the improvement of drug resistance could effectively improve the prognosis and survival rate of patients with CRC.
Gastric cancer is the fifth most common cancer worldwide and the third most common cause of cancer-associated deaths (Smyth et al., 2020). Gastric cancer is a multifactorial disease wherein environmental and genetic factors influence its occurrence and development. It is also a highly invasive and heterogeneous malignant tumour (Machlowska et al., 2020). Presently, surgery is the first-line of treatment for gastric cancer (Johnston and Beckman, 2019). Postoperative adjuvant radiotherapy/chemotherapy and targeted therapy have become a routine course of treatment for gastric cancer. Furthermore, active early screening could effectively aid in the early diagnosis of gastric cancer. However, the early diagnosis of gastric cancer remains a challenge due to the poor specificity of diagnostic markers and the cost of screening (Johnston and Beckman, 2019). Therefore, the development of new diagnostic and therapeutic targets is vital to the treatment of gastric cancer.
N6-methyladenosine (m6A) is considered to be the most common, abundant and conserved internal transcriptional modification, especially in eukaryotic messenger RNA (mRNA) (Huo et al., 2020). m6A modification exists in mRNA and various non-coding RNAs (Ma et al., 2019; Huang et al., 2020). m6A is modified by m6A methyltransferase (writer), removed by m6A methylase (eraser) and recognized by reading proteins (reader). It regulates RNA metabolism, including translation, splicing, export, degradation and microRNA (miRNA) processing. Recently, m6A RNA modification has been proved to play a key role in tumour development (Yan et al., 2021). The alteration of m6A levels regulates the expression of tumour-related genes, such as BRD4, MYC, SOCS2 and epidermal growth factor receptor (EGFR), thereby promoting the pathogenesis and development of tumours (He et al., 2019). Many studies report that the dysregulation of m6A is associated with the progression and drug resistance of various cancers, suggesting that m6A regulatory factors can be used as therapeutic targets in cancer treatment and biomarkers in overcoming drug resistance (Xu et al., 2020a).
MOLECULAR MECHANISMS OF N6-METHYLADENOSINE MODIFICATION
N6-Methyladenosine Writers
m6A writers are composed of KIAA1429 (VIRMA), METTL3, RBM15, WTAP, ZC3H13, METTL16, METTL14, and CBLL1 (Shen et al., 2020). As a heterodimer, METTL3/METTL14 can be catalysed and bound by WTAP, which interacts with METTL3/METTL14 and regulates the translation stability of mRNA (Schöller et al., 2018). KIAA1429 plays a key role in guiding the deposition of regionally selective m6A (Hu et al., 2020) and regulating the expression of sex-lethal genes by the selective splicing of pre-mRNA using WTAP (Bansal et al., 2014). METTL16, a newly discovered RNA m6A methyltransferase, acts as an RNA-binding protein (RBP) and plays a key role in SAM homeostasis by regulating SAM synthase MAT2A mRNA (Doxtader et al., 2018). RBM15, an RBP, can regulate Notch, Wnt and other signalling pathways and affect the development of various tumour cells (Wang et al., 2021b). ZC3H13 plays the role of a tumour suppressor, mainly inhibiting tumour occurrence by regulating the Ras–ERK signalling pathway (Zhu et al., 2019a). The mechanism of action of m6A writers in tumours is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Molecular mechanisms of m6A modification in digestive tumors. m6A modification is a dynamic and reversible process. Methyltransferase complexes (writers) catalyze m6A methylation, demethylase (erasers) reverse m6A methylation, and m6A binding protein (readers) promote its function. m6A methylation is involved in carcinogenesis and chemotherapy resistance of digestive tumors.
N6-Methyladenosine Erasers
m6A erasers are predominantly composed of ALKBH5 and FTO (Huo et al., 2020). ALKBH5 regulates RNA metabolism through m6A demethylation, such as pre-mRNA processing and mRNA decay and translation (Qu et al., 2022). It participates in the modification of oncogene or tumour suppressor gene mRNA in an m6A-dependent manner. Moreover, ALKBH5 regulates the transcriptome of tumours, causing changes in cell proliferation, survival, invasion and metastasis; drug sensitivity; tumour stem cell status; and tumour immunity (Qu et al., 2022). Given that ALKBH5 has high substrate specificity in tumours, targeting ALKBH5 has promising potential in cancer treatment (Wang et al., 2020a). On understanding ALKBH5 structure, mediated carcinogenesis and drug reaction mechanism, ALKBH5-targeted therapy could be applied in clinical practice. FTO, a demethylase, was originally identified to be involved in the development of obesity and type 2 diabetes. This gene encodes the FTO protein, which belongs to the ALKB dioxygenase family that is dependent on Fe2+ and 2-oxoglutarate (Gerken et al., 2007). The dysregulation of FTO demethylation has been identified as a driver of various diseases, including cancer, metabolic diseases and neuropsychiatric disorders (Annapoorna et al., 2019). Studies have found that the abnormal expression of FTO is increasingly associated with various diseases, especially cancer. Thus, the development of FTO modulators has potential therapeutic applications. Recent studies report that inhibitors that interfere with FTO activity show significant therapeutic effects in different cancers, thus providing a new strategy for identifying drugs that target external transcriptomic RNA methylation in drug discovery (Zhou et al., 2021). The mechanism of action of m6A erasers in tumours is illustrated in Figure 1.
N6-Methyladenosine Readers
m6A readers can be divided into three types based on binding m6A-containing transcription: YTH domain (YTH family protein), HNRNP family (hnRNPC, hnRNPG and hnRNPA2B1) and common RNA-binding domain and its flanking regions (IGF2BPs and hnRNPA2B1) (Shi et al., 2021; Huang et al., 2022). Additionally, FXR family, IGF2BP family, eIF family and G3BPs family (44). Heterogeneous nuclear ribonucleoproteins (hnRNPs) are a large family of RBPs that are involved in the many aspects of nucleic acid metabolism, including alternative splicing, mRNA stabilization and transcription and translation regulation (Geuens et al., 2016). hnRNP family proteins are abnormally expressed in most tumours and play a role in promoting tumour occurrence and development. The YTH domain protein family is the main “reader” of m6A modification while the YTH domain can recognize and bind m6A-containing RNA. YTH family proteins have different functions to determine the metabolic fate of m6A-modified RNAs (Shi et al., 2021). YTHDF1 selectively recognises m6A-modified mRNA through the YTH domain, promotes its loading into ribosomes and interacts with initiation factors to promote its translation through the N-terminal domain (Wang et al., 2015). Conversely, YTHDF2 selectively binds m6A-modified RNA and regulates its degradation by recruiting CCR4–NOT complexes to accelerate RNA de-enylation (Zhao et al., 2017). YTHDF3 acts as an assigner, following which YTHDF1 and YTHDF2 competitively interact with YTHDF3, thus determining the fate of the mRNA transcript (Jin et al., 2020). YTHDC1, a widely expressed nuclear protein, is located in YT bodies near nuclear spots and phosphorylated by members of the SRC and TEC tyrosine kinase families in the cytoplasm, leading to its conversion function in RNA splicing (Rafalska et al., 2004). Like other proteins in the YTH family, YTHDC2 can recognize and bind to the m6A fragment of mRNA to play a regulatory role (Wojtas et al., 2017). YTHDC2 can improve the translation efficiency of its target, thus affecting the occurrence of tumours (Hsu et al., 2017). The mechanism of m6A readers in tumours is shown in Figure 1.
IMPLICATIONS OF N6-METHYLADENOSINE IN CANCER CHEMOTHERAPY
The prognosis of digestive tract tumours has been significantly improved in recent years. However, the early diagnosis of digestive tract tumours remains elusive, and the phenomenon of drug resistance persists. Moreover, the underlying aetiology of these malignancies remains unclear, therefore, the epigenetic factors that promote the occurrence and development of digestive malignancies should be elucidated and novel biomarkers or effective therapeutic targets should be simultaneously identified (Seebacher et al., 2019). Numerous studies report that m6A modification promotes the occurrence and development of tumours by regulating oncogene expression and inhibiting genes (Huo et al., 2020). Through epigenetic modification, m6A can promote and inhibit tumorigenesis, playing a “double-edged sword” role (He et al., 2019). Furthermore, the m6A regulatory protein is a therapeutic target for cancer and plays an important biological role in the resistance of malignant tumours to chemotherapy (Yu et al., 2019). Additionally, studies show that the mechanisms of drug resistance in malignant tumours are complex and diverse. m6A-dependent RNA modification has also received extensive attention as a potential determinant of tumour heterogeneity and chemotherapy response.
Presently, the identification of efficient and safe chemical drugs for m6A modification is under study. In particular, few drugs based on natural products are characterised by novel structures, various biological activities and reliable safety (Lu and Wang, 2020). Therefore, an m6A regulator based on natural product discovery is considered the future research direction. Furthermore, modern drug discovery platforms, which are characterized by a combination of web-based pharmacology, chemical databases derived from natural resources, computer-aided design and chemical modifications, have been recognized to aid in the development of new drugs that target m6A regulators (Zhang et al., 2021a). Recently, natural products have been used as the chemical libraries of m6A-targeted anticancer drugs, subsequently becoming potential anti-tumour drugs. For example, curcumin is a natural phenolic compound that down-regulates the expression of ALKBH5 and enhances the expression of m6A modified TRAF4-mRNA (Chen et al., 2021b). Resveratrol is a natural polyphenol with antioxidant, anti-inflammatory, heart-protective and anticancer properties that can be used in combination with curcumin to reduce m6A modifications, thereby effectively improving normal growth performance and intestinal mucosal integrity (Gan et al., 2019). Quercetin, another flavonoid, has various biological functions, including anti-cancer activity. It can inhibit the proliferation, migration and invasion of HeLa and SiHa cells synergistically with cisplatin by inhibiting METTL3 expression (Xu et al., 2021). Recent studies suggest that betaine plays an important role in the methylation of m6A. Zhang et al. found that betaine inhibited the expression of m6A methylases, METTL3 and METTL14, in HepG2 cells, but promoted the expression of demethylases, FTO and ALKBH5 Zhang et al. (2019). In addition to these natural products, other active natural products have also been shown to have anti-M6A bioactivity and anti-cancer activity. Fusarium acid decreases p53 expression in HCC HepG2 cells by down-regulating the m6A methylation of p53-mRNA (Ghazi et al., 2021). Although many studies have shown promising prospects for the development of targeted m6A modification drugs, only a few have potential drug-capabilities and can be used as therapeutic targets for cancer treatment. The currently developed m6A modification inhibitors and activators still have disadvantages, such as poor target specificity, efficacy, safety and pharmacokinetics (Huff et al., 2021). Hence, developing novel drugs is vital to cancer treatment.
Thanks to the rapid development of science and technology, especially artificial intelligence (AI) technology and computer technology, the newly discovered drugs have the advantages of fast speed, easy use and cost-saving. Presently, AI-assisted technology has been widely used in drug candidate discovery and development (Paul et al., 2021). Chen et al. (2012) developed a series of FTO inhibitors using AI techniques. The natural product rhein was identified as the first cell-based FTO inhibitor, which also inhibited ALKBH2 activity. Additionally, they designed and synthesised eight luciferin molecules whose structures were similar to two luciferin molecules. The structure-activity relationship of these fluorescent FTO inhibitors was elucidated by the X-ray crystal structure of FTO/luciferin complexes. These studies demonstrate advancement in identifying novel chemical CLASS FTO inhibitors with strictly defined physicochemical properties by combining structure-based drug design with high-throughput in vitro inhibition test systems. Additionally, Huang et al. identified Entacapone as an FTO inhibitor by combining several methods, including structure-based hierarchical virtual screening strategies, biochemical experiments, in vivo experiments and transcriptome sequencing analysis (Peng et al., 2019). Chen et al. also found two effective FTO inhibitors CS1 and CS2 using structure-based virtual screening (Su et al., 2020). Using molecular docking, Lan et al. identified a cage-like molecular activator of METTL3/14, the photocured substituent-linked MPCH. The drug activates METTL3/14 and results in m6A hypermethylation under short periods of ultraviolet light exposure (Lan et al., 2021a). Currently, AI has aided in the development of revolutionary approaches to drug discovery, design and development, therefore, targeting m6A modification regulators could be a possibility, thereby proving its therapeutic potential in cancer treatment.
EFFECTS OF N6-METHYLADENOSINE ON DRUGS IN TUMOUR THERAPY
Hepatocellular Carcinoma
Liver cancer is the sixth most common cancer worldwide, including HCC and cholangiocarcinoma (CCA) subtypes. Recent studies have shown that m6A regulatory factor is closely related to the development of HCC and is expected to be a potential therapeutic target for HCC (Xu et al., 2019). Moreover, HCC is often too advanced for surgical treatment by the time it is diagnosed (Kong et al., 2022). SOR, a bisaryl urea multikinase inhibitor, is the first molecularly targeted drug approved by the Food and Drug Administration (FDA) for the clinical treatment of HCC (Kong et al., 2021). SOR has strong antitumour and antiangiogenic effects, effectively improving the survival rate of patients with advanced HCC (Palazzo et al., 2010; Iacovelli et al., 2015). However, during treatment, changes in epigenetic modifications occur due to the heterogeneity of HCC. This phenomenon suggests that acquired or primary SOR resistance is a major obstacle to the survival of patients with HCC (Zhu et al., 2017a). As an important member of RNA modification, m6A modification plays an important role in regulating drug resistance during HCC treatment. As the most famous m6A methyltransferase, METTL3 has been identified as a key regulator in many biological processes, including cell cycle, apoptosis, migration, invasion, differentiation and inflammatory response (Maldonado López and Capell, 2021). Kong et al. (2022) showed that the lncRNA LINC01273 can promote the resistance of HCC to SOR. LINC01273 increases the stability of miR-600 by acting as a “reservoir” and enhances the inhibition of miR-600 on METTL3 mRNA, resulting in the downregulation of METTL3 and drug resistance of HCC cells to SOR. Additionally, METTL3 increases the m6A level of LINC01273 and decreases the stability of LINC01273 in recognizing YTHDF2. Therefore, the dysregulation of the LINC01273/miR-600/METTL3 axis could be a potential cause of SOR resistance in HCC cells. Notably, METTL3 is often reported as an oncogene and is upregulated in most tumours (Zeng et al., 2020). This could be associated with the dual regulatory role of the m6A regulatory factor. Lin et al. (2020) also found that METTL3 expression is significantly downregulated in SOR-resistant HCC cells. The deletion or depletion of METTL3 promotes the expression of SOR drug resistance and angiogenesis genes and activates autophagy-related pathways. The downregulation of METTL3 expression leads to the decreased stability of FOXO3-mRNA, which promotes the resistance of HCC to SOR. This indicates that METTL3 is a negative regulator of SOR resistance and could be related to the bidirectional action of METTL3, and its internal mechanism is worth further study. Additionally, Xu et al. (2020b) showed that m6A modification promotes the drug resistance of HCC to SOR by regulating the expression level of circRNA-SORE, especially via an m6A modification site in circRNA-SORE. Furthermore, the m6A level of circRNA-SORE was increased in SOR-resistant HepG2 cells and the level of circRNA-SORE was significantly decreased on METTL3/14 knockout. These results indicated that m6A modification promotes HCC resistance to SOR through the circRNA expression level. Currently, SOR has become the first-line drug for patients with advanced liver cancer. Despite the wide use of SOR, it has certain disadvantages in its clinical application (Llovet et al., 2008; Cervello et al., 2012). Some patients acquire resistance to SOR in the course of treatment, which affects the overall survival time of patients with HCC (Zhu et al., 2017b). Therefore, further studies on the mechanism of drug resistance could improve and overcome this obstacle. The mechanism of m6A regulatory factors in HCC is shown in Figure 2 and Table 1.
[image: Figure 2]FIGURE 2 | The regulatory mechanism of m6A modification on chemotherapy resistance in HCC. METTL3, as an m6A writer, is down-regulated in HCC and regulated by LncRNA and miRNA. Meanwhile, METTL3 also regulates the stability of FOXO-mRNA and promotes the resistance of HCC to sorafenib.
TABLE 1 | The roles of different m6A regulators in hepatocellular carcinoma.
[image: Table 1]Pancreatic Cancer
Pancreatic cancer is one of the leading causes of cancer-related deaths in the Western world, owing to its advanced nature, early metastasis and limited response to chemotherapy or radiation. Adjuvant chemotherapy after surgical resection is the preferred treatment for early pancreatic cancer (Zeng et al., 2019). Although gemcitabine remains a cornerstone in the treatment of early-stage advanced pancreatic cancer, its clinical efficacy is poor due to molecular mechanisms, epigenetic modifications, limitations in cell uptake and activation and chemotherapeutic resistance development within weeks of treatment initiation (Amrutkar and Gladhaug, 2017). Current studies on the mechanism of drug resistance in pancreatic cancer report that m6A modification plays an important role in the drug resistance of pancreatic cancer to chemotherapy drugs. The deletion of METTL3, an m6A writer, enhances the sensitivity of pancreatic cancer cells to gemcitabine, 5-FU, cisplatin and radiotherapy. Furthermore, METTL3 could promote the resistance of pancreatic cancer to gemcitabine, 5-FU and cisplatin via several key pathways, including the MAPK cascade, ubiquitin-dependent processes, RNA splicing and cellular process regulation (Taketo et al., 2018). METTL14, another regulator of m6A writer, forms a functional heterodimer with METTL3, which is further catalysed and stabilised by WTAP, promoting the effect of m6A modification (Schöller et al., 2018). Furthermore, METTL14, one of the key methyltransferases, is an RNA-binding scaffold that recognizes the substrate of the m6A methyltransferase complex and has 20% sequence homology with METTL3. Among m6A methyltransferases, METTL14 is speculated to have a methyltransferase function that aids in RNA binding and METTL3 stabilisation (Wang et al., 2017). Kong et al. (2020a) showed that METTL14 is upregulated in pancreatic cancer tissues, with METTL14 knockdown in pancreatic cancer cells enhancing its sensitivity to cisplatin therapy. METTL14 regulates the sensitivity of pancreatic cancer cells to cisplatin treatment via the AMPKα, ERK1/2, and mTOR signalling pathways and improves autophagy via the mTOR signalling pathway. Additionally, METTL14 expression is closely associated with gemcitabine-resistant treatment and upregulated in gemcitabine-resistant human pancreatic cancer cells. METTL14 increases the expression of cytidine deaminase, an enzyme that inhibits gemcitabine. Therefore, METTL14 knockdown significantly increases the sensitivity of gemcitabine in drug-resistant cells (Zhang et al., 2021b). Although the expression of METTL14 is increased in drug-resistant pancreatic cancer cells, its expression regulation mechanism remains unclear. Therefore, further studies on the mechanism of METTL14 resistance are required.
ALKBH5, an m6A eraser, is downregulated in pancreatic cancer. The overexpression of ALKBH5 can inhibit the proliferation, migration and invasive activities of pancreatic cancer (Guo et al., 2020). Compared with existing tumour markers, ALKBH5 shows good prognostic ability, and its expression level is positively correlated with the prognosis of The Cancer Genome Atlas cohort patients (Cho et al., 2018). In patients with pancreatic cancer treated with gemcitabine, ALKBH5 expression is down regulated, whereas its overexpression induces the pancreatic cancer cells’ sensitivity to chemotherapy. The sensitivity of pancreatic cancer cells to gemcitabine is affected by the regulation of Wnt inhibitor 1 and the Wnt pathway (Tang et al., 2020). Unlike readers and writers, only two m6A demethylases, FTO and ALKBH5, are known that rely on Fe (II) and α-ketoglutaric acid (Dai et al., 2018). The downregulation of m6A promotes the resistance of FTO and ALKBH5 to PARPi. Moreover, m6A was confirmed to play an important regulatory role in treatments related to DNA damage response, including radiotherapy, chemotherapy and therapy targeting mutations related to DNA damage repair. Considering that the crystal structures of FTO and ALKBH5 have been determined, the development of drugs targeting FTO and ALKBH5 is a potential research direction (Han et al., 2010; Aik et al., 2014). The mechanism of the m6A regulatory factor in pancreatic cancer is shown in Figure 3 and Table 2.
[image: Figure 3]FIGURE 3 | The regulatory mechanism of m6A modification on chemotherapy resistance in pancreatic cancer. METTL3 and METTL14 are up-regulated in pancreatic cancer and promote drug resistance to gemcitabine, 5-fluorouracil and cisplatin through MAPK cascade, ubiquitin-dependent process, RNA splicing, AMPK α, ERK1/2, and mTOR signaling pathways. The down-regulated expression of ALKBH5 in pancreatic cancer affects the sensitivity of pancreatic cancer cells to gemcitabine by regulating Wnt inhibitor 1 and the Wnt pathway.
TABLE 2 | The roles of different m6A regulators in pancreatic cancer.
[image: Table 2]Colorectal Cancer
Radical surgical resection is the preferred treatment regimen for CRC, and radiotherapy and chemotherapy, as a routine treatment strategy after surgery, can effectively improve the survival of patients (Liu et al., 2019; Kong et al., 2020b). OX, a third-generation platinum drug, is widely used as a first-line chemotherapy agent for CRC. However, repeated long-term dosing induces chemotherapeutic resistance by increasing the expression of multidrug-resistant proteins, glutathione and excision repair cross-complement and promoting cell export and excision repair nucleotides (Allen and Johnston, 2005). Lan et al. (2021b) found that total m6A RNA content and critical methyltransferase METTL3 expression were increased in the CRC tissues of patients with OX resistance. The overexpression of METTL3 enhances the resistance of CRC cells to OX via TRAF5-mediated necrosis. Patients with CRC often develop resistance to 5-FU. Studies showed that miRNAs in exosomes secreted by cancer-associated fibroblasts (CAFs) are associated with sensitivity to 5-FU (Hu et al., 2019). METTL3 promotes miR-181d-5p secretion through the DiGeorge Syndrome Critical Region 8 (DGCR8) in CAFs. CAF-derived exosomes enhance 5-FU resistance in CRC cells via the METTL3/miR-181d-5p axis. Thus, a novel role of exosome miR-181d-5p secreted by CAFs was revealed. METTL3-dependent m6A methylation is upregulated in CRC, thereby promoting miR-181d-5p processing by DGCR8, resulting in increased miR-181d-5plevels, and inhibiting 5-FU sensitivity by targeting NCALD (Pan et al., 2022). METTL3 also promotes CRC resistance to 5-FU through circ-0000677 (Liu et al., 2022a). Additionally, METTL3 catalyses transition adenosine methylation and promotes pre-mRNA preferential splicing and p53 protein’s R273H mutation, leading to acquired drug resistance in colon cancer cells (Uddin et al., 2019).
Cisplatin is a platinum-based chemotherapy drug that has been clinically proven to treat various malignant tumours (Dasari and Tchounwou, 2014). Although cisplatin therapy has achieved good prognosis and survival rates in patients with cancer, problems of drug resistance and considerable side effects remain (Galluzzi et al., 2012). YTHDF1, an m6A “reader”, is an important regulator of tumour progression (Chen et al., 2021c). The expression of YTHDF1 is significantly upregulated in CRC, and its overexpression can reduce the sensitivity of colon cancer cells to cisplatin. YTHDF1 promotes the synthesis of GLS1 protein by binding to GLS1 3′UTR, which causes cisplatin resistance in colon cancer cells (Chen et al., 2021d). Yang et al. (2021) analysed CRC cells using proteomic and transcriptomic analyses to identify proteins involved in multidrug resistance in CRC. Results showed that IGF2BP3 expression was upregulated in CRC, whereas IGF2BP3 knockout significantly improved the sensitivity of CRC to adriamycin. Therefore, IGF2BP3 could be a potential biomarker to predict the occurrence of CRC multidrug resistance. Targeting IGF2BP3 could also be a potential chemotherapy strategy to prevent the development of multidrug resistance in CRC. FTO, an m6A eraser, blocks the ability of cancer stem cells through its N-6,2′-O-dimethyladenosine demethylase activity. The downregulation of FTO expression in CRC enhances the m6A modification level of mRNA, leading to increased tumorigenicity and chemotherapy resistance in vivo (Relier et al., 2021).
Immunotherapy and targeted therapy are current strategies for the treatment of CRC. Programmed cell death-1 (PD-1) checkpoint blocking immunotherapy has achieved impressive clinical success in treating various cancers (Lipson et al., 2015). However, limited or nonresponsive to PD-1 antibody therapy remains a challenge (Ganesh et al., 2019). In immunotherapy-resistant CRC, the deletion of METTL3 and METTL14 enhances the response of CRC and melanoma to PD-1 therapy. This could be attributed to the downregulated expression of METTL3 or METTL14, YTHDF2-stabilized STAT1 and Irf1 mRNA, activated IFN-γ–STAT1–IRF1 signalling pathway and enhanced sensitivity of CRC against PD-1 treatment (Wang et al., 2020b). Cetuximab is an FDA-approved monoclonal antibody against EGFR that is recommended for patients with metastatic CRC and wild-type KRAS/NRAS/BRAF tumours; however, its efficacy remains unsatisfactory, especially in patients with potentially metastatic CRC and adjuvant therapy progression (Benson et al., 2021). Additionally, PHLDB2 is upregulated in CRC and promotes the migration and invasion of cancer cells. METTL14 regulates PHLDB2 and promotes its expression, whereas PHLDB2 upregulation stabilises EGFR and promotes its nuclear translocation, leading to EGFR signal transduction activation and cetuximab resistance (Luo et al., 2022). Therefore, PHLDB2 is a potential therapeutic target for CRC. Hao et al. report that MIR100HG expression is closely related to the markers of epithelial–mesenchymal transformation in CRC and can serve as a positive regulator of epithelial–mesenchymal transformation. MIR100HG maintains cetuximab resistance in vitro and in vivo and promotes the invasion and metastasis of CRC cells. Furthermore, hnRNPA2B1 binds with MIR100HG and maintains the mRNA stability of TCF7L2. hnRNPA2B1 identifies the TCF7L2 mRNA m6A site via the MIR100HG hnRNPA2B1/TCF7L2 axis and enhances CRC resistance to cetuximab (Liu et al., 2022b). Therefore, targeted therapy combined with MIR100HG and immune checkpoint blockade could be a potential therapeutic strategy to improve the immunotherapy response of patients with CRC. The mechanism of m6A regulation in CRC is shown in Figure 4 and Table 3.
[image: Figure 4]FIGURE 4 | The regulatory mechanism of m6A modification on chemotherapy resistance in CRC. In CRC, m6A Writers, Erasers, and Readers are dysregulated and promote CRC resistance to cisplatin, 5-fluorouracil, oxaliplatin, doxorubicin, and targeted agents by regulating the stability of downstream gene expression.
TABLE 3 | The roles of different m6A regulators in colorectal cancer.
[image: Table 3]Gastric Cancer
Endoscopic resection is the standard treatment regimen for early gastric cancer. Non-inchoate operable gastric cancer is treated by surgery while sequential chemotherapy is used for advanced gastric cancer. The first-line treatment also includes platinum drugs and FU double chain (Smyth et al., 2020). OX, a first-line treatment for advanced gastric cancer, has been widely used in clinical settings; however, drug resistance mainly causes treatment failure (Boku et al., 2019; Harada et al., 2021). Li et al. (2022a) showed that CD133+ stem cell-like cells are the main subgroup of OX resistance whereas PARP1 is the central gene mediating OX resistance in gastric cancer. PARP1 can effectively repair the DNA damage caused by OX, leading to the occurrence of drug resistance. Moreover, METTL3 expression is upregulated in CD133+ stem cells. METTL3 recruits YTHDF1 to enhance the stability of PARP1 mRNA, thus playing a role in the repair of PARP1-mediated DNA damage and the development of OX resistance in gastric cancer cells. In addition to OX, cisplatin, either alone or in combination with other chemotherapeutic agents, is a first-line chemotherapy drug for patients with advanced gastric cancer (Kang et al., 2020). However, cisplatin resistance remains a major challenge in the treatment of advanced gastric cancer (Wang et al., 2016). Zhu et al. (2022) found that lncRNA LINC00942 is upregulated in gastric cancer and associated with poor prognosis. LINC00942 upregulates MSI2 expression by blocking the interaction between MSI2 and SCFβ−TrCP E3 ubiquitin ligase, ultimately inhibiting its ubiquitination. Subsequently, LINC00942 enhances C-Myc mRNA stability in an m6A-dependent manner and enhances cisplatin resistance in gastric cancer. Therefore, blocking the LINC00942–MSI2–C-Myc axis could be a novel therapeutic strategy for patients with chemotherapy-resistant gastric cancer. Another lncRNA, ARHGAP5-AS1, is upregulated in gastric cancer and associated with poor prognosis. ARHGAP5-AS1 enhances the stability of ARHGAP5 mRNA by recruiting METTL3 and modifying ARHGAP5 mRNA. Therefore, the upregulation of ARHGAP5 could promote cisplatin chemotherapy resistance in gastric cancer (Zhu et al., 2019b). Hence, targeting the ARHGAP5-AS1/ARHGAP5 axis is a promising strategy for overcoming chemotherapy resistance in gastric cancer. Recently, a special relationship between the tumour microenvironment infiltration of immune cells and m6A modification has been revealed, which cannot be explained by the mechanism of RNA degradation. Therefore, a comprehensive understanding of the characteristics of cell infiltration in the tumour microenvironment mediated by multiple m6A regulatory factors could aid in our understanding of the tumour microenvironment immune regulation. Zhang et al. (2020b) comprehensively analysed the m6A landscape associated with immunophenotype in 1,938 gastric cancer samples and constructed an m6A scoring system called the m6Ascore to quantify the m6A characteristics associated with immune cell infiltration in individual patients with GC. When the m6A score was low, the neoantigen load was increased and immune infiltration was high, indicating that the immune checkpoint blockade (PD-1 and PD-L1) has good clinical efficacy. Therefore, m6A modification plays an important role in the diversity and complexity of the tumour microenvironment. Additionally, Feng et al. (2021) speculate that proton pump inhibitors could be a promising therapeutic strategy to further improve the sensitivity of gastric cancer cells to antitumour drugs. For example, omeprazole pre-treatment can enhance the inhibitory effect of 5-FU, DDP and TAX on gastric cancer cells, increase the total m6A level of gastric cancer cells and inhibit autophagy, thereby improving the anti-tumour efficiency of chemotherapy drugs. The mechanism of m6A regulation in gastric cancer is shown in Table 4.
TABLE 4 | The roles of different m6A regulators in gastric cancer.
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Esophageal cancer is a malignant tumour with a high degree of malignancy and mortality (Jain and Dhingra, 2017; Miller et al., 2020). m6A methylation is an important epigenetic modification involved in the physiological and pathological mechanisms of cancer. However, its role in esophageal cancer remains unclear. Current studies show that m6A modification plays a complex role in the occurrence, development and biological function of esophageal cancer, and it is a research hotspot in epigenetics. m6A modification also has therapeutic potential as an early diagnostic marker and therapeutic target in esophageal cancer. METTL3 has been identified as a decisive inducer of cancer progression, which is up-regulated in esophageal cancer and promotes epithelial-mesenchymal transformation, invasion and migration by regulating miR-20a-5p expression and inhibiting NFIC transcription (Liang et al., 2021). Furthermore, METTL3 was attributed to altered m6A levels in esophageal cancer, and its upregulation was significantly associated with cancer progression. Moreover, the deletion of METTL3 induces the G2/M arrest of esophageal cancer cells via the P21 signalling pathway (Zou et al., 2021). Therefore, METTL3 is a potential target molecule in esophageal cancer treatment. ALKBH5, an m6A regulatory factor, is down-regulated in esophageal cancer. The overexpression of ALKBH5 inhibits esophageal cancer cell proliferation and promotes ESCC cell apoptosis (Li et al., 2021a). Liu et al. revealed a METTL14-miR-99a-5p-TRIB2 positive feedback loop in esophageal cancer that enhances tumour stem cell characterisation and drug resistance of ESCC cells. METTL14 has been shown to play an antitumour role through its N6‐methyladenosine modification function. In esophageal cancer, METTL14 downregulation eliminated the inhibitory effect of Mir-99a-5p on TRIB2 expression by blocking Mir-99a-5p maturation, which subsequently increased the radiation-resistance of ESCC (Liu et al., 2021). Using METTL14’s effect on radiation therapy, Li et al. analysed 15 m6A regulatory factors and identified three new molecular subtypes associated with clinical features and esophageal cancer prognosis. By constructing a protein-protein interaction network for the three novel molecular subtypes and analysing their related genes, eight potential drugs (such as gefitinib, nalatinib, and imatinib) that closely interacted with these genes were identified. This study provides a valuable reference for identifying potential targets and drugs for esophageal cancer treatment (Li et al., 2022b). Currently, studies on m6A modification are limited to the interaction mechanism of esophageal cancer, and there is a lack of research on drug therapy. Therefore, further studies are needed to promote the application of m6A modification in clinical practice, such as the combination of m6A with chemotherapy and immunotherapy.
ROLE OF N6-METHYLADENOSINE MODIFICATION IN TUMOUR CELL APOPTOSIS, AUTOPHAGY AND FERROPTOSIS
m6A is one of the richest modifications that determine the fate of RNA. Currently, m6A modification is closely related to tumorigenesis and plays an important role in the fate of tumour cells, including tumour proliferation and metastasis, tumour cell apoptosis, autophagy and iron death. The abnormal levels of m6A modification during the progression of apoptosis, autophagy, ferroptosis, necrosis and pyroptosis have been detected in gastrointestinal tumours (Zhi et al., 2022). Apoptosis, a type of cell death, is closely related to m6A modification (Zhi et al., 2022), wherein it regulates apoptosis by regulating apoptosis-related gene expression, silencing methylation or demethylase genes and reducing YTHDF2-mediated transcripts (Liu et al., 2022c). For example, METTL3 inhibits the apoptosis of non-small cell lung cancer (NSCLC) cells by promoting miR-1246 maturation and down-regulating PEG3 expression levels (Huang et al., 2021). In a recent study of lncRNAs containing m6A, LNC942 was observed to directly recruit METTL14, a core member of the m6A methyltransferase complex, and associated with increased levels of m6A methylation modification in breast cancer cells. Further, the LNC942-METTL14-CXCR4/CYP1B1 signal axis accelerated cell proliferation and colony formation, and reduced cell apoptosis rate (Sun et al., 2020).
Autophagy is a degradation process involving the lysosomal cytoplasmic content and autophagy-associated (ATG) proteins and transcription factors. It is also closely influenced by different stimulators and inhibitors. Autophagy can promote the resistance of tumour cells to chemotherapy and enable tumour cells to survive (Levy et al., 2017). Various studies have revealed the potential correlation between m6A modification and autophagy mechanism. Kong et al. found that METTL14 expression was higher in pancreatic cancer tissues than in non-tumour tissues, with METTL14 downregulation increasing the sensitivity of pancreatic cancer cells to cisplatin. Compared with the control group, the apoptosis and autophagy of tumour cells were significantly enhanced after METT14 gene knockout (Kong et al., 2020a). YTHDF1 expression is an independent prognostic factor for patients with HCC. Multiple HCC models confirmed that YTHDF1 cannot inhibit the autophagy, growth and metastasis of HCC (Li et al., 2021b). These findings highlight the interaction between autophagy and m6A regulators, but the relationship between m6A and autophagy remains unclear.
Ferroptosis is a novel pro-inflammatory programmed cell death pathway that plays a key role in the clearance of malignant cells. It is caused by the inhibition of the xCT/GSH/GPX4 axis and characterised by iron hyperplasia, lipid peroxidation and the compression of mitochondrial membrane density (Mou et al., 2019). Current studies on ferroptosis modified with m6A have focused on the interference of reader and writer factors on lipid peroxidation or antioxidant enzymes. However, few studies have detected the level of m6A erasers and their correlation with abnormal ferroptosis execution in cancer cells. In NSCLC, METTL3 is involved in cisplatin-mediated ferroptosis via m6A enrichment in FSP1 mRNA (Song et al., 2021). Thus, the relationship between m6A modification and iron death suggests that targeting m6A to induce ferrous iron death could be a promising therapeutic strategy.
CONCLUSION AND PERSPECTIVES
m6A RNA modification has attracted attention in epigenetic research and is involved in many biological processes and disease progressions. From the perspective of epigenetics, m6A modification provides novel insights into the pathogenesis of many diseases, especially tumours. However, further studies are required to understand the dynamic nature of m6A RNA modification in post-transcriptional regulation (Chen and Wong, 2020). m6A RNA modification plays an important role in promoting or inhibiting the growth, proliferation, migration, invasion, specific metastasis, drug resistance and prognosis of digestive tumours through three effector factors, writers, erasers and readers. With increasing studies on the network mechanism of m6A modification regulation, the related mechanism of m6A modification on tumour drug resistance will be clarified (Qiu et al., 2022).
Multiple studies showed that m6A-modified regulatory factors are resistant to SOR in HCC. In CRC, OX, cisplatin and other drug resistance are observed. Resistant to gemcitabine, 5-FU and cisplatin are also observed in pancreatic cancer. Additionally, m6A plays an important role in the regulation of OX and cisplatin resistance in gastric cancer. However, these studies are preliminary, requiring more systematic studies. Furthermore, translational studies are needed to further clarify the use of m6A alone or in combination with other therapies for the treatment of digestive tumours.
Immunotherapy is a new cancer treatment strategy that has been widely used to treat various solid tumours, including various digestive tract tumours and other solid tumours (Kong et al., 2021; Lee et al., 2021). In recent years, promising progress has been made in tumour immunotherapy with m6A modification, among which, ICIs harness the patient’s immune system, offering a novel method of cancer treatment. However, immunotherapy, such as ICIs, also presents drug resistance in some patients. For example, from the perspective of an m6A “writer”, Wang et al. found that the deletion of methyltransferases METTL3 and METTL14 inhibits m6A modification and enhances pMR-MSI-L response to PD-1 therapy in patients with CRC and melanoma, significantly delaying tumour growth and prolonging patient survival Wang et al. (2020b). However, large-scale basic research is needed to further clarify the specific mechanism of m6A modification in immunotherapy.
m6A plays various roles in different tumour types, suggesting the complexity and diversity of m6A modifications in drug resistance. Recent studies also showed that m6A-modified regulatory factors have potential as therapeutic targets and can enhance the sensitivity of tumour cells to anticancer drugs, providing a new research direction in solving the problem of anticancer drug resistance. This review also highlights the positive prospects of targeted m6A modifications.
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Hematopoietic stem cells (HSCs) are known for their ability to proliferate and self-renew, thus being responsible for sustaining the hematopoietic system and residing in the bone marrow (BM). Leukemic stem cells (LSCs) are recognized by their stemness features such as drug resistance, self-renewal, and undifferentiated state. LSCs are also present in BM, being found in only 0.1%, approximately. This makes their identification and even their differentiation difficult since, despite the mutations, they are cells that still have many similarities with HSCs. Although the common characteristics, LSCs are heterogeneous cells and have different phenotypic characteristics, genetic mutations, and metabolic alterations. This whole set of alterations enables the cell to initiate the process of carcinogenesis, in addition to conferring drug resistance and providing relapses. The study of LSCs has been evolving and its application can help patients, where through its count as a biomarker, it can indicate a prognostic factor and reveal treatment results. The selection of a target to LSC therapy is fundamental. Ideally, the target chosen should be highly expressed by LSCs, highly selective, absence of expression on other cells, in particular HSC, and preferentially expressed by high numbers of patients. In view of the large number of similarities between LSCs and HSCs, it is not surprising that current treatment approaches are limited. In this mini review we seek to describe the immunophenotypic characteristics and mechanisms of resistance presented by LSCs, also approaching possible alternatives for the treatment of patients.
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Introduction

Hematopoietic stem cells (HSCs) are located in the bone marrow (BM) and are responsible for sustaining and regenerating the hematological system. It is estimated that in a human organism, 1x106 blood cells are produced every second. This feature comes from the ability of self-renewal together with a high proliferative rate and pluripotency of these cells. It is also worth mentioning the ability to resist apoptosis, necrosis and genotoxicity produced by reactive oxygen species (ROS) that HSCs have (1–9).

Most of the time, the HSCs are quiescent, at G0 phase of the cell cycle, depending on glucose to carry out their metabolic activities. However, these cells, when receiving the stimuli through severe situations, can quickly enter the cell cycle through activation of genetic factors. It begins with a positive control carried out in part by mTORC1 under the action of CDK6, which in the G0 phase is in low expression or accompanied by inhibitors such as p57 or p18 (8, 10–13).

HSCs enters the cell cycle, and therefore, their metabolic activities start to have mitochondrial oxidative phosphorylation as a source of energy due to the increase in energy demand. This metabolic alteration consequently triggers a series of proteins, such as histone and DNA modifying enzymes, which are fundamental for the epigenetic changes carried out by the modulation of key transcription factor activity. After their activation, HSCs generate multipotent progenitors that are then committed to a cell lineage and gradually differentiate until they become mature and specialized cells (8, 10–12, 14–16).

Due to aging, HSCs lose their regenerative ability and may undergo a process called age-related clonal hematopoiesis (ARCH). In this process, mutations acquired over time continue to be transmitted to their successors, giving rise to cells with mutations. Patients with ARCH are more likely to develop leukemias, however not all cells in this process will be related to the leukemic process. It is known that the presence of certain mutations is related to the severity factor of this cell, as mutations in TP53 and U2AF1 genes are associated with pre-leukemic stem cells, and mutations in DNMT3A and TET2 genes have a lower risk regarding transformation of malignancy (12, 17–19).

In this study, we investigated clinical trials in extended literature that focused their efforts on the identification of LSCs in different types of leukemia and we discussed their clinical outcome and the perspectives of new therapies.



Pre-Leukemic Stem Cell and Leukemic Stem Cell

The constant accumulation of mutations occurring in HSCs due to ARCH or other agents can stimulate the transformation of HSC into a pre-leukemic tumor cell (pre-LSCs). Although mutations are present in these cells, it is still possible for them to continue to give rise to healthy cells. However, pre-LSCs continue to accumulate mutations for years as well as significant clonal expansion until, after a long period, this cell acquires malignant characteristics, becoming a leukemic stem cell (LSC) (20–23). Despite the similarities between these two types of cells, it is still possible to make differentiations, mainly genetic differentiations, where it is observed that pre-LSCs do not have mutations associated with leukemia (12, 24, 25).

Mutations that occur in pre-LSCs are related to epigenetic genes that are responsible for histone modification, DNA methylation and chromatin looping. In pre-LSCs mutations can be found in AML1, ASXL1, CTCF, DNMT3A, E2H2, FOXO1, IDH1, IDH2, IKZF1, JAK2, NPM1, MED12, SMC1A, STAT5B, TET2 and WT1. These mutations alone are incapable of inducing leukemia and appear as precursor events to late mutations that transform pre-LSCs into LSCs, which is shown in Figure 1. Therefore, the genetic alterations present in LSCs are related to proliferation and active signaling (26–33).




Figure 1 | Pathways of malignancy in hematopoiesis and its characteristics. Aging and exposure to hazardous environmental agents lead to accumulation of DNA damage and mutations in hematological precursor cells, inducing a pre-leukemic stem cell (pre-LSC) phenotype. Pre-LSCs acquire proliferation advantages over normal hematopoietic stem cells (HSCs) due to mutations in genes such as DNA methyltransferase 3 alpha (DNMT3a), but still retain their capacity to promote normal hematopoiesis. However, further malignant characteristics acquired over the years may tip these cells into a proper leukemic stage. The transformation of pre-LSCs may happen through cell-specific processes, such as epigenetic modulation or new acquired mutations, or through interactions between these cells and their microenvironment, through changes in the normal growth and survival signaling pathways or due to interactions with dysfunctional stromal or mesenchymal cells that are also present in the bone marrow. After malignancy onset, leukemic stem cells (LSC) may present a variety of karyotype rearrangements, such as BCR-ABL or FLT3-ITD, that determine their malignant characteristics and tend to present immunophenotyping profiles that still resemble normal HSCs, such as CD34+38-, while also overexpressing a cohort of cell-surface antigens that are highly variable between patients and even among different cell populations in the same patient.



LSCs are recognized by their stemness features such as drug resistance, self-renewal, and undifferentiated state. They were initially pointed out by Lapidot and colleagues in 1994 (34). This rare population of resistant cells is believed to be at the origin of leukemia relapses. Their quiescent state and their self-renewal capacity makes it possible to leukemia repopulating cells, despite their low frequency (35–39).

LSCs are present at low levels in BM, being found in only 0.1%, approximately. This makes their identification and even their differentiation difficult since, despite the mutations, they are cells that still have many similarities with HSCs (20). Although the common characteristics, LSCs are heterogeneous cells and have different phenotypic characteristics, genetic mutations, and metabolic alterations. This whole set of alterations enables the cell to initiate the process of carcinogenesis, in addition to conferring drug resistance and inducing relapses (36, 37, 40).

During tumor progression, cancer cells continuously acquire genetic changes, and the fittest, most proliferative cells are selected for giving rise to distinct tumor subclones, which is known as clonal hematopoiesis (CH) (41–44). The clonal hematopoiesis of indeterminate potential (CHIP) refers to the presence of at least one driver mutation in hematopoietic cells of peripheral blood, without hematological malignancy. It is associated with increased risk of cancers, particularly in myeloid neoplasms, and chronic inflammatory diseases. The phenomenon of CHIP becomes very common in the population of people aged ≥80 years. That is explained by the accumulation of somatic mutations in HSCs, which occurs in an age-dependent manner (45, 46).

Clones evolve through the interaction of selectively advantageous ‘driver’ lesions, selectively neutral ‘passenger’ lesions and deleterious lesions. Driver lesions or mutations are the mutations that increase fitness and confer a clonal growth advantage. The neutral mutations, also known as passenger mutations, are accumulated in these cells but do not confer any fitness advantage. Neutral evolution of these passenger mutations can also shape clonal evolution, notably by a phenomenon called genetic drift, in which the allele frequencies of a mutation change over time. In addition, when both driver and passenger mutations occur in the same cell, the passenger mutations increase their allele frequency with the driver mutations, which is a phenomenon called hitchhiking that also participate in clonal evolution (47, 48).

The recognition of the important role of clonal hematopoiesis and clonal evolution in tumor initiation, disease progression and relapse have profound implications for the diagnosis and treatment of these malignancies. Additionally, the advent of new technologies may facilitate the definition of the molecular determinants and underlying mechanisms of clonal evolution in leukemia, which could provide targeted, individualized therapies for leukemia patients (49, 50).



Characterization of Leukemic Stem Cells

A major challenge in studying LSCs is identifying a possible unique cell surface antigen phenotype, from which it would be possible to develop a targeted and much more specific treatment than the treatments currently used. Furthermore, due to the heterogeneity of the different types of leukemias, there is a lot of variation in the antigens found on the surface of these cells, becoming even more difficult to identify a specific marker that is not expressed in normal cells, or has a different expression pattern, density, or distribution (51–54).

Some common stem cell’s markers are CD34, CD117 and HLA-DR, which expressions predict lower rate of complete remission (CR). In addition, the principal surface antigens of the myeloid lineage are CD13, CD33, CD14, CD15 and CD11b. Mostly, the expression of these markers have not yet showed any prognostic significance or are associated with a poorer outcome, such as reduction of CR, period of remission and survival. Although, cells that expresses CD15 usually presents a higher CR rate. Another marker found in myeloblasts is CD56, which expression is also reported as a poorer prognostic factor (55)

As an example, we can point out that normal HSC constitutively expresses CD34+ and CD38- antigens, in addition to others such as Thy-1+, c-kit+ and IL-3Rα. Much of the LSC population immunophenotypically resemble certain normal hematopoietic progenitor populations by also expressing CD34+ and CD38- besides others surface markers (56–58)

Despite these difficulties, a great number of cell surface markers have been identified that are upregulated on CD34+CD38- LSCs compared with normal CD34+CD38- HSPCs, for example, it has been revealed that CD90 and CD117 are deficient in acute myeloid leukemia (AML) LSCs, while CD123, TIM3, CD47, CD96, CLL-1, and IL-1 receptor accessory protein (IL1RAP), G protein-coupled receptor 56 (GPR56), CD93, CD44 and CD99 are highly expressed in AML LSCs. Targeting these surface markers might be a promising strategy for eradicating AML LSCs (35, 56, 59–62).

Some studies addressing chronic myeloid leukemia (CML) LSCs demonstrated that differentially expressed antigens include CD25, CD26, IL-1RAP, which is associated with the activation of NF-kβ and AKT signaling pathways, increasing proliferation of CML LSCs. In addition, the overexpression of the antigen CD25 is reported to reduce proliferation capacity of CML LSCs. Some data suggest CD25 and IL-1RAP expression are unique to LSCs of this type of leukemia (54, 63, 64).

The presence of LSCs is related to the rates of complete remission (CR) and general survival (OS) of patients, besides that, depending on the remaining amount, they may predispose to relapse of patients with leukemias (65). The identification of certain surface markers and molecular changes in these cells may influence the prognosis of patients, but the results of studies are still somewhat controversial. Bradstock et al. (66) pointed out that patients who expressed CD9, CD14 and CD2 in their CSLs had lower CR rates. The CD9, CD10 and CD11b markers were associated with lower OS rates, and CD11b was also related with a shorter duration of CR.

A study by Béné et al. (67) demonstrated that the expression of CD10, CD14 and CD15 was associated with lower survival rates. Nomdedeu et al. (68) found that patients who expressed CD34, CD45, CD117 and CD123 had worse prognoses with lower OS. Other studies, in turn, pointed out the markers CD2, CD7, CD11b, CD22, CD133, CD135, CD262 and CD120a as markers that confer worse prognosis to patients (69, 70).

The relationship between the molecular alterations observed in patients and their prognosis is also somewhat controversial among studies. Nomdedeu et al. (68) demonstrated that the FLT3-ITD mutation had a significant influence on OS, where patients affected by this alteration had lower rates compared to those who did not have the mutation (17.9 vs 41 months). On the other, Béné et al. (67) did not find a difference in survival between patients with and without molecular changes. However, other articles report the relationship of FLT3-ITD, MLL-PTD, RUNX1-RUNX1T1 and CBFB-MYH11 mutations with a poor outcome (71, 72).

In addition, studies demonstrated a correlation between white blood cells (WBC) count and poorer prognosis. Patients with a higher WBC count were less likely to achieve CR and presented a shorter survival rate (67, 73). Besides, a higher platelet count was associated with a longer survival time (67). These general findings corroborate with data found in other articles (74–77).



Presence of LSCS and Relapse

Even with the course of the disease, it is possible to observe that pre-LSCs and LSCs continue to evolve throughout the process, in addition to the fact that treatment often fails to reach these cells. LSCs play a key role from development to disease relapse. Thus, its analysis and quantification can be of great importance as a prognostic factor for patients. Such processes can also assist in choosing a more targeted treatment. The identification of these cells can be performed through immunophenotyping, where it is possible to differentiate HSCs from LSCs. From this differentiation, counting methods are performed (78–80).

Recent studies point to two classifications of relapse related LSCs: the first classification is known as LSCs of committed relapse origin, where these cells are most like the diagnostic cell type and were able to evolve similarly to the diagnostic dominant clone. The second classification is the LSCs of primitive relapse origin, which are rare cells at the diagnosis of the disease and do not usually form blasts. However, these cells may show greater resistance to treatment and later clonal evolutions, causing the patient to relapse, which usually continues with the increase in the amount of LSCs and with greater heterogeneity (81, 82).

Studies reveals that LSCs levels correspond to the clinical and laboratory characteristics of the patient. Due to their insufficient morphological and biochemical characterization, LSCs cannot be reliably measured in patient samples. However, as a consequence of the finite capacity of the joined stem cell niche, HSCs can act as a biomarker for LSCs numbers and help identify patients with an adverse clinical outcome (74, 83, 84).

This is noticeable through the LSCs and the HSCs count, considering that the BM may have a limited number of cells. Therefore, LSCs and HSCs compete for niches, their values ​​being inversely proportional, that is, the more LSCs the less HSCs. Therefore, patients who had a low LSCs load also had lower blast, platelet, and leukocyte counts. In addition to clinical features, the cells count can represent how it might respond molecularly. This is important when evaluating the chosen treatment. Therefore, lower levels of LSCs are associated with a better molecular response to treatment (85, 86).

Still on the quantification of LSCs, its functionality also applies to the assessment of measurable residual disease (MRD) and is considered an effective biomarker for predicting relapses. So, in addition to being used in the diagnosis to choose the treatment, the immunophenotyping test can be used in the post-treatment phase to evaluate its effectiveness and predict the patient’s survival. High values ​​of LSCs would be associated with worse survival and low efficacy. This analysis is then performed using molecular methodologies such as quantitative real-time polymerase chain reaction (RT-qPCR) or next-generation sequencing (NGS), and flow cytometry. It is important to remember that all these methodologies for prognostic analysis and MRD are still being carried out in studies and better clarification and standardization are needed for clinical application (83, 84, 87, 88).



Insights Into Clinical Investigations

Table 1 is comprised of clinical trials from the past 10 years that aimed to identify biomarkers specific to LSCs that could serve as targets for targeted therapies or could be used as prognostic factors (89–98). Most of the reported studies aim at AML treatment since LSC presence and complexity is an established risk factor for disease severity (51, 56).


Table 1 | Studies of the past 10 years indicating biomarkers for stem cells and “stemness” properties in leukemia and the respective prognostic relevance after treatment.



Studies utilizing standard chemotherapy protocols and induction therapies confirm that identified LSC markers, mainly transmembrane antigens such as CD34 and CD123, correlate with a worse patient prognosis. Increased mutation burden, lower response rates, inability to achieve CR, worst response to chemotherapy and higher incidence of relapse are some of the reported factors associated with increased presence of LSCs (89, 92–94, 96).

Although resistant to most treatment strategies, the use of novel agents targeting specifically LSCs molecular pathways combined with standard treatment protocols showed some promising results for AML patients (90, 91, 95). Huselton et al. (90) combined dociparstat sodium (DSTAT), a drug capable of inhibiting CXCR4/CXCL12 cell adhesion molecules, with hypomethylating agent (HMA) azacitidine in an attempt to disrupt bone marrow niches where LSCs remain in a quiescent state and was able to achieve CR in patients who were previously unresponsive to treatments with HMA alone.

Riether et al. (91) identified WNT pathway as being hyperactivated in AML LSCs due to increased expression and interaction of CD70/CD27 molecules. In vitro, the use of monoclonal antibodies targeting CD70 in combination with HMAs was demonstrated to have an additive effect in inhibiting LSC growth since the use of HMAs seem to increase LSCs dependency on CD70/CD27 pathway and concurrent CD70 inhibition was able to further reduce LSCs burden when compared to monotherapies of either agent. In previously untreated AML patients, protocols combining cusatuzumab plus azacitidine induced responses in all treated patients and transcriptome analysis after treatment revealed increased expression of genes involved in pathways of inflammation, differentiation and apoptosis (91).

Lastly, Wang et al. (95) utilized compound zhebei granule (CZBG), a herbal concoction with oncologic uses in traditional Chinese medicine, that acts through mechanism such as apoptosis induction and inhibition of resistance-related drug efflux proteins, combined with standard chemotherapy to treat AML patients and a significant decrease in CD34+CD123+ cells was observed in bone marrow niches. CZBG was also demonstrated to increase response rates in AML patients in combination with chemotherapy when compared to chemotherapy alone and to be able to reduce LSCs markers in tumor cell xenografts when combined with doxorubicin treatment (95, 99, 100).

In CML patients, in vitro studies indicate BCR-ABL tyrosine kinase inhibitors (TKIs) to have no efficacy over LSCs and leukemic progenitor cells (LPCs) and, while imatinib initial response rates are overwhelmingly positive, disease recurrence is usually the standard for patients after therapy discontinuation due to remaining Philadelphia-positive (Ph+) CD34+ cells (101, 102). The use of next-generation TKIs, however, seem to be more effective in reducing stem and progenitor cells in CML than imatinib and may point towards a choice for more intensive treatment options in accordance with increased LSCs and LPCs burden (103).

Pungolino et al. (97) utilized nilotinib, a second-generation BCR-ABL inhibitor, to treat newly diagnosed CML patients and observed a rapid decrease in CD34+lin-Ph+ cells in the bone marrow, with total clearance of the analyzed samples at 12 months of treatment. Mustjoki et al. (98) compared imatinib and dasatinib efficiency at decreasing stem and progenitor cell burden and, while both treatments had similar results at LSC inhibition, dasatinib showed increased activity over LPCs levels at 3 months analysis.



Treatment Perspectives

Most conventional treatments for leukemias seek to eradicate blasts, reaching cells that are in their active cycle. However, LSCs are usually in a quiescent state or protected through their molecular resistance mechanisms causing this cell to resist therapy, leading to patient relapse (104–111). One of the major known factors that confer drug resistance is the overexpression of drug efflux pumps, such as the ATP-binding cassette (ABC) transporter family proteins by CSCs. Moreover, drug efflux increase is often combined with the upregulation of enzymes involved in the metabolism of anticancer agents. Therefore, enzymes and efflux transporters expressed by LSCs appear to be crucial not only for their proliferation, but also for their resistance to clinical treatments (108, 112–115).

The selection of a target to LSCs therapy is fundamental. Ideally, the target chosen should be highly expressed by LSCs, highly selective, absence of expression on other cells, in particular HSCs, and preferentially expressed by a high number of patients. In view of the large number of similarities between LSCs and HSCs, it is not surprising that current treatment approaches are limited (20, 81, 116).

Currently, different treatment methodologies have been tested and addressed, such as the use of binding antibodies associated with different toxins to form a specific delivery vehicle for LSCs. Examples of such therapies are the use of Gemtuzumab Ozogamicin for the treatment of AML, a compound that uses an antigen against CD33, associated with a cytotoxic agent; and the inhibition of the SIRP1-α interaction with CD47 that activates innate immunity increasing the death of LSCs. In addition, CD244, CD123, LLC1 or TIM3 targets are also studied and demonstrate antileukemic efficacy in AML patients. However, one of the main difficulties in the treatment of LSCs is due to the low proliferation rate, which makes it difficult to identify the cell to start the therapy (62, 81, 117–119).

Several new strategies are under development to eliminating LSCs, which may result in a better patient response. Many of the studies are associated with the use of TKIs, which to improve their effectiveness can be combined with other agents. TNF-α inhibitors combined with TKIs, for example, have shown positive results in the elimination of LSCs. Blocking of IL-1 signaling may also be a combination with TKIs, as well as blocking of signal pathways such as Wnt/β-catenin, Hedgehog, MAPK/MNK1/2, mTOR, PTEN, PP2A, Alox5 and JAK/STAT. The action of HIF-1 inhibitors associated with TKIs has been shown to reduce the survival and growth of cells in CML in murine models. The HIF-1 deletion has also been tested in in vivo and in vitro models and has been shown to inhibit CML proliferation, both without serious effects on HSCs (120–122).

Activations and gene dissections can also be used, as in the case of p53 activation and EZH2 deletion. Both technologies demonstrate promising results that enhance the eradication of LSCs when combined with TKIs (123, 124). The combination of TKIs with cytarabine was also performed, demonstrating good results in AML patients. Despite the large number of tests involving TKIs, medications and methodologies have also been developing as the case of Bortezomibe. Its function is based on decreasing the expression of CDK6, an important agent in the proliferation of LSCs (120, 125, 126).

Undoubtedly, one of the greatest difficulties in eliminating LSCs is their resistance mechanisms. As a result, studies have specialized in finding drugs and technologies that help to overcome the resistance present in LSCs. In this scenario, research diverges in different areas such as transport proteins and signaling pathways, taking as an example Notch, Hedgehog, and Wnt/β-catenin that are describes also as responsible for drug resistance (104, 127–129). It is also worth mentioning studies focused on the epithelial-mesenchymal transition (EMT), histone acetylation, hypoxia and the BM niche (104, 130, 131).

The tumor microenvironment (TME) creates a niche for itself that influences not only the proliferation and differentiation of LSCs but also the response to drugs. A key factor that modulates the microenvironment and drug resistance is hypoxia, which signaling contributes to chemoresistance of CSCs by increasing the expression of ABC transporters and Aldehyde dehydrogenases, a family of intracellular enzymes, which can be used as molecular markers to identify normal stem cells (NSCs) and CSCs (104, 128, 132–134). An example was demonstrated by Giuntoli et al. (134), when CML cells were grown in low oxygen concentrations and became resistant to Imatinib.

The EMT process is already known in solid tumors and has recently been explored in hematological neoplasms as well as its treatment possibilities (104, 127, 134, 135). Thus, one of the ways is to look for drugs that can act on genes such as TRPS1, ETS2 and LSP, known to belong to this process in AML (136, 137). Competition for the BM niche between LSCs and HSCs has also become a therapeutic target, transforming the environment in a more favorable way for HSCs or increasing their hematopoietic reserve. E-selectin inhibition is an example, being able to promote the displacement of HSCs and LSCs. Regarding hypoxia, the use of hypoxia-activated prodrugs such as TH-302 has already been shown to reduce the population of LSCs in an AML model (138, 139).

In addition to those already mentioned, the combination of Venetoclax with Azacitidine demonstrates potential for the treatment of LSCs in AML, as it suppresses OXPHOS. Regarding gene deletion, it was observed that FOXO1 deletion through genetic or pharmacological pathways is able to inhibit the proliferation of malignant cells, which is present in LSCs and pre-LSCs, becoming a potential target. Studies aimed at the use of microRNAs mimics were also carried out and have potential, such as miR-15a/16-1 acting as a tumor suppressor acting negatively on the WT1 gene (28, 81, 140, 141).



Conclusion

Foremost is important to better define the molecular and cellular biologic features of normal HSCs and LSCs, for improve the identification of possible therapeutic targets to eradicate the LSCs, that are responsible for treatment resistance and clinical relapse for most patients. It is necessary to carry out studies that correlate the quantification and immunophenotypic characterization of LSCs with clinical data and prognosis presented by patients, regarding the significance of this information pointed in the studies here presented, and due to the lack of this type of study in the literature.
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Introduction

Cancer is the leading disease of human populations regarding the advancement of treatment strategies (1–3). Despite progress in the cancer research field that discovered possible treatments for various cancer types, cancer remains the second leading cause of death after cardiovascular diseases (4–6). In the United States, among malignancies, colorectal cancer (CRC) is the third most common type of cancer, and it consists of a heterogeneous group of tumors, some with gene mutations. According to the data provided by American Cancer Society, there were around 104,610 new CRC cases diagnosed in 2020, and around 53,200 deaths were reported (7). Studies prove that a positive family history increases the risk of occurrence of CRC by approximately 15%–20% (8). The current strategies for the management of primary CRC is the use of a combination of 5-fluorouracil, leucovorin, and either oxaliplatin (FOLFOX protocol) or irinotecan (FOLFIRI protocol) (9–11). These agents exhibit adverse effects, such as vomiting, diarrhea, and other complications, causing a major drawback of the treatment (12, 13). It is reported that the indanone ring exhibits anticancer activity (14–17), and some indanone-related compounds have some crucial bioactivity. Various methods have also been adapted for the synthesis of indanone derivatives as it is a useful moiety. Among the signaling pathways associated with tumorigenesis and inflammation, nuclear factor-kappa B (NF-κB) is a key regulator (18), and the NF-κB family consists of five subunits, RelA (p65), RelB, NF-κB1 (p50 and its precursor p105), NF-κB2 (p52 and its precursor p100), and c-Rel (19). It is established that there is a positive relationship between activation of NF-κB in the intestinal epithelial cells and tumor formation (19), which plays an important role in the occurrence of CRC. NF-κB signaling is associated with a number of responses, including cellular immunity, inflammation, cell differentiation, proliferation, and apoptosis (20–24). This impact on cell proliferation by NF-κB depends on p53 (tumor suppressor gene) status. This is one of the many aspects of the crucial relationship between NF-κB and p53. As studied earlier, wild-type p53 expression opposes NF-κB function and inhibits tumorigenesis, and around half of human cancers exhibit p53 mutations (or have lost the wild-type allele) and, thus, activate the NF-κB pathway during the development of tumors. Moreover, the NF-κB pathway enhances the transcription of mouse double minute 2 (Mdm2), which is a ubiquitin E3 ligase enzyme of p53 and, thus, indirectly helps in regulating the stability of p53 (25). It is established that ITH-6, one of the most active indanone derivatives, arrested the cells at the G2/M phase of the cell cycle and thereby inhibited the proliferation of CRC cells and induced apoptosis by building reactive oxygen species and decreased the intracellular glutathione (GSH) level (26). In the current study, we explore the further mechanism of its anticancer activity by downregulating NF-κB p65 and Bcl-2 expression in in vitro and preclinical studies. The current work recognizes the relative part of the NF-κB pathway in cancer and its activation and its effect on downstream target genes, which is crucial for the design and discovery of novel targeted anticancer agents.



Materials and methods


Chemicals and equipment

The thiazolyl hydrazone derivatives of 1-indanone were synthesized at the University of Karachi, Pakistan (27). Irinotecan hydrochloride was procured from Alfa Aesar (Haverhill, MA). Dulbecco’s modified Eagle’s medium (DMEM, IX), fetal bovine serum (FBS), phosphate buffered saline (PBS), and trypsin 0.25% were acquired from Hyclone (Waltham, MA). Monoclonal antibodies D97JR (selective against ALDH1A1), E7K2Y (against CD44), D14E12 (against NF-κB p65), E4Z1Q (against topoisomerase I), D3R6Y (against procaspase-3), 44D4 (against IkBα), 16H1 (against GAPDH), D5C9H (against TBP), and secondary anti-rabbit/mouse HRP linked antibody were bought from Cell Signaling (Danvers, MA). A-11005 (alexafluor 594 secondary antibody against NF-κB) and DAPI (catalog # D3571), which stains the nucleus, were purchased from Invitrogen (Waltham, MA). The NF-κB p65, Bcl-2, and 18 S TaqMan gene expression and superscript IV reverse transcription kits were purchased from Fisher Scientific (Waltham, MA).



Cell lines and cell culture

The human CRC parental cell lines SW620 and S1, ABCB1-overexpressing drug-resistant subline, SW620/AD300 and ABCG2-overexpressing drug-resistant cell line, S1-M1-80 were employed for the ABCB1 and ABCG2 reversal studies, respectively. SW620/AD300 cells were maintained in complete medium with 300 ng/ml of doxorubicin (28). S1-M1-80 cells were expanded in the DMEM medium with the anticancer drug mitoxantrone, starting with a low concentration, and the maximum concentration was 80 µg/ml to induce the ABCG2 transporter expression. These cell lines were obtained from Dr. Susan E. Bates (Columbia University, New York). The cell lines were cultured in DMEM medium containing 10% FBS and 1% penicillin/streptomycin at a temperature of 37°C, 5% CO2.



Experimental animals

Male athymic NCR (nu/nu) nude mice (age 5–7 weeks and weight around 20–25 g) were acquired from Taconic Farms (Albany, NY) for the animal study and remained in polycarbonate cages (four mice/cage) at St. John’s University Animal Care Center. They were maintained under light/dark cycles, supplied with food and water, and monitored for tumor growth by measuring the size using Vernier calipers. The protocol was accepted by the St. John’s University’s Institutional Animal Care & Use Committee (IACUC), protocol #1940. The study was accomplished following the ARRIVE guidelines and Animal Welfare Act and the Guide for the Care and Use of Laboratory Animals.



Cytotoxicity of ITH-6 on ABCB1 and ABCG2 overexpressing cell lines

The cytotoxicity assay was completed using parental (SW620 and S1) and drug-resistant (SW620/AD300 and S1-M1-80) cell lines that were seeded (6 × 103 cells/well) followed by ITH-6 incubation (with a range of 0–100 µM). After 68 h, the absorbance was detected at 570 nm by spectrophotometer as previously described (29, 30) and IC50 values were calculated.



Western blot analysis

The Western blot assay was conducted to observe aldehyde dehydrogenase 1 family member A1 (ALDH1A1) expression, a cell surface adhesion receptor protein (CD44), a subunit of nuclear factor kappa light chain enhancer of activated B cells (NF-κB p65) (nuclear and cytoplasmic), procaspase-3, topoisomerase I (TOP 1), and IkBα (nuclear and cytoplasmic) proteins after incubating HT-29, COLO 205, and KM 12 cells with three concentrations of ITH-6, 0.3, 1, and 3 µM for 72 hours by a method (31) and further quantified.



mRNA expression

HT-29, COLO 205, and KM 12 cancer cells were incubated with 0.3, 1, and 3 µM of ITH-6 for 72 hours, and total RNA was extracted using the RNA extraction trizol reagent as previously described (32). The target genes were NF-κB p65 and Bcl-2, and 18S was used as the loading control. The results are represented as relative fold of mRNA expression.



Immunofluorescence

For this experiment, the cells were cultured with ITH-6 (0.3, 1, and 3 µM) for 72 hours and immunofluorescence performed according to the protocol detailed before (33).



Molecular modeling

A Macintosh operating system (OS Sierra) with Mac Pro 6-core Intel Xenon E5 processor system was used to perform docking experiments using the Maestro v12. 3. 012 software (Schrödinger, LLC, New York, NY, USA, 2019) software. Lig-prep was used for ITH-6 ligand preparation (34). The heterodimer protein model was imported from the Protein data bank. “Protein Preparation Wizard” was used for protein preparation. Grid generation was done by selecting residues at 20 Å distance from bound inhibitors in the model protein (1IKN) (35). The residues selected were 26, 28, 29, 30, 49, 50, 181, 222, 224, 225, 236, 237, 238, 239, 241, 258, 259, 260, 261, 275. Extra precision docking was performed with a maximum 10 poses.



Knockout of NF-κB p65 gene in HT-29 cells

A CRISPR/Cas9 system was used to construct the NF-κB p65 gene knockout subline of HT-29 cells. The custom-designed mammalian CRISPR vector was obtained from Vector Builder Inc. (Chicago, IL). The transfection of the NF-κB p65 targeting vector into HT-29 cells was conducted using Fugene 6 transfection reagent (Promega, Madison, WI) according to the manufacturer’s instructions. The knockout of the NF-κB p65 gene was further verified by measuring protein expression using Western blotting and by a cell viability study using MTT.



Nude mouse MDR xenograft model

The CRC cells, HT-29, and KM 12 xenograft mouse models were established as previously reported (36, 37). The HT-29 (6 × 106) and KM 12 cells (7 × 106) were implanted into the mice (right and left sides, respectively), and when the tumors attained a diameter of around 0.5 cm (day 0) after one week, the animals were divided into four groups of six each as follows: (a) polyethylene glycol 300 as the vehicle, given orally (q3d × 7); (b) irinotecan (30 mg/kg, q3d × 7), given intraperitoneally (i.p.), dissolved in normal saline (38); (c) ITH-6 (3 mg/kg) dissolved in PEG 300 and given orally (q3d × 7); and (d) ITH-6 (6 mg/kg) dissolved in PEG 300 and given orally (q3d × 7). The treatment period was 21 days. To determine the drug dosage, the body weights were noted every third day. Tumor volumes (using the two diameters of tumors, termed A and B) were recorded every third day using Vernier calipers using the following formula, V = π/6(A + B/2)3 (39, 40). Blood was drawn via submandibular puncture on the last treatment day using isoflurane inhalational anesthesia, and white blood cell (WBC) and platelet counts were recorded in all groups.

At the end of the treatment period, the animals were euthanized, and the tumors were removed and weighed.



Collection of plasma and tumor tissues

Mice bearing HT-29 and KM 12 tumors were grouped into three categories: (i) mice receiving 3 mg/kg ITH-6 orally, (ii) 6 mg/kg ITH-6 orally, and (iii) 30 mg/kg i.p. irinotecan. Mice were anesthetized with isoflurane (3%), and 60 µL of blood was taken into heparinized tubes by submandibular puncture at various time points, 5, 30, 60, 120,180, and 240 minutes after the treatment. Moreover, the tumors were removed, weighed, and stored at -80°C for further experiments. The samples were analyzed using high-performance liquid chromatography (HPLC).

Method for Irinotecan: Flow rate: 0.5 ml/min.


 



Method for ITH-6: Flow rate: 0.5 ml/min.


 





Statistical analysis

The experiments were performed at least three times, and the variations were analyzed using one-way analysis of variance (ANOVA). The statistical significance was determined at p <.05. The post hoc analysis was carried out using Tukey’s test. The data were analyzed using GraphPad Prism, version 6.




Results


ITH-6 is not susceptible to ABCB1- and ABCG2-mediated drug resistance

In order to know if ITH-6 is a substrate of ABC transporters, such as ABCB1 and/or ABCG2, an MTT assay was conducted to determine the susceptibility of ITH-6 to MDR mediated by ABCB1 and ABCG2 transporters. ABCB1 and ABCG2 transporters have established roles in conferring multidrug resistance by lowering intracellular drug accumulation resulting from extrusion of drugs from the tumor cells. Herein, resistance fold (RF) was used to assess if there was any degree of change in the resistance to ITH-6 due to the presence of ABCB1or ABCG2 (41). The results indicate that there was no remarkable difference in the IC50 values of ITH-6 in the ABCB1 overexpressing SW620/AD300 cell line (Figure 1A) and ABCG2 overexpressing S1-M1-80 cell line (Figure 1B) relative to their corresponding parental cell lines, hence proving that it is not a substrate of ABCB1 or ABCG2 transporter.




Figure 1 | Cytotoxicity of ITH-6 on ABCB1- and ABCG2-overexpressing cell lines. Survival fraction (%) was measured after treatment with ITH-6 (µM) for 72 hours on (A) SW620, SW620/AD300 and (B) S1, S1-M1-80 cell lines. Points with error bars represent the mean ± SD for independent determinations in triplicate. The figures are representative of three independent experiments.





The effect of ITH-6 on the expression level of different targets associated with apoptosis of CRC cells

To figure out the mechanism of the test drug cytotoxicity, we performed Western blotting on various proteins. The proteins selected were ALDH1A1, CD44, NF-κB p65 (nuclear and cytoplasmic), procaspase-3, TOP 1, and IkBα (nuclear and cytoplasm) as they are important prognostic markers in CRC cell lines. At a concentration of 3 µM, ITH-6 downregulated the nuclear NF-κB p65 expression in HT-29 (Figure 2A) and COLO 205 (Figure 2B) cells compared with control, whereas in KM 12 cells, the test compound at concentrations of 0.3, 1, and 3 µM significantly decreased the nuclear NF-κB p65 expression level compared with the positive control; resveratrol (20 µM) and KM 12 cells are more sensitive to NF-κB p65 downregulation following treatment with ITH 6 (Figure 2C). There was no change in the cytoplasmic NF-κB p65 protein expression in all cell lines treated with ITH-6 (Figures 2G–I).




Figure 2 | Effect of ITH-6 on the expression of the nuclear fraction of NF-kB p65 protein on (A) HT-29, (B) COLO 205, and (C) KM 12 cells and the cytoplasmic fraction on (G) HT-29, (H) COLO 205, and (I) KM 12 cells. The effect of ITH-6 on the expression of the nuclear and cytoplasmic fraction of NF-kB p65 protein was tested after the cells were treated with 0.3, 1, and 3 mM of ITH-6 for 72 hours. Relative quantification of the effect of ITH-6 on (D–F) the nuclear and (J–L) cytoplasmic fraction of NF-kB p65 in HT-29, COLO 205, and KM 12 cells. The expression level of NF-kB p65 protein was normalized to TBP (nucleus) and GAPDH (cytoplasm). Equal amounts of total cell lysates were used for each sample, and a Western blot analysis was performed. The figures are representative of three independent experiments. * p <.05, ** p <.01 and *** p <.001 compared with the control group.



Moreover, there was no change in the expression levels of ALDH1A1 and CD44 (Figures 3A–C), TOP 1 (Figures 4B, G, L), and IkBα (cytoplasmic) levels (Figures 4A, F, K) on these cell lines. There was a concentration-dependent decrease in the procaspase-3 expression in KM 12 (Figures 4G, L) cells cultured with ITH-6 at 3 µM for 72 hours, whereas in COLO 205 and HT-29, there was no change in the expression of procaspase-3 after incubating with ITH-6 (Figures 4B, G). Hence, we can summarize that the possible mechanism behind ITH-6 induced cytotoxicity in these CRC cells results from downregulating nuclear NF-κB p65 protein expression.




Figure 3 | Effect of ITH-6 on the expression of ALD1HA1 and CD44: The effect of ITH-6 on the expression of ALDHA1 and CD44 on (A) HT-29 (B) COLO 205, and (C) KM 12 cells were tested after the cells were treated with 0.3, 1, and 3 μM of ITH-6 for 72 hours. Relative quantification of the effect of ITH-6 on (D) CD44 in HT-29 and ALDH1A1 in (E) COLO 205 and (F) KM 12 cells. The expression levels of the target proteins were normalized to GAPDH. Equal amounts of total cell lysates were used for each sample, and a Western blot analysis was performed. The figures are representative of three independent experiments.






Figure 4 | Effect of ITH-6 on the expression of cytoplasmic expression of IkBα, Topoisomerase I, and Procaspase-3 on (A, B) HT-29, (F, G) COLO 205, and (K, L) KM 12 cells. The effect of ITH-6 on the expression of Topoisomerase I, Procaspase-3, and IkBα (cytoplasmic) was tested after the cells were treated with 0.3, 1, and 3 μM of ITH-6 for 72 hours. Relative quantification of the effect of ITH-6 on cytoplasmic IkBα on (C) HT-29, (H) COLO 205, and (M) KM 12 cells, Topoisomerase I on (D) HT-29, (I) COLO 205, and (N) KM 12 cells, and Procaspase-3 on (E) HT-29, (J) COLO 205, and (O) KM 12 cells. The expression levels of the target proteins were normalized to GAPDH. Equal amounts of total cell lysates were used for each sample, and a Western blot analysis was performed. The figures are representative of three independent experiments. * p <.05 compared with the control group.





The effect of ITH-6 on the mRNA level of NF-κB p65 and Bcl-2 in CRC cell lines

The incubation of these three CRC cell lines with 0.3, 1, and 3 µM of ITH-6 for 72 hours remarkably decreased the NF-κB p65 protein expression compared with the vehicle. Furthermore, quantitative real-time PCR (RT-PCR) experiments prove that the treatment of these cell lines with the ITH-6 for 72 hours remarkably decreased NF-κB p65 mRNA expression (Figures 5A–C).




Figure 5 | Effect of ITH-6 on NF-κB p65 and Bcl-2 expression at mRNA levels on HT-29, COLO 205, and KM 12 cells. The effect of ITH-6 on NF-κB p65 mRNA expression on (A) HT-29, (B) COLO 205, (C) KM 12 cells, and Bcl-2 mRNA expression on (D) HT-29, (E) COLO 205, and (F) KM 12 cells was tested after the cells were treated with 0.3, 1, and 3 µM of ITH-6 different concentrations for 72 hours. Points with error bars represent the mean ± SD for independent determinations in triplicate. The figures are representative of three independent experiments. * p <.05, ** p <.01, *** p <.001 and **** p <.0001 compared with the control group.



It was previously indicated that NF-κB p65 transcriptionally regulates Bcl-2, an anti-apoptotic protein (42). Hence, RT-PCR was performed to evaluate the effect of ITH-6 on the Bcl-2 (Figures 5D–F) mRNA level and showed that treatment with ITH-6 downregulated Bcl-2 expression, thereby further proving the role of ITH-6 on the apoptosis of these CRC cell lines.



Immunofluorescence

An immunofluorescence experiment was conducted to find out if ITH-6 can downregulate the expression of nuclear NF-κB p65 in HT-29 (Figure 6A), COLO 205 (Figure 6B), and KM 12 (Figure 6C). Our results confirm that treating these CRC cell lines with ITH-6 decreased NF-κB p65 expression, which is consistent with the Western blot and RT-PCR results.




Figure 6 | The effect of ITH-6 on the expression of NF-κB p65. (A) HT-29, (B) COLO 205, and (C) KM 12 cells were incubated for 72 hours with 0.3, 1, and 3 µM of ITH-6. The red color represents the presence of NF-κB p65, and the blue color represents the nucleus. (D) Docking pose of ITH-6 within the binding pocket of IkBα/NF-κB heterodimer. The protein is represented as multicolored ribbons. Amino acid residues are shown as follows: nitrogen in blue, hydrogen in white, carbon in gray, and oxygen in red. The ligand is represented by the ball and stick model with carbon atoms represented as carbon in green, nitrogen in blue, hydrogen in white, and sulfur in yellow. The yellow dashes represent the hydrogen bonding. (E) 2-D ligand interaction between ITH-6 and the IkBα/NF-κB heterodimer. Magenta arrow represents hydrogen bonding with amino acid residues within 5 Å of the ligand.





Interaction analysis of ITH-6-NF-κB p65 docked complex

The previously reported IkBα/NF-κB crystal model (PDB code: 1IKN) was used for docking analysis. Stimulation between ITH-6 and the heterodimer complex was performed using induced fit docking. The docking position of ITH-6 showed an XP docking score of -5.7 kcal mol-1, which shows good binding affinity. Figure 6D depicts the docking pose and interaction between ITH-6 and the IkBα/NF-κB heterodimer protein. Figure 6E shows H-bonding between the thiazolidine hydrogen and the carbonyl oxygen of GLY259. The biphenyl ring resides in the pocket formed by amino acids: GLN 26, LYS 28, GLN 29, ARG 30, whereas the indene ring sits in the pocket made by amino acids: ARG 236, GLY 237, SER 238, PHE 239, GLN 241.



Knockout of NF-κB p65 gene in HT-29 cells

The knockout of the NF-κB p65 gene in HT-29-NF-κB p65ko cells was verified by the NF-κB p65 protein expression using Western blotting (Figure 7A). The level of NF-κB p65 in HT-29-NF-κB p65ko cells was remarkably low compared with that of HT-29 cells (Figure 7B).




Figure 7 | Confirmation of NF-κB p65 knockout in HT-29-NF-κB p65ko cells. (A) Western blotting result of NF-κB p65 protein expression level and (B) relative quantification of NF-κB p65 in HT-29 and HT-29-NF-κB p65ko cells. The expression level of the target protein was normalized to GAPDH. (C) Survival fraction (%) was measured after treatment with ITH-6 (µM) for 72 hours on HT-29 and HT-29-NF-κB p65ko cells. Points with error bars represent the mean ± SD for independent determinations in triplicate. The figures are representative of three independent experiments. ** p <.01 compared with the control group.



To further verify the change in gene expression by targeting NF-κB p65 using the CRISPR/Cas9 system in HT-29-NF-κB p65ko cells, MTT assay was performed. RF was used to evaluate if there is any degree of change in the IC50 values resulting from the absence of NF-KB p65 expression. Based on the results, the IC50 value in HT-29-NF-κB p65ko cells is around 180-fold higher than that of the corresponding HT-29 cell lines (Figure 7C).



The effect of ITH-6 and irinotecan in mice with HT-29 and KM 12 tumor xenografts

We chose irinotecan as a positive control drug because irinotecan is often used for CRC treatment. The two CRC cell lines, HT-29 and KM 12, were implanted, and when the palpable tumors developed, the treatment regimen was started. The mice implanted with HT-29 and KM 12 cells had a significant reduction in volume (Figures 8B, E) and weight (Figures 8C, F) of the tumor after treatment with an oral dose of ITH-6 6 mg/kg compared with the positive control, 30 mg/kg irinotecan, which was given i.p. (Figures 8A, D). The doses that were administered suggest that the drug doses did not produce significant overt toxicity as there was no significant decrease in body weight (Figure 9A) and blood cell count (Figures 9B, C).




Figure 8 | ITH-6 inhibits tumor growth, volume, and weight in xenograft mouse model. NCR nude mice were inoculated with subcutaneous implantation of HT-29 and KM 12 cells. During a 21-day treatment period, ITH-6 (6 mg/kg) significantly inhibited the growth, volume, and weight of (A–C) HT-29 and (D–F) KM 12 tumor xenografts compared with the vehicle control and irinotecan group. Values represent the median ± SD of six animals per group. Similar results were obtained in two independent experiments. * p <.05 and ** p <.01 compared with the control group.






Figure 9 | (A) Changes in mean body weight before and after treatment for xenograft model are shown. (B) The changes in mean white blood cells in nude mice (n = 6) at the end of the 21-day treatment period and (C) the changes in mean platelets in nude mice (n = 6) at the end of the 21-day treatment period. Plasma concentrations of (D) ITH-6 and (E) irinotecan in nude athymic mice at 5, 30, 60, 120, 180, and 240 minutes following administration of ITH-6 (3 and 6 mg/kg) given orally and irinotecan (30 mg/kg) given intraperitoneally. (F) Intratumoral concentrations of irinotecan and ITH-6 in KM 12 (n = 6) and HT-29 tumors (n = 6) following administration of these drugs. Points with error bars represent the mean ± SD.





Concentration of ITH-6 and irinotecan in the tumor and plasma

The plasma level of irinotecan (i.p.) gradually decreased as time increased (Figure 9E) and for ITH-6 (given orally), plasma concentration was gradually increasing and reached a peak at 60 minutes and then decreased (Figure 9D). However, the tumor concentration of irinotecan (30 mg/kg) was less compared with ITH-6 (6 mg/kg) (Figure 9F).




Discussion

Our previous study found that the drug ITH-6 has better IC50 values on the three CRC cell lines than irinotecan, a clinical-use drug for CRC treatment (26). Indanone-derived compounds have a broader range of different biological activities (43). The IC50 values of ITH-6 are 0.44 µM, 0.98 µM, and 0.41 µM on HT-29, COLO 205, and KM 12 cell lines, respectively. Also, the previous data showed the mechanism of ITH-6 on the G2/M cell cycle phase with little effect on other phases and caused an increase in apoptosis.

It is already reported that ITH-6 induces intracellular ROS production and causes a decrease in GSH levels in all three CRC cell lines with the highest impact at 3 µM (26). Given that the cytotoxicity on CRC cells could result from an inhibition of some specific proteins related to the apoptotic pathway, we conducted Western blotting analysis and RT-PCR to figure out the mechanism of ITH-6. Our results indicate that the incubation of these cancer cells with 3 µM of ITH-6 for 72 hours notably decreased the expression of the nuclear fraction of NF-κB p65 protein compared with cells incubated with vehicle, and the downregulation is more predominant compared with 20 µM of the positive control, resveratrol. There was no significant change in the cytoplasmic level of NF-κB p65 protein (an inactive form that is bound to IkBα). ITH-6 acts only on the nuclear fraction of NF-κB p65, thus proving that it is downregulating the active form of NF-κB p65 protein, which is responsible for the cytotoxicity of ITH-6 on these cell lines.

Moreover, there was no significant change in the levels of ALDH1A1, CD44, IkBα (nuclear and cytoplasmic), TOP I protein upon treatment with ITH-6. The expression of ALDH1A1 was absent in HT-29 cells, whereas CD44 was absent in COLO 205 and KM 12 cells. CD44 could be a surface marker in CRC, and some of the CRC cells could be separated into two populations based on CD44 expression, CD44- and CD44+ (44). ALDH1A1, a member of ALD1H1 family is a prognostic predictor of many cancers, including CRC. ALDH1A1 in CRC tissues also has a heterogeneous expression pattern with differences in the rate and intensity. This pattern is also observed in a study of 20 cases of normal colorectal mucosa and 65 cases of CRC and their corresponding adjacent tissues in which ALDH1A1 was upregulated in some cases and downregulated in others (45). There are 14 caspases in mammals. The caspases 8, 9, and 10 are activated by apoptotic stimulation, which activates further effector caspases. Moreover, many studies show that active caspase-3 is needed to induce apoptosis in response to chemotherapeutic treatments. Caspase-3 is synthesized as a 32-kDa proenzyme (procasoase-3), which is cleaved into two subunits and reassociated to form the functionally active caspase-3 enzyme (46). The enzyme TOP1 has a specific role in carcinogenesis. Topoisomerase I (TOP1) cuts one strand in the double-stranded DNA, independent of ATP, and topoisomerase II (TOP2) cuts both strands in DNA and is dependent on ATP for its activity. There are two types of topoisomerases, type I and type II topoisomerase inhibitors interfere with the DNA replication. Topotecan and irinotecan are TOP1 inhibitors and currently used in the treatment of cervical and CRC (47). Inhibitors-of-kappaB (IκB) is an inhibitor of NF-κB and includes various isoforms, such as IκBα, IκBβ, and IκBϵ. IκBα binds to NF-κB in the cytoplasm and blocks the nuclear localization and transcriptional activity of p65. It is only degraded if it is phosphorylated, then ubiquitinated, and finally degraded by the proteasome in a ubiquitin-dependent fashion (48).

The effect of ITH-6 may be on either a transcriptional or translational level. The incubation of the abovementioned cancer cells at various concentrations of ITH-6 for 72 hours decreased the mRNA level of NF-κB p65 significantly compared with cells incubated with vehicle. There was a considerable reduction in the mRNA expression of Bcl-2, which is an anti-apoptotic protein and a downstream molecule of the NF-κB pathway and variety of cancers exhibit a higher expression of Bcl-2 and confer resistance to the apoptotic effect of chemo- and radiotherapy (49).

Subsequently, an in vitro immunofluorescent experiment showed that incubation with ITH-6 for a time point of 72 hours decreased NF-κB p65 expression, which is consistent with the Western blot and mRNA expression results. Furthermore, cytotoxicity assays on ABCB1- and ABCG2- overexpressing cell lines showed that there was no significant difference in the IC50 values of ITH-6, and it proves that it is not a substrate of ABCB1 or ABCG2 transporter. If a drug is a substrate of ABC transporter, it is more likely to extrude from cells, and that affects the bioavailability of the drug. The results from the gene knockout studies suggest that the NF-κB p65 gene knockout in the HT-29-NF-κB p65ko cell line can be useful in investigating whether ITH-6–induced cytotoxicity is related to the downregulation of the target, NF-KB p65, which is highly expressed in p53 mutant CRCs.

Finally, based on our in vitro results, preclinical studies in the athymic nude mice models were conducted to determine the effect of the anticancer effect of ITH-6 on tumor growth on mice implanted with HT-29 and KM 12 cells. The oral administration of 6 mg/kg of ITH-6 reduced the tumor growth remarkably compared with mice that received irinotecan (30 mg/kg i.p.). In addition, no marked change in body weight, WBC, and platelet counts were noted, suggesting that ITH-6 can be well-tolerated at this dose and may be a successful drug candidate for treating p53 mutant CRCs. Furthermore, the anticancer efficacy of ITH-6 is better than the positive control, irinotecan, which can be further proved by its increased tumor concentration compared with irinotecan. These data suggest that ITH-6 has a remarkable anticancer activity in mice with HT-29/KM 12 xenografts at a dose that does not produce notable toxic effects.

Anticancer drug discovery and development are one of the great advancements, and in this manuscript, we demonstrate that ITH-6 is a potent cytotoxic agent against p53 mutant CRC cells and has a preferable cytotoxic profile compared with other drugs that are already approved for CRC. ITH-6 acts on the specific cell cycle phase, causing G2/M phase arrest, and induces apoptosis by elevating the intracellular ROS and decreasing the GSH levels. It also inhibits tubulin polymerization and downregulates the expression of the NF-κB p65 and Bcl-2 in these cell lines, which further proves its role in the cytotoxicity of CRC cell lines. ITH-6 at a dose of 6 mg/kg p.o., did not produce any observable toxic effects in the in vivo tumor xenografted mice during the treatment period. It significantly decreased tumor size, growth rate, and tumor volume in mice bearing HT-29 and KM 12 tumor xenografts compared with irinotecan. Together with its mechanism of action, ITH-6 could be a potential anticancer drug candidate for p53 mutant CRC treatment.
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The present study aimed to evaluate changes in the expression patterns at the gene and protein levels associated with drug resistance. The study group included 48 women who had a histopathologically confirmed diagnosis of stage I-IV ovarian cancer, they were divided into two subgroups (groups A and B). In group A, there were 36 patients in whom surgical treatment was supplemented with first-line chemotherapy according to current standards. Within this patient group, 5 had stage I (14%), 5 had stage II (14%), 25 had stage III (69%), and 1 had stage IV ovarian cancer (3%). Drug resistance was found after the third cycle of chemotherapy in 17 patients (71%) and after the sixth cycle in 7 patients (29%). Group B included 12 women with type I ovarian cancer, including 11 with stage I and 1 patient with stage IV ovarian cancer. The oncological treatment required only surgery. The control group (C) included 50 women in whom the uterus and adnexa were surgically removed for non-oncological reasons. Significantly higher levels of carcinoma antigen 125 CA-125 and human epididymis protein 4 HE4 were observed in group A and in menopausal women. Moreover, drug resistance was associated with significantly higher levels of CA-125 (p < 0.05). The genes UBA2, GLO1, STATH, and TUFT1 were differentiated in test samples from control samples. Moreover, drug resistance was associated with significantly higher expression of GLO1. The results of these assessments indicated the strong link between UBA2 and hsa-miR-133a-3p and hsa-miR-133b; GLO1 and hsa-miR-561-5p; STATH and hsa-miR-137-3p and hsa-miR-580-3p; and TUFT1 and hsa-miR-1233-3p and hsa-miR-2052. Correlation analysis showed a significant correlation between CA-125 and HE4 levels. Moreover, a significant correlation between TUFT1 mRNA and UBA2, GLO1, STATH (negative correlation), and TUFT1 in relation to CA-125 and HE4 (p < 0.05) was noted in all patients. In view of the lack of screening tests for ovarian cancer, the occurrence of the described correlation may be inscribed as an attempt to establish an assay that meets the criteria of a screening test and thus increase the early diagnosis of ovarian cancer.
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Introduction

The incidence of ovarian cancer during a woman’s lifetime is estimated to be approximately 1 in 75 women, and mortality from the disease is nearly 1 in 100 women (1). Worldwide, ovarian cancer ranks fourth in terms of death due to malignancy, and it accounts for 5% of all cancers diagnosed in women and 31% of all cancers of the female reproductive system (2, 3). Unfortunately, it is also associated with the highest mortality rate among all gynecologic cancers (4). According to The American Cancer Society, it is estimated that 19,880 women will be diagnosed with ovarian cancer in 2022 (5). It should be kept in mind that ovarian cancer ranks fifth in all deaths associated with cancer in women and it has the highest risk of death compared with that in all gynecologic cancers (6, 7).

The risk of ovarian cancer increases with age. In the European continent, approximately 80% of ovarian cancers develop in women above the age of 50 years, most commonly between 60 and 64 years of age and after 75 years (8, 9). The risk of developing ovarian cancer increases in women who achieve menopause at a later age compared with those who reach it at an earlier age (10, 11). Important risk factors include infertility (generally no offspring), infertility if treated with ovulation induction, and recurrent inflammatory conditions including endometriosis, overweight/obesity, and smoking (1, 12–15).

According to the World Health Organization classification, primary ovarian cancers are divided into three groups: surface epithelial-stromal tumors, sex cord-stromal tumors, and germ cell tumors. Considering the molecular basis and clinical implications of tumorigenesis, two types of ovarian cancer can be distinguished. The first one develops from benign ovarian tumors or borderline tumors and constitutes approximately one-third of all cases. Type I includes serous carcinoma G1/2, endometroid carcinoma G1/2, mucinous carcinoma, clear cell carcinoma, and Brenner’s carcinoma. It is characterized by slow growth and low sensitivity to chemotherapy with a good prognosis (nearly 80% 5-year survival rate) and lower frequency of recurrence. Type II occurs significantly more often (70% of all cases) and is known to have a poor prognosis. It includes serous carcinoma G3, endometroid carcinoma G3, undifferentiated carcinoma G3, and sarcoma. It is most often diagnosed at stages III and IV and is characterized by rapid growth and high sensitivity to chemotherapy but with more frequent recurrence and poor prognosis (nearly 90% of patients die within 5 years of observation) (16–18).

Thus far, annual screening including transvaginal ultrasound and carcinoma antigen (CA-125) evaluation has not been proven to affect population-based detection of ovarian cancer. Additionally, computed tomography (CT), magnetic resonance imaging, and positron emission tomography are used to assess disease progression, monitoring treatment effects, and detecting recurrence (19, 20).

Among useful biochemical markers, CA-125 antigen, which is a glycoprotein that is not present in the epithelial cells of normal ovaries, and human epididymis protein 4 (HE4). The Risk of Ovarian Malignancy Algorithm (ROMA) is calculated based on the determined concentrations of the two tumor markers CA125 and HE4 and considering the woman’s menopausal status. On this basis, women can be classified into a high- or low-risk group for developing ovarian cancer. Performing the determinations of both markers simultaneously and calculating the ROMA values increases the diagnostic value of these tests. The role of ROMA in detecting early-stage ovarian cancer is particularly emphasized. The lower limit of normal for laboratory determinations is usually <35 IU/mL. CA-125 levels >35 IU/mL are observed in 50–90% of patients with ovarian cancer. Before surgical treatment, normal levels of CA-125 are found in 50% of women with stage I cancer and 60% women with stage II cancer (21, 22). The HE4 marker, found in the epithelium of the epididymis, trachea, salivary glands, lungs, kidneys, prostate, fallopian tubes, oral mucosa, endometrium, and endocervix, whose normal concentration is <150 pM/L, is also important. Because HE4 does not have such a high tendency for false-positive results, its determination is useful for clinical diagnosis. Elevated levels of HE4 are observed in cases of endometrial cancer, cervical cancer, and benign ovarian tumors. It should be noted that these markers are not specific and also change in situations not associated with cancer, such as endometriosis, pregnancy, or menstruation (23, 24).

The extent of treatment—surgery and possible supplementation with chemotherapy—depends on the disease stage. Unfortunately, in approximately one-fifth of cases, drug resistance to the platinum compounds (cisplatin) used as first-line chemotherapy is noted (25, 26).

The present study aimed to evaluate the changes in expression patterns at the gene and protein levels associated with the phenomenon of drug resistance, as well as the levels of CA-125 and HE4 markers and the association between them, in patients with stage I-IV ovarian cancer in comparison with control patients.



Patients and methods

The present study was performed in accordance with the guidelines of the 2013 Declaration of Helsinki on human experimentation. It is not possible to identify patients on an individual basis either in this study or in the database. Informed consent was obtained from all patients. Approval from the Bioethical Committee operating at the Regional Medical Chamber in Kraków (approval no. 185/KBL/OIL/2020 and 186/KBL/OIL/2020, dated September 20, 2020) was obtained for this study.


Patients

The study group included 48 women who had a histopathologically confirmed diagnosis of stage I-IV ovarian cancer, from which two subgroups (groups A and B) were identified.

In group A, there were 36 patients in whom surgical treatment was supplemented with first-line chemotherapy according to current standards. Within this patient group, 5 had stage I (14%), 5 had stage II (14%), 25 had stage III (69%), and 1 had stage IV ovarian cancer (3%). Loss of response to chemotherapy in this patient group was assessed on the basis of imaging examinations with CT, performed at intervals compliant with the current recommendations of the Response Evaluation Criteria in Solid Tumors (RECIST) (27, 28). Out of the 36 women in group A, drug resistance was found in 24 patients (67%), after cycle three of chemotherapy 17 patients displayed drug resistance (71%), including 2 women with stage II (12%), 14 women with stage III (82%) and 1 patient with ovarian cancer stage IV (6%) and after cycle six 7 patients displayed drug resistance (29%), including 1 patient with stage II (14%) and 6 patients with ovarian cancer stage III (86%).

Group B included 12 patients with type I ovarian cancer, including 11with stage I and 1 patient with stage IV, whose oncological treatment required only surgery. Chemotherapy was not necessary owing to the low staging of the neoplastic lesions. The control group (C) comprised of 50 women in whom the uterus and adnexa were surgically removed for non-oncological reasons.

Oncological treatment—surgical procedure including removal of the uterus with adnexa, appendix, mesh (non-mesh), pelvic minor lymph nodes, and pelvic and pre-aortic minor lymph nodes, as well as chemotherapy with cisplatin—was performed in the Gynecology and Obstetrics Department with Gynecology Oncology and Clinical Oncology Unit of Ludwik Rydygier Specialist Hospital in Kraków, Poland. Platinum resistance was defined as the recurrence of disease within 6 months after the completion of chemotherapy.

The detailed clinical characteristics of the patients are presented in Table 1. Patients treated with surgery and chemotherapy (group A) were significantly older, and their initial body weight and body mass index (BMI) were significantly lower than those of women in the other groups. Moreover, ascites and menopause were more frequent. A significant decrease in body weight under the influence of treatment was present in all the study groups (p < 0.05).


Table 1 | Clinical and anthropometric data of patients with histopathologically confirmed diagnosis of stage I-IV ovarian cancer (groups A and B) and control subjects (group C).





Materials

Tissue material collected during surgery was secured for molecular analyses in Allprotect Tissue Reagent (Qiagen, Wroclaw, Poland, Cat No./ID: 76405) in an Eppendorf tube and stored at -20°C until molecular analyses.

Blood samples were collected from the vein of the ulnar fossa from women in the study and control groups; the samples were collected into tubes designated for clotting, after which the samples were centrifuged for 10 minutes, at 1,500 ×g, at 20°C to obtain serum for further biochemical analyses. The samples were stored at -20°C until the start of the analysis.



Evaluation of CA-125 and HE4 levels

Changes in the concentrations of CA-125 and HE4 markers were assessed from the serum of patients in the pretreatment and control groups by immunohistochemistry analysis involving electroluminescence detection (immunochemical analyzer Cobas e-411 Rack, Roche Diagnostics, Warsaw, Poland). The concentrations of these markers were determined based on a solid phase antigen-antibody reaction. The samples were incubated twice, first with biotinylated monoclonal antibodies specific for CA-125 (SigmaAldrich, Poznan, Poland, Catalog no. RAB0376-1KT) and HE4 (Abcam, Cambridge, MA, USA, Cat. No. ab132299), labelled with ruthenium complexes, and second with streptavidin-labeled microparticles. The reaction mixture was then transferred to the measuring chamber, where the microparticles were magnetically attracted to the electrode surface. Subsequently, unbound substances were removed using ProCell system fluids. The voltage that was applied to the electrode induced an electrochemiluminescence reaction and photon emission, which was measured using a photomultiplier. The results were read by constructing a two-point calibration curve.



Extraction of the total RNA

Extraction of total RNA was performed using TRIzol reagent (INvitrogen Life Technologies, Carlsbad, CA, USA, Cat. no. 15596026) according to the manufacturer’s protocol. The isolated RNA was then evaluated qualitatively by performing electrophoretic separation of the extracts in 1% agarose gel and quantitatively by performing spectrophotometric analysis (NanoDrop ND, Thermo Fisher Scientific, Waltham, MA, USA). For further molecular analysis, only those RNA extracts that fulfilled the following conditions were qualified: 18S rRNA and 28S rRNA strands visible in the agarose gel, and the absorbance ratio at 260 nm to 280 nm was 1.8-2.0 in the quantitative evaluation.



mRNA microarray analysis

The microarray profile of mRNA expression changes that are associated with drug resistance was determined using the HG-U133A 2_0 microarray (Affymetrix, Santa Clara, CA, USA), the GeneChip™ 3′ IVT PLUS Reagent Kit, and GeneChip™ HT 3′ IVT PLUS Reagent Kit (Thermo Fisher Scientific, Waltham, MA USA, Cat. no. 902416) according to the manufacturer’s recommendations. The mRNA names and their ID number were determined from the Affymetrix NetAffx™ Analysis Center database after entering the phrase “drug resistance” (http://www.affymetrix.com/analysis/index.affx; accessed on February 2, 2022). Data were analyzed using a microarray scanning GeneArray scanner (Agilent Technologies, Santa Clara, CA, USA).



miRNA transcriptome analysis

Changes in the miRNA transcriptome in the test samples in comparison with the control samples were determined using the miRNA microarray technique GeneChip miRNA 2.0 Array (Affymetrix), as described by the manufacturer. Data were analyzed using a microarray scanning GeneArray scanner (Agilent Technologies).

Predictive evaluation of the effect of selected miRNAs on mRNAs were significantly differentiated in test samples from control samples was performed using the TargetScan database (http://www.targetscan.org; accessed on February 15, 2022) (29) and miRanda (http://mirdb.org; accessed on15 February 2022) (30, 31). According to the miRDB database, “This is an online database for miRNA target prediction and functional annotations. All the targets in miRDB were predicted using a bioinformatics tool, MirTarget, which was developed by analyzing thousands of miRNA-target interactions from high-throughput sequencing experiments. Common features associated with miRNA binding and target downregulation have been identified and are used to predict miRNA targets with machine learning methods. A predicted target with a prediction score of >80 is most likely to be real; however, if the score is below 60, then one needs to exercise caution, and it is recommended to have other supporting evidence as well” (30, 31).



Reverse-transcription quantitative polymerase chain reaction assay

To validate the semi-quantitative results of the microarray expression pattern of the mRNAs evaluated, reverse-transcription quantitative polymerase chain reaction (RT-qPCR) was performed using the SensiFast ™ SYBR No-ROX One-Step Kit (Bioline, London, UK), where β-actin was used as the endogenous control.

The thermal profile of the reaction was as follows: reverse transcription (45°C for 10 min); activation of the polymerase (95°C for 2 min); and 40 cycles of denaturation (95°C for5 s), annealing (60°C for 10 s), and elongation (72°C for 5 s). In Table 2 the nucleotide sequence of primers are presented.


Table 2 | Nucleotide sequences of primers used to amplify genes differentiated in the study samples (group A and B) from the control samples (group C) by the RT-qPCR.



Changes in gene expression were evaluated with the relative method for assessing gene transcriptional activity (also known as 2-ΔΔCT).



Enzyme-linked immunosorbent assay

After rinsing the slides with phosphate-buffered saline (PBS) solution to remove blood residues, the tissue samples were mechanically homogenized in PBS (10 mg tissue per 100 μL PBS) and centrifuged for 15 min at 1,500 ×g. After collecting the supernatant, enzyme-linked immunosorbent assay (ELISA) was immediately performed.

To determine the concentration of the analyzed proteins, we used the UBA2 Elisa kit (Human ubiquitin-like modifier-activating enzyme 2 ELISA Kit, MyBioSource, Inc. San Diego, CA 92195-3308, USA, Cat. no. MBS9317388), Human GLO1 ELISA Kit (MyBioSource, Inc., Inc., San Diego, CA, USA,Cat. no. MBS761164), Human GLO1 ELISA Kit (MyBioSource, Inc., Inc., San Diego, CA, USA, Cat. no. MBS2533426), and TUFT ELISA kit (Human Tuftelin (TUFT) ELISA Kit, MyBioSource, Inc., Inc., San Diego, CA, USA, Cat. no. MBS2104898) in accordance with the manufacturer’s recommendation.



Statistical analysis

Statistical analysis of data obtained in the mRNA microarray analysis was performed using the Transcriptome Analysis Console program (Thermo Fisher Scientific, Waltham, MA, USA) which links the CEL file analysis and QC features of Expression Console and the statistical analysis of TAC into a single software application.” In the first step, the results were normalized using the Robust Multiarray Average (RMA) method, which consisted in the logarithmic transformation of the fluorescence signal value for each transcript (log2). Based on the log2 Fold Change (FC) value, the multiple of the difference between the expression level of mRNA transcriptomes of the compared groups was assessed, while the statistical strength of the observed difference was assessed based on the p-value. The criterion for recognizing a gene as differentiating required that the absolute value of the difference in fluorescence signals between the compared groups (FC) was greater than 1.1 (minimum 1.1-fold decrease or increase in signal intensity) and the p value < 0.05.

Data analysis was performed using the Statistica 13.3 program (Stat Soft, Poland) and R, version 4.1.1 (The R Foundation for Statistical Computing).

For non-measurable data, numeric-percentage notation was used and χ2 or Fisher’s exact test of independence was employed. Measurable data were presented as mean ± standard deviation (SD) and median with quartiles (Q1-Q3). Compliance with normal distribution was verified with the Shapiro-Wilk test.

If data were normally distributed, we used Student’s t-test (comparison of the two groups) or one-way analysis of variance ANOVA with Bonferroni correction and post-hoc Tukey’s honestly significant difference test (comparison of more than two groups) to determine the statistically significant differences in mean values. In turn, if data were skewed statistically significant differences in distributions were analyzed using Mann–Whitney U (comparison of the two groups) or Kruskal–Wallis’s test with Bonferroni correction (comparison of more than two groups) and post-hoc Dunn’s test or Scheirer–Ray–Hare test (non-parametric version of two-way ANOVA based on ranks).

Correlation analysis was performed using Spearman’s correlation coefficient and its significance test. Moreover, odds ratios (OR) with their confidence intervals (Cis) were determined using univariate logistic regression models. Multivariate analysis did not identify a significant regression model. When interpreting the results, a p-value of < 0.05 was considered as indicating statistical significance.




Results


Concentration of the markers CA-125 and HE4

We first evaluated changes in the concentrations of the two biochemical markers currently used in diagnosis: CA-125 and HE4. Significantly higher levels of CA-125 and HE4 were observed in group A and among menopausal women. Moreover, drug resistance was associated with significantly higher CA-125 levels (Table 3; p < 0.05).


Table 3 | Concentrations of CA-125 and HE4 in groups of patients with histopathologically confirmed diagnosis of ovarian cancer (groups A and B) and control group (C), including patients undergoing chromotherapy (in A group) and menopause (total and in A group).





Microarray analysis

In the first stage of microarray analysis mRNAs that were significantly differentiated in ovarian cancer samples from control samples (p<0.05) were selected. Out of the 47 mRNAs associated with drug resistance, 12 mRNAs were significantly differentiated in the study samples (group A and B) from control samples (one-way ANOVA variance analysis; p<0.05).

According to the post-hoc Tukey’s honestly significant difference test, we observed that seven genes, UBA2, GLO1, STATH, TUFT1, RIC8A, ABCC5, and HPD, were differentiated in group A vs. C samples. Five genes, UBA2, GLO1, STATH, TUFT1, and GBF1, were differentiated in group B vs. C samples. Four genes, UBA2, GLO1, STATH, and TUFT1. were common to group A and B (Figure 1; p < 0.05).




Figure 1 | Microarray expression profile of genes associated with drug resistance differentiating between the ovarian cancer samples (groups A and B) from control samples (group C) (p<0.05) for: UBA2, ubiquitin-like modifier-activating enzyme 2; GLO1, glyoxalase I; STATH, statherin; TUFT1, tuftelin 1; RIC8A, RIC8 guanine nucleotide exchange factor B; ABCC5, ATP-binding cassette subfamily C member 5; HPD, 4-hydroxyphenylpyruvate dioxygenase; GBF1, Golgi brefeldin A-resistant guanine nucleotide exchange factor 1; (+), overexpression in comparison with the control (–);, downregulation in comparison with the control.





RT-qPCR assay

In the next step, we quantified the expression of the four common genes differentiated in ovarian cancer samples from control samples. The same direction of expression changes of the selected transcripts by the RTqPCR technique, as in microarray analysis, was noted. We noted that the mRNA of UBA2, GLO1, TUFT1, HPD, and GBF1 were upregulated in the ovarian cancer samples in comparison to the control samples (Table 4). The mRNA of STATH, RIC8A, and ABCC5 levels were downregulated in cancer samples in comparison to the control samples (Table 4). Significantly higher absolute mRNA values, UBA2, GLO1, STATH, and TUFT1, were observed in group A (Table 4). Moreover, drug resistance was associated with significantly higher GLO1 expression in group A (p < 0.05). Significantly higher mRNA values of GLO1 were observed among women undergoing chromotherapy (in A group) and menopause (total and in A group) (p < 0.05).


Table 4 | Expression pattern of selected genes in the study groups (A and B) in comparison with the control group (C) obtained by RT-qPCR, including patients undergoing chromotherapy (in A group) and menopause (total and in A group).





Expression pattern of selected miRNAs

Based on the target score value, we observed the strongest link between the following entities: UBA2 and hsa-miR-133a-3p (target score 98) and hsa-miR-133b (target score 98); GLO1 and hsa-miR-561-5p (target score 90), STATH and hsa-miR-137-3p (target score 97) and has-miR-580-3p (target score 80); TUFT1 and hsa-miR-1233-3p (target Ire 86), and hsa-miR-2052 (target score 94). It was observed that only one miRNA corresponding to hsa-miR-561-5p was downregulated in ovarian cancer samples in comparison to the control group (p < 0.05). For the remaining miRNAs, we found overexpression in the ovarian cancer samples compared to the controls (p < 0.05). In addition, we determined the same direction of change in expression in both groups of ovarian cancer samples (p < 0.05). Changes in the expression of the indicated miRNAs in individual groups of women with ovarian cancer in comparison with control subjects are shown in Figure 2. Then, with the use of bioinformatics tools, it was shown, which miRNAs are potentially involved in the regulation of the expression of previously selected mRNAs (Figure 3).




Figure 2 | Changes in miRNA expression levels for differentiating ovarian cancer samples (groups A and B) from control samples (group C) that are potentially involved in regulating the expression of the selected transcripts, for UBA2, ubiquitin-like modifier-activating enzyme 2; GLO1, glyoxalase I; STATH, statherin, TUFT1, tuftelin 1; RIC8A, RIC8 guanine nucleotide exchange factor B; ABCC5, ATP-binding cassette subfamily C member 5; HPD, 4-hydroxyphenylpyruvate dioxygenase; GBF1, Golgi brefeldin A-resistant guanine nucleotide exchange factor 1. (+), overexpression in comparison with the control; (-), downregulation in comparison with the control.






Figure 3 | miRNAs affecting the transcriptional activity of genes differentiating ovarian cancer samples compared to the control samples. UBA2, ubiquitin-like modifier-activating enzyme 2; GLO1, glyoxalase I; STATH, statherin, TUFT1, tuftelin 1; RIC8A, RIC8 guanine nucleotide exchange factor B; ABCC5, ATP-binding cassette subfamily C member 5; HPD, 4-hydroxyphenylpyruvate dioxygenase; GBF1, Golgi brefeldin A-resistant guanine nucleotide exchange factor 1.





ELISA results

Significantly higher absolute levels of UBA2, GLO1, and TUFT1 proteins were observed in group A and among menopausal women (Table 5; p < 0.0001). Notably, the STATH protein level was significantly higher in group B (p < 0.0001) and among premenopausal women (p < 0.0001). No significant difference was found in relation to the existence of drug resistance.


Table 5 | Differences in the concentration of UBA2, GLO1, TUFT1, and STATH in the study (A and B) and control (C) groups obtained by ELISA assay, and their relationship with chemotherapy resistance including patients undergoing chromotherapy (in A group) and menopause (total and in A group).





Changes in the expression of the selected mRNA-miRNA-proteins

We assessed the relationship between the expression of mRNA, miRNA regulating each mRNA, and the respective protein coded for by the selected mRNA (Table 6). For UBA2, GLO1, and STATH in both groups (groups A and B), compared with the control group, we found the same level of expression changes at the mRNA and protein levels (up/up or down/down). However, when comparing the expression between groups B and C for TUFT1, a different expression profile at the mRNA and protein levels (up/down) was noted. It can be concluded that overexpression of an miRNA potentially regulating the expression of a given mRNA, only for the STATH and (hsa-miR-137-3p or hsa-miR-580-3p) resulted in silencing at the protein level. In turn, silencing the expression of hsa-miR-561-5p, potentially regulating GLO1 mRNA expression, resulted in its overexpression at the transcript and protein levels in the test group compared to the control.


Table 6 | Summarizing the changes in the expression of the selected mRNA-miRNA-protein for differentiating ovarian cancer samples (groups A and B) from control samples (group C).





Correlation analysis

Correlation analysis indicated a significant association between the levels of the CA-125 and HE4 markers (Table 7). Moreover, a significant association of TUFT1 mRNA, as well as proteins UBA2, GLO1, STATH (negative correlation), and TUFT1 in relation to CA-125 and HE4 (p < 0.0001) was evident for all patients.


Table 7 | Correlation between levels of biochemical and molecular markers, as values of Spearman’s R coefficients and the significance p-value, among women with ovarian cancer (groups A and B) compared with those of women in the control group (C).





Risk factors for drug resistance in patients with ovarian cancer and the occurrence of malignancy

Figures 4 and 5 illustrate the influence of selected factors on the occurrence of drug resistance and cancer. A significantly higher risk of drug resistance in group A patients was observed in women with stage III/IV disease due to increased expression of GLO1 mRNA and protein encoded by this gene. A significantly higher cancer risk was associated with menopause, age, lower BMI, and higher levels of HE4 and UBA2 protein.




Figure 4 | Results of univariable logistic regression analysis - odds ratio (OR) and its 95% confidence interval (95% CI) for the relationship between the occurrence of chemotherapy resistance (no/yes) and particular classification variables in group A of patients with histopathologically confirmed diagnosis of stage I-IV ovarian cancer, treated with surgery and supplemented with chemotherapy as per –tandard guidelines.






Figure 5 | Results of univariable logistic regression analysis - odds ratio (OR) and its 95% confidence interval (95% CI) for the relationship between the occurrence of cancer (no/yes) and the particular classification variables of all patients in the study groups (A, B, and C).






Discussion

Despite many years of research and the development of modern diagnostic techniques including biochemical and molecular analyses, ovarian cancer is diagnosed at very late stages and the available treatments do not provide the expected outcome, which is attributed to the development of drug resistance during chemotherapy (7, 32).

In our analysis, we evaluated changes in the levels of biochemical markers—CA-125 and HE4—and the expression profile of genes and proteins encoded by them associated with drug resistance in patients with ovarian cancer in comparison to control subjects. Significantly higher concentrations of these markers were found in the serum of patients in the study group, regardless of whether treatment was supplemented with chemotherapy or not. Higher levels of CA-125 and HE4 being characteristic of patients in group A, in whom resistance to cisplatin was observed, and in premenopausal age.

Potenza et al. evaluated 78 patients diagnosed with epithelial ovarian cancer regarding the utility of CA-125 and HE4 determination in monitoring response to cytotoxic treatment. The authors concluded that both parameters are good markers of loss of adequate response to treatment, as their levels were not recorded after the third cycle of chemotherapy in patients with an initially good response to treatment (33). Nevertheless, Castella et al., who also evaluated changes in CA-125 and HE4 levels among 72 patients with ovarian cancer, reported that an increase in biomarkers corresponded with disease recurrence, confirmed by diagnostic imaging, in most patients, although in some women, there was an upward trend in the CA-125 and HE4 levels not associated with recurrence (34). This leads to the search for new markers, mainly at the molecular level, on the basis of which the occurrence of drug resistance can be established before its phenotypic manifestation, because molecular changes precede phenotypic changes (35, 36). It is a more reasonable approach as we demonstrated significant correlation between CA-125 and HE4 levels and the four proteins that were differentiated in the test samples in groups A and B from control samples (p < 0.05). Studies on a larger population of patients should be performed to determine the usefulness of CA-125 and HE4 analyses and the mentioned proteins in the diagnosis of ovarian cancer and determination of resistance to chemotherapy.

In our study, we found drug resistance in 24 of 36 patients (66.7%) in whom surgery was supplemented with chemotherapy. Therefore, in the second stage of our study, we decided to assess the changes in the expression of genes related to the drug resistance phenomenon that were specifically differentiated in the study group from control samples and the miRNAs that potentially regulate their expression in groups A and B. Based on microarray evaluation of the collected samples, we showed that, in the cases of ovarian cancer, irrespective of the stage and selected treatment option, the expression profile of mRNAs and miRNAs were related to drug resistance changes. mRNAs corresponding to genes UBA2, GLO1, STATH, and TUFT1, were differentiated in the study samples, irrespective of the stage of ovarian cancer from the control samples, and we decided to focus on them in further analyses.

He at al. observed a significant increase in the gene and protein expression of UBA2 in colorectal cancer samples when compared with control samples, identifying overexpression of this gene as an adverse prognostic marker (37). Moreover, UBA2 participates in the processes of tumor progression, invasion, and metastasis through the Wnt-dependent pathway, consequently promoting epithelial–mesenchymal transition (38). In our analysis, we demonstrated overexpression of UBA2 mRNA, and the protein coded by it in ovarian cancer samples (p < 0.05), it was higher in group A where surgical treatment was complemented by chemotherapy when compared with group B where treatment was terminated by surgery. Nevertheless, we did not identify any relationship between cisplatin drug resistance and UBA2 expression (p > 0.05).

Our analysis also showed that GLO1 mRNA were differentiated in study samples from control samples and is the only transcript among the four mRNAs selected for which we could identify a significant association with the occurrence of cisplatin drug resistance (OR = 5.95; 95% CI 1.15-30.61; p = 0.02). Among patients who lost adequate response to treatment, GLO1 expression was significantly higher than that among women with ovarian cancer responding to chemotherapy (p < 0.05). Overexpression of GLO1, which encodes for glyoxalase 1, is closely associated with the occurrence of multidrug resistance in the context of not only tumorigenesis (39) but also infections caused by microorganisms (40). It plays a critical role in the development of innate and acquired drug resistance, and in cancer, overexpression of the GLO1 gene and protein is characteristic of cells with high glycolytic rates (39). Thus, considering the enzymatic activity of glyoxalase 1 catalyzing the conversion of methylglyoxal, a natural antibiotic to glutathione D-lactate, it should be assumed that loss of response to treatment is associated with accumulation of glutathione D-lactate and reduction in glutathione (glyoxalase II) in the cells. This is accompanied by a decrease in the concentration of the substrate methylglyoxal, a cytotoxic byproduct of glycolysis that activates cell apoptosis (41). Sakamoto et al. confirmed significantly higher expression of GLO1 in human monocytic leukemia cell lines, i.e., UK711, K562/ADM, and UK110 cells. These authors indicated that GLO1 inhibits apoptosis of cancer cells by inactivating caspases treated with anticancer drugs, while noting that this may be a reversible effect (42). Interesting in this regard the study of Tamori et al., conducted on a breast cancer model, also confirmed that GLO1 expression is dependent on the histopathological grade of tumor malignancy (χ2 test, p = 0.002) and was significantly higher in basal cell breast cancer (43). Additionally, our study observed higher GLO1 expression among patients with drug resistance, which is consistent with the observations of Alhujaly et al. who found that overexpression of this gene and protein reduces the antitumor properties of cisplatin, among others (44).

Moreover, we observed an increase in the mRNA and protein expression of TUFT1 in group A as compared with the control group and group B. However, we did not confirm that changes in the TUFT1 expression profile depend on the occurrence of drug resistance to platinum compounds in ovarian cancer. Thus, we speculate that TUFT1 may serve as a complementary molecular marker in differentiating the clinical stage of ovarian cancer. Such a conclusion seems reasonable taking into account observations made by Yang et al. who found that overexpression of TUFT1 mRNA and protein is characteristic for identifying higher clinical stages of colorectal cancer (stages III and IV) and development of vincristine resistance through the PI3K/AKT pathway (45). Dou et al. confirmed the association between TUFT1 overexpression and unfavorable prognosis among patients with intrahepatic cancer, which is directly related to HIF1-α overexpression and induction of oxidative stress (46).

The last mRNA that was differentiated in the test samples from control samples was the STATH gene, for which we noted decreased expression in cancer samples. To the best of our knowledge, this is the first study to report STATH expression in cancer samples. Two studies that evaluated the utility of STATH1 determination in clinical samples have been published thus far. The first one, by Sakurada et al., demonstrated the potential ability to differentiate nasal from vaginal secretions in forensic examinations based on the presence of the STATH1 protein (present only in nasal secretions) (47). The second one, by Gilbert and Stayton, indicated the presence of STATH1 in salivary secretions, where it participates in enamel mineralization and is produced by the human body in natural and recombinant forms (48).

We complemented our analysis of drug resistance-associated mRNA transcriptome by determining the expression pattern of miRNAs that potentially regulate the expression of the selected transcripts and testing this effect by determining the concentration of proteins encoded by the selected genes.

The influence of the selected miRNAs regulating the expression of the indicated mRNAs seems as feasible because for all of them the target score was >80. Thus, considering the results of the predictive analysis of the interaction between mRNA and miRNA and expression at the protein level, it seems correct that miRNAs not only act as negative regulators of expression at the post-transcriptional level but also can enhance expression, resulting in protein overexpression (49–51).

The analysis indicated that hsa-miR-133a-3p and hsa-miR-133b are molecules that regulate UBA2 expression. The study published by Ukey et al. showed that assessment of hsa-miR-133a-3p levels may be a useful marker of oral squamous cell carcinoma risk (52). Additionally, the observations of Chang et al. are interesting, also showed that overexpression of hsa-miR-133a-3p in the sciatic nerve in rats was associated with more severe pain when compared with control rats. These authors also pointed out to the possibility of using the mentioned miRNA as a promising therapeutic target (53). Asai et al. reported a significant silencing of miR-133a-3p and miR-133b expression in head and neck squamous cell carcinoma samples (54), highlighting that the literature data indicate that miR-133a-3p and miR-133b acted as tumor-suppressive miRNAs (55).

Another miRNA involved in regulating expression of the selected genes is hsa-miR-561-5p, whose decreased expression in ovarian cancer samples resulted in protein overexpression in groups A and B compared with those in the control group. Our observations are in contrast to those in the reports of Chen et also demonstrated elevated expression of hsa-miR-561-5p in the liver cancer tissue, indicating that, along with miR-137, miR-149-5p is closely associated with the metastatic potential of liver cancer cells and the formation of lung metastases (56). Xi et al. found silencing of miR-561-5p expression in pancreatic ductal adenocarcinoma cell samples. The silencing of its expression resulted in decreased tumor cell proliferative potential, migration, and invasion (57).

This finding is supported by the complex nature of the miRNAs involved, where one miRNA in some tumor types is described as a pro-tumorigenic factor in one tumor lesion and as a tumor growth suppressor in another.

This situation was reported for miR-29, which was silenced in lung cancer and overexpressed in breast cancer samples (58). This may be because the same miRNA participates in different signaling pathways, which translates into the regulation of biological processes. In addition, nearly 60% of all mRNAs are regulated by miRNAs (59).

We observed that overexpression of hsa-miR-137-3p and hsa-miR-580-3p was involved in the regulation of STATH expression, with the silencing of STATH protein expression most likely in group A as a result of the aforementioned mRNA-miRNA interaction, while a contradicting outcome was observed in group B when compared with control samples. Considering that STATH expression is different in both groups, it is possible that the expression of the gene itself and the protein encoded by it, as well as miRNAs regulating its expression, depends on the clinical stage of the ovarian cancer lesions. In the case of miR-137-3p and hsa-miR-580-3p, it can be assumed that their expression is tissue specific, as Ding et al. confirmed that the silencing of miR-137-3p expression in colorectal cancer samples (60) and Dong et al. reported reduced expression in non-small cell lung cancer samples (61).

The last miRNAs evaluated are hsa-miR-1233-3p and hsa-miR-2052, whose expression was significantly higher in ovarian cancer samples than in control samples. Overexpression of miR-1233-3p was found among patients with renal cell carcinoma and was considered an adverse prognostic marker. Dias et al. determined the expression of specific miRNAs by using the liquid biopsy technique, which allows the determination of the concentration of selected biomolecules in body fluids, including blood, serum, and lavage. It plays a role in diagnosis and monitoring of therapy (62). miR-2052 has been described in the context of severe acute respiratory syndrome coronavirus 2 infection (63).

Thus, the analysis of drug resistance-associated miRNAs performed in this study indicates that the role of these regulatory molecules in the context of ovarian cancer has been insufficiently described.

In the last stage of our analysis, we summarize the risk factors significantly influencing the occurrence of drug resistance among patients with ovarian cancer. The most important were stage (OR: 69; 95% CI 6.32-753.61), GLO1 mRNA overexpression (OR: 5.95; 95% CI 1.15-30.51), and ascites (OR: 2; 95% CI 0.49-8.32). The most significant factors predisposing to the development of ovarian cancer include menopause (OR: 10.64; 95% CI 4.17-27.1), TUFT1 protein overexpression (OR: 9.76; 95% CI 0.21-458.99), UBA2 protein overexpression (OR: 5.69; 95% CI 2.95-10.97), and GLO1 protein overexpression (OR: 5.68; 95% CI 0.18-180.09). Thus, it seems that screening diagnosis of ovarian cancer should be supplemented by GLO1, TUFT1, and UBA2 determination and assessment of the risk of loss of adequate response to chemotherapy by GLO1 mRNA expression pattern determination. Of particular interest to clinicians should be the occurrence of ascites in oncology patients, as it significantly increases the risk of drug resistance to cisplatin.

As recent events surrounding the coronavirus disease pandemic have shown, understanding molecular mechanisms is invariably important and the development and introduction of commercially available diagnostic tests can be simple, effective, and useful.

Our study has both strengths and weaknesses. The strengths include the use of modern techniques to assess changes in mRNA and miRNA transcriptome expression, as well as the association of the observed changes with the concentration of proteins encoded by the selected genes. Although the sample size of the study and control groups may seem relatively small, it should be kept in mind that this is a single-center study, and its duration is short. Therefore, the study, although important, should be extended in the future.



Summary

The analysis showed the greatest association with drug resistance for the following mRNAs and miRNAs: UBA2 and hsa-miR-133a-3p, and hsa-miR133b; GLO1 and hsa-miR61-5p; STATH and hsa-miR-137-3p, and hsa-miR-580-3p, TUFT1 and hsa-miR-1233-3p, and hsa-miR-2052. The importance of determination of the biochemical markers CA-125 and HE4 in the diagnosis of ovarian cancer should not be marginalized. Our study suggests supplementing the current diagnostic approach by determining the expression profile of GLO1, TUFT1, and UBA2 and assessing the risk of loss of adequate response to chemotherapy by determining the GLO1 mRNA expression pattern. Of particular interest to clinicians should be the occurrence of ascites in female cancer patients, which is an unfavorable prognostic factor because it significantly increases the risk of cisplatin resistance. Finally, we confirmed the validity of molecular assessment and the fact that molecular changes precede phenotypic changes, as we determined changes in gene, miRNA, and protein expression in cancer samples before the finding of cisplatin drug resistance among ovarian cancer patients.
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Cancer is one of the most frequently diagnosed malignant diseases worldwide, posing a serious, long-term threat to patients’ health and life. Systemic chemotherapy remains the first-line therapeutic approach for recurrent or metastatic cancer patients after surgery, with the potential to effectively extend patient survival. However, the development of drug resistance seriously limits the clinical efficiency of chemotherapy and ultimately results in treatment failure and patient death. A large number of studies have shown that non-coding RNAs (ncRNAs), particularly microRNAs, long non-coding RNAs, and circular RNAs, are widely involved in the regulation of cancer drug resistance. Their dysregulation contributes to the development of cancer drug resistance by modulating the expression of specific target genes involved in cellular apoptosis, autophagy, drug efflux, epithelial-to-mesenchymal transition (EMT), and cancer stem cells (CSCs). Moreover, some ncRNAs also possess great potential as efficient, specific biomarkers in diagnosis and prognosis as well as therapeutic targets in cancer patients. In this review, we summarize the recent findings on the emerging role and underlying mechanisms of ncRNAs involved in cancer drug resistance and focus on their clinical applications as biomarkers and therapeutic targets in cancer treatment. This information will be of great benefit to early diagnosis and prognostic assessments of cancer as well as the development of ncRNA-based therapeutic strategies for cancer patients.
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Introduction

Cancer is the second leading cause of death after cardiovascular disease globally, representing a serious threat to patients’ life and health (1, 2). Based on recent statistics from the International Agency for Research, approximately 19.3 million new cancer cases and more than 10.0 million deaths occurred in 2020 (3). Currently, surgical resection, radiation, endocrine therapy, targeted therapy, and systemic chemotherapy are the main methods of cancer treatment. Among them, systemic chemotherapy is the most effective therapeutic option for all stages of cancer, with the potential to improve patients’ prognosis in the short term (4–6). It has been reported that chemotherapy could extend the overall survival (OS) of patients with advanced cancer by 6.7 months compared to patients only treated with best supportive care (7). However, the emergency of drug resistance significantly limits the clinical application of chemotherapeutic agents, ultimately resulting in treatment failure and patient death. Drug resistance has become an immense obstacle in cancer treatment (8). The underlying mechanisms involved in drug resistance are considerably complex and have not been fully elucidated. Therefore, a better understanding of the mechanisms responsible for drug resistance will provide opportunities for the development of precise therapeutic strategies for cancer patients.

Non-coding RNAs (ncRNAs), such as microRNAs (miRNAs), long non-coding RNAs (lncRNAs), and circular RNAs (circRNAs), are a large group of transcripts that have no protein coding potential. They were recognized as by-products of transcription without biological function in the past long period of time (9). In recent years, an increasing amount of evidence has suggested that ncRNAs are crucial regulators in almost all cellular processes, such as transcription, apoptosis, proliferation, and differentiation (10, 11). They play crucial roles in the regulation of a variety of physiological and pathological processes. The dysregulation of ncRNAs has been shown to be closely associated with a variety of diseases, particularly cancer (12–14). For instance, the overexpression of miRNA-200a-3p was found to significantly facilitate cell proliferation, migration, and invasion as well as induce apoptosis in gastric cancer (GC) by directly targeting DLC-1 (15). LncRNA ITGB8-AS1 was found to promote cell proliferation, colony formation, and tumor growth in colorectal cancer (CRC) by upregulating ITGA3 and ITGB3 via sponging miR-33b-5p and let-7c-5p/let-7d-5p (16). Furthermore, circRNA C190 overexpression facilitated the proliferation, and migration of non-small cell lung carcinoma (NSCLC) cell lines by targeting CDK1 and CDK6 via sequestrating miR-142-5p (17). Notably, ncRNA dysregulation contributes to the development of cancer drug resistance via various mechanisms, such as the inhibition of apoptosis, enhancement of epithelial-to-mesenchymal transition (EMT), and induction of autophagy (18–20). In addition, the differential expression patterns of ncRNAs endow them with great potential as biomarkers and therapeutic targets for cancer patients.

In this review, we summarize the recent findings on the regulatory mechanisms of ncRNAs in cancer drug resistance and highlight their clinical applications as promising biomarkers and therapeutic targets for cancer patients. A better understanding of the underlying mechanisms of ncRNAs in drug resistance may offer an opportunity to develop ncRNA-based therapeutic strategies for cancer patients against drug resistance.



Overview of ncRNAs


Classification of ncRNAs

It has been reported that ncRNAs make up about 98% of the human genome (21). With the continuous development of high-throughput sequencing technologies, an increasing number of ncRNAs are being identified in eukaryotic cells. According to distinguished classification standards, ncRNAs can be divided into a variety of categories. For instance, ncRNAs are classified into housekeeping ncRNAs (e.g., rRNAs and tRNAs) and regulatory ncRNAs (e.g., miRNAs, circRNAs and lncRNAs) based on their cellular functions. According to their transcript size, ncRNAs are divided into lncRNAs (> 200 nucleotides) and small ncRNAs (< 200 nucleotides), including miRNAs, small interfering RNAs (siRNAs), and piwi-interacting RNAs (piRNAs) (22, 23). Besides, lncRNAs are sorted into two categories, linear lncRNAs and circular lncRNAs based on their structure (24). Moreover, according to the role of lncRNAs in gene expression regulation, they are classified as cis-lncRNAs or trans-lncRNAs (25). In addition, ncRNAs can also be divided into distinct categories based on their subcellular localization (e.g., small nuclear RNAs and cytoplasm-located siRNAs) and genomic origins (including sense or antisense ncRNAs, bidirectional ncRNAs, intronic ncRNAs, and intergenic ncRNAs) (26). Collectively, scientific and systematic classification will be of great benefit in better understanding the characteristics of ncRNAs.



Biogenesis of ncRNAs

The mechanisms of ncRNA biogenesis are extremely complicated, and individual ncRNA categories possess unique characteristics (Figure 1). For instance, both miRNAs and lncRNAs are transcribed by RNA polymerase II (Pol II) from genomic loci. Primary miRNAs (pri-miRNAs) are subsequently catalyzed by a microprocessor complex consisting of DiGeorge syndrome critical region 8 (DGCR8) and Drosha to generate precursor miRNAs (pre-miRNAs). Pre-miRNAs are translocated from the nucleus to the cytoplasm, and then processed into double-stranded miRNAs by the Dicer/TRBP/PACT complex. Finally, the double-stranded miRNAs are processed into mature miRNAs by a series of regulators, including helicase and the RNA-induced silencing complex (RISC) (27). Different from miRNAs, lncRNAs contain 5’ caps and 3’ poly(A) tails. Most lncRNAs undergo a canonical mechanism similar to the biogenesis of mRNAs, by which they are often capped by 7-methyl guanosine at the 5’ end of Pol II transcripts, polyadenylated at their 3′ ends, and spliced similarly to mRNAs (28). CircRNAs are a novel type of ncRNAs characterized by the formation of covalently closed-loop structures without 5’ caps and 3’ tails. CircRNAs are mainly produced from precursor mRNAs via a unique mechanism called back-splicing reaction, in which a downstream splice donor site binds to an upstream splice acceptor site to form a single-strand, covalently closed-loop structure (29).




Figure 1 | Schematic diagram of ncRNA biogenesis and action patterns. (A) Pri-miRNA is transcribed by RNA polymerasel II from genomic loci and further processed into pre-miRNA by microprocessor complex. Subsequently, pre-miRNA is exported to the cytoplasm and further processed into double-stranded miRNA via the Dicer/TRBP/PACT complex. Next, with the help of Ago/GW182, the double-stranded miRNA is processed into mature miRNA, which directly binds to the 3’-UTR of target mRNA, and then facilitates its degradation. (B) LncRNA transcribed by RNA polymerase II is exported to the cytoplasm. Subsequently, lncRNA exerts its biological role by acting as sponges of miRNAs, RBPs, and TFs. (C) CircRNA is mainly derived from precursor mRNAs via back-splicing reaction, by which the single strand of circRNA forms a covalently closed-loop structure. CircRNA plays crucial roles in cellular processes by serving as sponges of miRNAs, RBPs, and TFs.



The biogenesis of ncRNAs is widely regulated by various factors, such as trans-acting factors, RNA binding proteins (RBPs), and epigenetic modifications. For instance, the overexpression of poly(A)-binding protein nuclear 1 (PABPN1) was found to facilitate the turnover of non-coding transcripts via a polyadenylation-dependent mechanism, indicating its negative role in modulating the processing of certain ncRNAs (30). Alternative splicing factor1/pre-mRNA splicing factor SF2 (ASF/SF2) is a classical RBP encoded by the SFRS1 gene. Wu et al. showed that SF2/ASF overexpression facilitated the maturation process of a series of miRNAs, including miR-7, miR-29b, miR-221, and miR-222. Consistent with this, the knockdown of SF2/ASF resulted in a decreased level of mature miR-7 (31). N6-methyladenosine (m6A) is a well-studied RNA modification that plays crucial roles in distinct processes modulating RNA metabolism, such as the splicing, stability, and translation of mRNA (32). Timoteo et al. revealed that specific m6As promoted circRNA back-splicing reaction in a METTL3- and YTHDC1-dependent manner, whereas the mutation of the m6A sites significantly decreased the circRNA levels, which was paralleled by a strong increase in the precursor RNA (33). Although some progress has been made in recent years, ncRNA biogenesis and its regulatory mechanisms are still not fully understood. Continuous in-depth studies will be beneficial not only in differentiating ncRNAs from protein-coding RNAs but also in deciphering their functional significance.



Patterns of ncRNA action

A large amount of evidence suggests that ncRNAs are involved in almost all physiological and pathological processes, including tissue development, cancer progression, and drug resistance. They play crucial roles in these processes via distinct molecular mechanisms, such as regulating the expression of specific target genes, altering the function and activity of proteins, and targeting related signaling pathways (34–36). All these mechanisms are mainly based on the interaction of ncRNAs with DNA, RNA, and proteins (Figure 1). For instance, miRNAs are 19–25 nucleotides in length and play crucial roles in pivotal cellular processes by regulating specific gene expression at the post-transcriptional level (37, 38). They inhibit the expression of specific genes by directly binding to 3′ untranslated regions (UTRs) of their target mRNAs. One single miRNA can simultaneously control the expression of multiple target genes involved in distinct cellular processes (e.g., invasion, metastasis, and cell cycle), while one gene can also be regulated by several miRNAs (39). LncRNAs and circRNAs have been shown to exert their biological functions by acting as sponges or molecular sinks for miRNAs, RBPs, and transcription factors to specifically modulate their target gene expression. These ncRNAs are also called intracellular competitive endogenous RNAs (ceRNAs) (40, 41). For instance, lncRNA SLC25A25-AS1 was found to promote proliferation, migration, and invasion, and induced apoptosis in NSCLC A549 and H460 cells by upregulating integrin α2 via sponging miR-195-5p (42). Due to their central role in physiological and pathological processes, the dysregulation of ncRNAs is closely associated with the occurrence and development of many diseases including cancer. In fact, the aberrant expression of ncRNAs has been observed in cancer tissues and cell lines. They are involved in the regulation of cancer progression by serving as oncogenes or tumor suppressors (10). In addition, ncRNAs are also crucial regulators in the development of cancer drug resistance (10). In-depth investigations of the underlying mechanism of ncRNAs in cancer drug resistance could contribute to the precise treatment of cancer patients, particularly those with poor response to chemotherapy.




Mechanisms of ncRNAs in mediating cancer drug resistance

Chemotherapy remains the most effective first-line therapeutic approach for all stages of cancer and can effectively improve the clinical outcomes of patients in the short term. However, its long-term role in extending the OS of cancer patients is extremely restricted due to the emergence of drug resistance (43). Drug resistance is classified into single drug resistance and multidrug resistance (MDR). Of these, MDR is the main cause of mortality for most patients (44). Emerging evidence has shown that ncRNAs are closely associated with cancer drug resistance (Table 1). Their dysregulation contributes to the development of cancer drug resistance via distinct mechanisms, including inhibition of apoptosis, activation of protective autophagy, enhancement of drug efflux, induction of EMT, and enhancement of cancer stem cells (CSCs) stemness (Figure 2). However, the exact mechanisms are still not fully clarified. In this section, the involvement of ncRNAs in cancer drug resistance is outlined.


Table 1 | Roles of ncRNAs in cancers drug resistance.






Figure 2 | Classical mechanisms of ncRNAs in cancer drug resistance. The dysregulation of ncRNAs contributes to the development of cancer drug resistance by modulating multiple cellular processes of cancer cells, such as drug efflux, cell apoptosis, autophagy, and EMT as well as the acquisition of CSC characteristics.




MiRNAs and cancer drug resistance


MiRNAs affect drug-induced apoptosis by targeting apoptosis-related proteins or drug-resistance pathways

The inhibition of drug-induced apoptosis is one of the main mechanisms contributing to cancer drug resistance. Apoptosis can be divided into two categories: the extrinsic pathways mediated by death receptors and intrinsic (mitochondrial) pathways associated with apoptosis-related proteins such as B-cell lymphoma-2 (Bcl-2) (135). MiRNAs have been shown to influence cancer drug resistance by manipulating apoptosis-related proteins (27, 136). For instance, in our previous work, miR-633 was found to be significantly upregulated in GC tissues and cells, and its upregulation in GC samples was closely associated with the downregulation of Fas-associated protein with death domain (FADD), an adaptor involved in the extrinsic pathway of apoptosis. Mechanistic analysis revealed that miR-633 inhibited doxorubicin (DOX)/cisplatin (CDDP)-induced apoptosis in SGC-7901 and AGS cells by downregulating FADD via directly targeting its 3′-UTR (137). In another study, Yang et al. found that miR‐92a-3p was upregulated in both cervical cancer (CC) tissues and CDDP-resistant CC cell lines HeLa and SiHa. The overexpression of miR‐92a-3p inhibited the CDDP-induced apoptosis of HeLa and SiHa cells by targeting the expression of Krüppel-like factor 4 (KLF4), leading to the enhancement of CDDP resistance in CC. Consistent with this, miR‐92a-3p knockdown increased the sensitivity of HeLa and SiHa cells to CDDP (138).

The Bcl-2 family consisting of anti-apoptotic proteins (e.g., Bcl-2, Mcl-1, and Bcl-xl) and pro-apoptotic proteins (e.g., Bax, Bim, and Bak) plays crucial roles in the mitochondrial apoptotic pathway (139). It has been reported that the ratio between anti-apoptotic proteins and BH3-only proteins (a subtype of pro-apoptotic proteins) can alter the outer mitochondrial membrane permeability by regulating the activation of pore-forming proteins, thereby inducing apoptosis of the cancer cells (140). Zhong et al. showed that miR-625-3p overexpression significantly inhibited the CDDP-induced apoptosis of high-grade serous ovarian cancer (OC) cells OVCAR3 and OVCAR4 by targeting Bcl-2 and Bax expression, resulting in the inhibition of CDDP sensitivity in these cells (141). Ashofteh et al. revealed that miRNA-15a promoted cellular apoptosis by downregulating the mRNA levels of Mcl-1 and Bcl-2 in chronic lymphocytic leukemia (CLL), thereby enhancing the sensitivity of CLL-CII leukemia cells to fludarabine (142). In addition, Sun et al. demonstrated that miR‐374a was downregulated in A2780 cells by propofol. The overexpression miR‐374a suppressed the apoptosis of A2780 cells by decreasing the expression of Bim, p27, and FOXO1, leading to the enhancement of CDDP resistance in OC (143).

The Wnt/β-catenin signaling pathway is involved in the modulation of various cellular processes of cancer cells, such as apoptosis, proliferation, and metastasis. The dysregulation of this pathway has been shown to contribute to the development of cancer drug resistance by influencing the apoptotic pathways (144). For instance, Han et al. found that miR-199b-3p knockdown enhanced the sensitivity of cetuximab-resistant OC cells SW480 and HCT116 to cetuximab by promoting cell apoptosis. Mechanistically, silencing miR-199b-3p could enhance cetuximab-induced apoptosis in cetuximab-resistant SW480 and HCT116 cells by activating the Wnt/β-catenin signaling pathway via downregulating CRIM1 (145). Liu et al. showed that miR-217 was significantly reduced in CDDP-resistant OC COC1 cells compared with in CDDP-sensitive COC1 cells. The overexpression of miR-217 in COC1 cells facilitated CDDP-induced apoptosis and enhanced CDDP sensitivity by inhibiting the activation of the Wnt/β-catenin signaling pathway (146). In addition, multiple miRNAs, such as miR-323a-3p, miR-6727-5p, and miRNA-223-3p, have also been found to contribute to the development of cancer drug resistance by regulating apoptotic pathways via targeting other drug resistance-related signaling pathways, including the phosphatidylinositol 3-kinase (PI3K)/AKT, mitogen-activated protein kinase (MAPK), and nuclear factor kappa B (NF-κB) signaling pathways (147–149). Collectively, these findings indicate that targeting the apoptotic pathways is a common regulation mechanism for miRNAs in cancer drug resistance. Further investigating the mechanisms of miRNAs in drug-induced apoptosis may provide new insights on therapeutic strategies against cancer drug resistance.



MiRNAs and drug efflux in cancer drug resistance

Excessive drug efflux is considered a critical mechanism contributing to cancer drug resistance, in which the efficiency of anticancer drugs is significantly limited due to the reduction in drug concentration in cancer cells (150). It has been reported that excessive drug efflux is a result of the upregulation of drug efflux pumps, including ATP-binding cassette (ABC) transporters. Several members of the ABC family, such as ABCB1, ABCC2, and ABCG2, have been shown to contribute to the development of MDR in a variety of cancers (151). Increasing evidence suggest that miRNAs participate in the modulation of drug efflux in cancer cells by altering the expression ABC transporters (152). For instance, Zou et al. showed that the overexpression of miR-495 significantly reduced the drug efflux in MDR OC cell line A2780DX5 and GC cell line SGC7901R by directly targeting ABCB1, thereby enhancing the sensitivity of cancer cells to DOX and paclitaxel (PTX) (153). ABCB1 is also a target of miR-101 in GC. The overexpression of miR-101 in drug-resistant SGC7901 cells significantly decreased ABCB1 expression at the mRNA and protein levels (154). Tian et al. found that miR-940-3p negatively modulated ABCC2 expression in CDDP-resistant OVCAR3 and SKOV3 cells by directly binding to its 3’-UTR region, leading to the enhancement of CDDP sensitivity in OC (155). Additionally, Tsai et al. revealed that miR-519d was downregulated in human osteosarcoma cells MG-63 and U-2 by CCN family member 2, and its reduction facilitated drug resistance by upregulating the ABCG2 levels (156). Moreover, Amponsah et al. demonstrated that miR-210 overexpression decreased ABCC5 mRNA levels in pancreatic cancer (PC) cell lines (ASAN-PaCa, AsPC-1 and MIA-PaCa2) by targeting its 3’-UTR, leading to the enhancement of gemcitabine sensitivity in PC (157). In addition, several miRNAs, such as miR-34a, miR-7-5p, and miR-325-3p, have also been shown to play a role in cancer drug resistance by influencing drug efflux via targeting ABC transporters in a variety of cancers, including colon cancer, glioblastoma, and hepatocellular carcinoma (HCC) (158–160). Taken together, these studies strongly suggest that miRNAs are involved in the development of cancer drug resistance by altering the function of drug efflux pumps. However, the detailed mechanisms are still inconclusive and need to be further elucidated.



MiRNAs are involved in the development of cancer drug resistance by modulating autophagy

Autophagy is a lysosomal degradation process that is essential for cellular survival, differentiation, and homeostasis. Protective autophagy has been recognized as one of the main mechanisms resulting in cancer drug resistance, by which cancer cells eliminate the cytotoxicity of chemotherapeutic drugs (161). Therefore, targeting autophagy may be an effective therapeutic strategy for improving the poor prognosis of cancer patients. MiRNAs have been shown to participate in cancer drug resistance by regulating autophagy-related genes (162). For instance, Zhou et al. found that miR-133a was significantly downregulated in CDDP-resistant OC cell lines A2780 and SKOV3. The overexpression of miR-133a significantly enhanced the CDDP sensitivity in CDDP-resistant A2780 and SKOV3 cells by inhibiting autophagy via directly targeting YES1 (45). Li et al. showed that miR-20a-5p inhibited autophagy in CDDP-resistant OC cells. Mechanistically, miR-20a-5p suppressed the expression of RBP1 in CDDP-resistant A2780 and COC1 by promoting DNMT3B-mediated RBP1 methylation, resulting in the inhibition of autophagy and CDDP resistance in OC (163). H446/EP was a MDR small cell lung cancer (SCLC) cell line that was developed from H446. Li et al. demonstrated that miR-199a-5p was significantly upregulated in H446/EP cells compared to non-drug-resistant H446 cells. MiR-199a-5p overexpression decreased the CDDP sensitivity in H446 cells by enhancing the autophagy activity via directly targeting p62 (164). Moreover, Zhao et al. revealed that miR-145 was downregulated in CRC tissues and cell lines (HCT116, SW620, and HCT-8). The overexpression of miR-145 enhanced 5-fluorouracil (5-FU) sensitivity in 5-FU-resistant HCT116, SW620, and HCT-8 cells by enhancing 5-FU-induced apoptosis and reducing autophagy. Mechanistically, miR-145 activated p53 by directly targeting HDAC4, thereby inhibiting 5-FU resistance in CRC (165). Collectively, these studies indicate that protective autophagy induced by miRNA dysregulation is a crucial factor resulting in the occurrence of cancer drug resistance. Moreover, miRNAs may simultaneously target apoptotic pathways and autophagy. Thus, it is a valuable strategy to comprehensively identify miRNAs associated with these death pathways to help patients overcome cancer drug resistance.



MiRNAs alter stemness characteristics and EMT in cancer cells

CSCs, also known as tumor-initiating cells (TICs), are a unique subset of tumor cells exhibiting capabilities of self-renewal, differentiation, and tumor initiation. CSCs have been recognized as the main cause of drug resistance, metastasis, and recurrence of cancer (166, 167). Growing evidence suggests that miRNAs are involved in cancer drug resistance by altering the characteristics of CSCs (168). For instance, Zhang et al. found that miR-132 was upregulated in the Lrg5+ gastric CSCs isolated from MKN45 and MKN28 cells. High miR-132 expression was closely associated with chemo-resistance in GC patients. Mechanistic assays revealed that miR-132 facilitated CDDP resistance in Lrg5+ gastric CSCs by upregulating ABCG2 via directly targeting SIRT1 (169). Feng et al. showed that miR-25 was upregulated in liver CSCs (LCSCs) isolated from HepG2, Huh7, and PLC cells compared with the non-CSCs. The knockdown of miR-25 significantly enhanced the sensitivity of the LCSCs to tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-induced apoptosis by inhibiting Bad phosphorylation via upregulating phosphatase and tensin homologue (PTEN), a PI3K inhibitor (170). In addition, Ni et al. revealed that miR-375 suppressed the stemness of GC cells BGC-823 and SGC-7901 by triggering ferroptosis via directly targeting SLC7A11 (171). Epithelial mesenchymal transition (EMT) is a morphogenetic process that endows epithelial cells with migratory and invasive characteristics. The aberrant activation of EMT has been shown to facilitate the development of cancer drug resistance by enabling the conversion of non-CSCs into CSCs (172, 173). MiRNAs can participate in the development of cancer drug resistance by targeting the EMT process. For instance, Hirao et al. showed that the overexpression of miR-125b-5p in HCC cell lines (PLC/PRF5-R1/R2) enhanced sorafenib resistance. Mechanistically, miR-125b-5p promoted the EMT process and conferred stemness characteristics in PLC/PRF5-R1/R2 cells by targeting ATXN1, leading to the reduction of sorafenib sensitivity in HCC. Consistent with this, ATXN1 knockdown in HCC cells exhibited a higher CSC population and an EMT phenotype (174). Chaudhary et al. revealed that miR-205 was highly downregulated in gemcitabine-resistant MIA PaCa-2R cells compared to gemcitabine-sensitive MIA PaCa-2 cells. The overexpression of miR-205 resulted in a reduction in EMT, CSCs, and chemo-resistance markers in MIA PaCa-2R cells, suggesting that miR-205 can enhance the sensitivity of gemcitabine-resistant PC cells to gemcitabine (175). In addition, the overexpression of miR‐363 in drug-resistant OC cell lines (A2780cp and C13) restores CDDP sensitivity by directly targeting Snail (a mesenchymal marker). Consistent with this, Snail overexpression dramatically suppressed the effect of miR‐363 on CDDP resistance of A2780cp and C13 cells, indicating that miR‐363 regulates CDDP resistance in OC through Snail‐induced EMT (176). In summary, understanding the effect of miRNAs on stemness properties and EMT in the development of cancer drug resistance may provide new insights into the development of therapeutic strategies for patients with a poor response to chemotherapeutic agents.



MiRNAs are involved in the regulation of inflammation by targeting T cells

Chronic inflammation triggered by infections, aberrant immune reactions or environmental factors is an uncontrolled inflammatory response and contributes to cancer progression by influencing various biological behaviors of cancer cells, including cellular proliferation, invasion, angiogenesis, metastasis, and drug resistance (177). T cells are the major effector cells in cellular immunity. They are involved in inflammation by producing cytokines in immune responses (178). The immune evasion and immune tolerance induced by the dysregulation of T cell function have shown to be the main causes of drug resistance development (27). Therefore, targeting T cells is an effective way to improve drug sensitivity for cancer patients. An increasing amount of evidence suggests that miRNAs are crucial regulators of T cell functions. For example, Yan et al. discovered that miR-181a was upregulated in T-cell lymphoblastic lymphoma Jurkat and H9 cells treated with DOX, CDDP, cyclophosphamide, and cytarabine. Knockdown of miR-181a in Jurkat and H9 cells significantly enhanced the sensitivity of these chemotherapeutic drugs (179). Ning et al. demonstrated that miR-208b was upregulated in exosomes from CRC cell lines NCM460, SW480, and oxaliplatin (OXA)-resistant SW480. Exosomal miR-208b facilitated regulatory T cells expansion by targeting programmed cell death factor 4, thereby enhancing OXA resistance in CRC (180). Xu et al. showed that miR-424 (322) reversed drug resistance in OC by activating T cell immune response, resulting in the inhibition of immune evasion in drug-resistant OC. Mechanistically, miR-424 (322) inhibited IFN-γ-induced apoptosis in PD-L1-associated CD8+ T cells and altered T cell cytokine secretions by downregulating PD-L1, resulting in the enhancement of chemotherapy efficacy in Skov3 (CP) cells (181). In addition, the downregulation of miR-145 by CDDP in A2780 cells increased PD-L1 levels by directly targeting c-Myc, leading to the induction of T cell apoptosis and enhancement of CDDP resistance in OC (182), indicating that miR-145 dysregulation contributes to the development CDDP resistance via T cell dysfunction-mediated immune tolerance. All these findings support the hypothesis that miRNAs are involved in the regulation of cancer drug resistance by targeting T cells. Therefore, in-depth investigations are required to clarify the detailed mechanisms of miRNAs in regulating T cells, which may provide new insights into the development of miRNA-based therapeutic strategies for cancer patients, particularly those with a poor response to chemotherapy.




LncRNAs and cancer drug resistance


LncRNAs control the cellular death pathways in cancer drug resistance

The dysregulation of lncRNAs has been shown to participate in the development of cancer drug resistance through interference with cellular apoptosis or proliferation pathways (18, 183). For instance, Li et al. revealed that lncRNA TINCR was significantly increased in CDDP-resistant choroidal melanoma (CM) tissues and cells. TINCR overexpression in OCM-1 cells promoted proliferation and inhibited apoptosis by upregulating ERK-2 via sponging miR-19b-3p, leading to the enhancement of CDDP resistance in CM (184). Zhou et al. found that lncRNA CCAT2 was upregulated in breast cancer (BC) tissues and 5-FU-resistant BC cell lines (MDA‐MB‐231, SKBR‐3, MCF‐7, and HCC‐1937) after chemotherapy. CCAT2 overexpression in 5-FU-resistant MDA‐MB‐231, MCF‐7 cells inhibited apoptosis and increased proliferation by activating the mTOR signaling pathway, resulting in a reduction in 5-FU sensitivity (185). Guo et al. demonstrated that lncRNA HEIH was upregulated in PTX-resistant endometrial cancer Ishikawa and HHUA cells. The overexpression of HEIH in Ishikawa and HHUA cells enhanced PTX resistance by depressing cell apoptosis and enhancing cell proliferation and viability via activating the MAPK signaling pathway (186). Zhu et al. showed that LINC00942 was significantly upregulated in drug-resistant GC cell lines SGC7901 and BGC823, and its overexpression in SGC7901 and BGC823 cells facilitated drug resistance by suppressing cellular apoptosis and enhancing their stemness features. Mechanistically, LINC00942 upregulated MSI2 by inhibiting its degradation via preventing its interaction with SCFβ-TRCP E3 ubiquitin ligase, thereby stabilizing c-Myc mRNA in an m6A-dependent manner (187). In addition, several oncogenic lncRNAs, such as APOC1P1-3, PRLB, and WDFY3-AS2, have also been reported to promote drug resistance by targeting the apoptotic pathways in distinct cancer types (53, 188, 189).

Recent studies indicate that the activation of autophagy by chemotherapeutic agents can protect cancer cells from drug-induced apoptosis (161, 190). Zhang et al. showed that exosomal lncRNA SNHG7 was highly expressed in docetaxel-resistant lung adenocarcinoma (LUAD) H1299 and SPC-A1 cells. The knockdown of SNHG7 in docetaxel-resistant H1299 and SPC-A1 cells significantly inhibited cell proliferation and autophagy and enhanced docetaxel sensitivity. Mechanistically, SNHG7 upregulation facilitated autophagy of H1299 and SPC-A1 cells by stabilizing autophagy-related genes autophagy related 5 (ATG5) and autophagy related 12 (ATG12) via recruiting human antigen R (HuR), resulting in the enhancement of docetaxel resistance in LUAD. Moreover, the transmission of exosomal SNHG7 from docetaxel-resistant H1299 and SPC-A1 cells to parental H1299 and SPC-A1 cells also promoted docetaxel resistance (191). In another study, lncRNA TUG1 was found to be upregulated in CRC tissues. The overexpression of TUG1 in LoVo and HCT15 cells enhanced CDDP resistance. Functional assays revealed that TUG1 promoted the proliferation and autophagy of LoVo and HCT15 cells by activating the HDGF/DDX/β-catenin axis via sequestrating miR-195-5p, leading to the enhancement of CDDP resistance in CRC (192). In addition, Chen et al. found that CRNDE triggered autophagy in HepG2 and Hep3B cells by increasing ATG4B levels via sponging miR-543. CRNDE silencing enhanced the sorafenib sensitivity of HepG2 and Hep3B cells, indicating that CRNDE may promote sorafenib resistance in HCC by driving ATG4B-mediated autophagy (193). High-mobility group box 1 (HMGB1) is a classical non-histone protein closely associated with autophagy (194). Chen et al. revealed that lncRNA H19 overexpression in CDDP-resistant TU-177 and AMC-HN-8 cells significantly facilitated autophagy by upregulating HMGB1 via sequestrating miR-107, resulting in the enhancement of CDDP resistance in laryngeal squamous cell carcinoma (LSCC). Consistent with this, the knockdown of H19 in CDDP-resistant TU-177 cells inhibited autophagy and CDDP resistance (195). Taken together, these findings strongly suggest that lncRNAs are widely involved in the development of cancer drug resistance by targeting cellular death pathways. However, the detailed mechanisms are still not fully understood; additional investigations are required to fully uncover the regulatory role of lncRNAs in cellular death pathways.



LncRNAs modulate ABC transporter-mediated drug efflux in cancer cells

The upregulation of ABC transporters is considered a main cause of MDR development in cancer. An increasing amount of evidence has shown that lncRNAs are involved in cancer drug resistance by regulating ABC transporter-mediated drug efflux (196). For instance, Chen et al. revealed that lncRNA GAS5 overexpression in BC cells significantly enhanced the adriamycin (ADR) sensitivity by inhibiting ABCB1-mediated drug efflux. Mechanistically, GAS5 suppressed the expression of ABCB1 in ADR-resistant MCF-7 cells by activating the Wnt/β-catenin signaling pathway via miR-221-3p/DKK2 axis (197). In another study, lncRNA ADORA2A-AS1 was found to be upregulated in chronic myeloid leukemia (CML). ADORA2A-AS1 knockdown in K562 and KCL22 cells significantly enhanced the imatinib sensitivity of cells. Functional assays showed that ADORA2A-AS1 facilitated ABCC2 expression in K562 and KCL22 cells via sponging miR-665, indicating that ADORA2A-AS1 may contribute to the development of imatinib resistance by driving ABCC2-mediated drug efflux in CML (198). Moreover, Wang et al. demonstrated that lncRNA KCNQ1OT1 significantly increased in temozolomide (TMZ)-resistant U251 and U87 cells compared to TMZ-sensitive U251 and U87 cells. KCNQ1OT1 overexpression in TMZ-resistant U251/TMZ and U87/TMZ cells significantly upregulated the expression of ABCB1, c-Myc, and survivin by increasing PIM1 expression via sponging miR-761, leading to the enhancement of TMZ resistance (199). Shen et al. found that lncARSR was upregulated in ADR-resistant osteosarcoma U2OS and MG63 cells and accompanied by acquired MDR against PTX and CDDP. Mechanistically, lncARSR overexpression in ADR-resistant U2OS and MG63 cells significantly promoted cell rhodamine 123 efflux, survival, and migration by upregulating ABCB1, survivin, and matrix metalloproteinase-2 (MMP2) via activating AKT. Consistent with this, lncARSR knockdown in these ADR-resistant osteosarcoma cells facilitated cell rhodamine 123 retention and apoptosis (200). In addition, Li et al. showed that lncRNA HOTTIP was highly expressed in serum from esophageal cancer (EC) patients. Extracellular vesicles-containing HOTTIP contributed to ADR resistance in EC Eca109 cells by positively activating ABCG2 (201). Collectively, these studies indicate that the dysregulation of lncRNAs contributes to the development of cancer drug resistance by modulating ABC transporter-mediated drug efflux via targeting miRNAs. The exact mechanisms of the lncRNA/miRNA axis in drug efflux need to be further elucidated.



LncRNAs manipulate malignant features of cancer cells

LncRNAs have been shown to regulate the stemness of cancer cells, thereby demonstrating their regulatory roles in cancer drug resistance. For instance, Xie et al. found that lncRNA CBR3-AS1 was significantly upregulated in CRC cell lines (HCT116, HT29, SW620, and SW480) compared to normal colon epithelial FHC cells. CBR3-AS1 knockdown in OXA-resistant HCT116 and SW480 cells notably enhanced OXA sensitivity. Mechanistically, CBR3-AS1 knockdown inhibited the stem-like properties of HCT116 and SW480 cells by downregulating Nanog, Sox2, and Oct4 (stem cell markers) via sponging miR-145-5p, resulting in the reduction of OXA resistance in CRC (202). Liu et al. showed that lncROPM promoted the drug resistance of breast CSCs (BCSCs) isolated from BT-549, Hs578T, and MCF-7 cells by upregulating PLA2G16 via increasing its mRNA stability. Moreover, lncROPM contributed to the maintenance of BCSC stemness by facilitating phospholipid metabolism and the production of free fatty acid (such as arachidonic acid) via increasing the PLA2G16 levels (203). Cheng et al. revealed that lncRNA SNHG7 significantly increased in PC cells (PANC-1 and AsPC-1) co-cultured with mesenchymal stem cells (MSCs). The upregulation of SNHG7 induced by the MSCs in PANC-1 and AsPC-1 cells facilitated stemness of cells and Folfirinox resistance by activating the Notch1/Jagged1/Hes-1 signaling pathway via increasing Notch1 expression (204). In addition, Liu et al. demonstrated that lncRNA DUBR was highly expressed in HCC tissues and liver CSCs isolated from MHCC-97H, SNU-368 and MIHA, and its high expression was closely associated with poor chemotherapy response. DUBR overexpression in SNU-368 and MHCC-97H cells promoted the stemness of cancer cells and OXA resistance. Functional assays revealed that DUBR activated the Notch1 signaling pathway by upregulating cancerous inhibitor of protein phosphatase 2A (CIP2A) levels via sponging miR-520d-5p, leading to the enhancement of the stemness characteristics of the HCC cells and drug resistance (205).

LncRNA dysregulation contributes to the development of cancer drug resistance by altering T cell activity. For instance, KCNQ1OT1 was found to be upregulated in sorafenib‐resistant HCC tissues and cells, and its knockdown in sorafenib‐resistant SK-HEP-1 and Huh-7 cells co-cultured with T cells significantly inhibited immune escape by enhancing the immune surveillance ability of T cells. Mechanistically, KCNQ1OT1 upregulated PD‐L1 levels in sorafenib‐resistant SK-HEP-1 and Huh-7 cells by sponging miR‐506, thereby reducing the apoptosis of CD8+ T cells (206). In another study, LINC00184 overexpression in docetaxel-resistant DU145 and PC3 cells facilitated cell immune escape by upregulating PD-L1 via sponging miR-105-5p, resulting in the enhancement of docetaxel resistance in PCa (207). In addition, HCG18 could inhibit CD8+ T cells activity by increasing PD-L1 levels via sponging miR-20b-5p, leading to the promotion of cetuximab resistance in CRC cells (208). LncRNAs can also act as the recruiters of epigenetic modifiers to play a role in cancer drug resistance. For instance, Li et al. found that PCAT-1 was upregulated in CDDP-resistant GC tissues and cell lines. PCAT-1 knockdown resensitized CDDP-resistant BGC823 and SGC790 cells to CDDP. Functional assays revealed that PCAT-1 epigenetically silenced PTEN by increasing H3K27me3 via recruiting the histone methyltransferase enhancer of zeste homolog 2 (EZH2), resulting in the enhancement of CDDP resistance in GC (209). Si et al. showed that H19 was highly expressed in PTX-resistant BC cells. H19 upregulation in PTX-resistant MCF-7 and ZR-75-1 cells facilitated the recruitment of EZH2 to the BIK gene promoter, increasing H3K27me3 modification and suppressing BIK gene expression (210). In addition, Lin et al. revealed that LINC00261 was downregulated in 5-FU-resistant EC tissues. The overexpression of LINC00261 dramatically inhibited resistance to apoptosis in 5-FU-resistant TE-1 and -5 cells, whereas LINC00261 knockdown observed the opposite effect. Mechanistically, LINC00261 significantly decreased the levels of dihydropyrimidine dehydrogenase by increasing the methylation of its promoter through the recruitment of DNA methyltransferase, thereby enhancing 5-FU sensitivity in EC (211).

LncRNAs are able to govern the EMT process and malignant features of cancer cells to play a role in cancer drug resistance. Li et al. discovered that HOTTIP overexpression in glioma A172 and LN229 cells significantly increased cell proliferation, migration, and metastasis. Further, HOTTIP facilitated the EMT process in TMZ-resistant A172 and LN229 cells by decreasing E-cadherin expression and increasing Zeb1/Zeb2 (mesenchymal markers) via upregulating miR-10b, resulting in the enhancement of TMZ resistance in glioma. Consistent with this, miR-10b knockdown in HOTTIP-overexpressing A172 and LN229 cells reversed the EMT with associated TMZ sensitization (212). Zhang et al. demonstrated that HOTAIR facilitated migration, proliferation, and the resistance of HeLa and Siha cells to CDDP, PTX, and docetaxel. Mechanistically, HOTAIR enhanced the EMT process in HeLa and Siha cells by activating the PTEN/PI3K axis via sequestrating miR-29b, leading to the enhancement of MDR in CC (213). Jiang et al. revealed that HNF1A-AS1 facilitated 5-FU resistance in GC cells (MKN-45 and HGC-27) by enhancing the EMT process via increasing EIF5A2 levels. HNF1A-AS1 served as a sponge of miR-30b-5p to upregulate EIF5A2 (71). Moreover, Zhao et al. showed that DLX6-AS1 promoted proliferation, migration, invasion, and secondary CDDP resistance in LSCC cell lines SK-MES-1 and NCIH226. Mechanistically, DLX6-AS1 increased the expression of CUGBP, Elav-like family member 1 by sponging miR-181a-5p and miR-382-5p, resulting in the secondary CDDP resistance of LSCC cells (214). In addition, multiple lncRNAs, such as LINC01089, CYTOR, and H19, have also been shown to demonstrate their roles in cancer drug resistance by targeting the EMT process and altering malignant characteristics, such as proliferation, invasion, and metastasis (215–217). Altogether, these findings suggest that the underlying mechanisms of lncRNAs in cancer drug resistance involve their modulation of CSC expansion, T cell activity, EMT process, and malignant characteristics. In-depth investigations are required to fully elucidate the exact mechanisms behind lncRNA-mediated cancer drug resistance, which will be of great benefit in the development of lncRNA-based therapeutic strategies for cancer patients exhibiting a poor response to chemotherapy.




CircRNAs and cancer drug resistance

In recent years, the role of circRNAs in cancer progression has become a research hotspot, but the investigation of the contribution of circRNAs to cancer drug resistance is still at an initial stage (20, 218, 219). Emerging evidence indicates that the dysregulation of circRNAs is involved in cancer drug resistance via distinct mechanisms, such as drug transportation, cell death, DNA repair, and cancer stemness (220).

CircRNAs mainly act as miRNA sponges to play regulatory roles in cancer drug resistance. For instance, Xu et al. showed that circ-FBXW7 was downregulated in OXA-resistant CRC tissues and cells. Exosomal transfer of circ-FBXW7 enhanced the sensitivity of the OXA-resistant SW480 and HCT116 cells to OXA by inhibiting OXA efflux, elevating the OXA-induced apoptosis, and suppressing OXA-induced EMT via sponging miR-18b-5p (100). Another circRNA, circRNA_101277, was found to be highly expressed in CRC tissues and cells, and its overexpression in SW620 and SW480 cells facilitated CDDP resistance by upregulating IL-6 via sequestering miR-370 (221). Furthermore, Zhong et al. revealed that circRNA_100565 was upregulated in CDDP-resistant NSCLC tissues and cells. CircRNA_100565 knockdown in the drug-resistant A549 and H1299 cells reduced CDDP resistance by enhancing cell apoptosis and inhibiting proliferation and autophagy. Mechanistically, circRNA_100565 exerted its anti-drug resistant role by upregulating ADAM28 expression via sponging miR-377-3p in CDDP-resistant A549 and H1299 cells (92). Additionally, Huang et al. demonstrated that circAKT3 was highly expressed in CDDP-resistant GC tissues and cells compared to CDDP-sensitive samples. The upregulation of circAKT3 was closely associated with aggressive characteristics in GC patients receiving CDDP treatment. Functional assays demonstrated that circAKT3 upregulated PIK3R1 via sequestrating miR-198, thereby enhancing CDDP resistance by facilitating DNA damage repair and inhibiting the apoptosis of CDDP-resistant SGC7901 and BGC823 cells (222). CircRNA CDR1as was found to contribute to the development of CDDP resistance in NSCLC by altering the stemness characteristics of NSCLC cells. The overexpression of circRNA CDR1as in CDDP-sensitive NSCLC cells (A549, H1299, and Calu6) significantly increased the expression of stemness signatures (e.g., Sox2, Oct4 and Nanog) by upregulating HOXA9 via sponging miR-641, leading to the enhancement of CDDP resistance. Consistent with this, circRNA CDR1as knockdown in CDDP-resistant A549, H1299, and Calu6 cells suppressed the stemness of cancer cells (223). Moreover, Huang et al. demonstrated that circ_0001598 was highly expressed in trastuzumab-resistant BC samples, and its overexpression facilitated immune escape and trastuzumab-resistance of SKBR-3 and BT474 cells by upregulating PD-L1 levels via sponging PD-L1 (224). In addition, Chen et al. showed that high circUSP7 levels are closely associated with CD8+ T cell dysfunction in NSCLC patients. Exosomal circUSP7 inhibited CD8+ T cell activity by upregulating Src homology region 2 (SH2)-containing protein tyrosine phosphatase 2 via sponging miR-934, resulting in enhanced resistance to anti-PD1 immunotherapy in NSCLC patients (225). There is no doubt that circRNAs have multifaceted functions in cancer drug resistance due to the broad involvement of miRNAs.

CircRNAs can also participate in cancer drug resistance by combining with other molecules. For instance, Wei et al. found circ0008399 enhanced CDDP resistance in bladder cancer EJ and T24T cells by upregulating TNF alpha-induced protein 3 (TNFAIP3) via directly binding to Wilms’ tumor 1-associating protein (WTAP). Mechanistically, circ0008399 interacted with WTAP to promote the formation of the WTAP/METTL3/METTL14 m6A methyltransferase complex, thereby upregulating TNFAIP3 expression in an m6A-dependent manner. Consistent with this, targeting the circ0008399/WTAP/TNFAIP3 axis promoted CDDP sensitivity in EJ and T24T cells (226). Hu et al. showed that circFARP1 was involved in the regulation of stemness and gemcitabine resistance in pancreatic ductal adenocarcinoma by altering the ability of cancer-associated fibroblasts via leukemia inhibitory factor (LIF). Functional assays revealed that circFARP1 directly interacted with caveolin 1 to inhibit its degradation by blocking the binding of caveolin 1 to its ubiquitin E3 ligase zinc and ring finger 1 (ZNRF1), thereby enhancing LIF secretion (227). In addition, Chen et al. demonstrated that the overexpression of circRNA cia-MAF drove LCSC propagation, self-renewal, and metastasis by facilitating MAFF expression via recruiting the TIP60 complex to its promoter, indicating that cia-MAF may contribute to the drug resistance of liver cancer by modulating CSCs (228). Particular circRNAs may participate in cancer drug resistance by altering the key regulators during cancer progression. Further investigations are required to fully understand the detailed mechanisms of circRNAs in cancer drug resistance. In addition, the circRNA/miRNA axis associated with chemotherapeutic responsiveness in cancer should be clarified.



PiRNAs and cancer drug resistance

PiRNAs are a novel class of short chain ncRNAs (26-30 nucleotides) involved in a wide variety of physiological and pathological processes. They can regulate the expression of somatic genes through various mechanisms, including DNA methylation, chromatin modification and transposon silencing (229, 230). An increasing amount of evidence suggests that piRNAs are key regulators in the development of cancer drug resistance (231–233). For instance, Tan et al. discovered that piRNA-36,712 was significantly downregulated in BC tissues. The overexpression of piRNA-36,712 in MCF-7 and ZR75-1 cells significantly enhanced the sensitivity of cells to PTX and DOX. Correspondingly, piRNA-36,712 knockdown obtained the opposite effects. Mechanistically, piRNA-36,712 directly interacted with SEPW1P RNA (SEPW1 pseudogene), thereby suppressing SEPW1 expression by facilitating miR-7 and miR-324 to target SEPW1 RNA, resulting in the enhancement of PTX and DOX sensitivity in BC (231). Mai et al. showed that piRNA-54265 was upregulated in CRC tissues. The overexpression of piRNA-54265 in HCT116 and LoVo cells promoted the formation of PIWIL2/STAT3/p-SRC complex by directly binding to PIWIL2, thereby activating the STAT3 signaling pathway, leading to the resistance of CRC cells to 5-FU and OXA (232). In addition, Wang et al. demonstrated that piR-L-138 was upregulated in CDDP-treated LSCC cells and patient-derived xenograft treated with CDDP. The knockdown of piR-L-138 in H157 and SKMES-1 cells enhanced CDDP sensitivity by directly binding to p60-MDM2 (233). Collectively, these findings indicate that piRNAs play vital roles in the regulation of cancer drug resistance, but the detailed mechanisms remain largely unknown. In-depth investigation may bring great benefits to the development of piRNA-based therapeutic strategies for cancer patients, particularly those with a poor response to chemotherapy.




Clinical implications of ncRNAs in cancer drug resistance


NcRNAs as biomarkers for the diagnosis and prognosis of cancer patients

It has been reported that approximately 50% of cancer patients are diagnosed at an advanced stage, with poor response rates and a low chance of cure (3). This is the main factor leading to the poor survival of cancer patients. Moreover, it is difficult for most cancer patients to obtain accurate individualized therapeutic strategies due to the lack of effective methods for prognostic assessment in clinical practice. In recent years, several protein biomarkers, such as carcinoembryonic antigen, carbohydrate antigen 15-3, and human epidermal growth factor receptor-2, have been applied in the early diagnosis and prognostic assessment of cancer patients. However, the unsatisfactory sensitivity and specificity of these biomarkers restricts their further utilization (234–236). Thus, it is urgent to develop new biomarkers with high sensitivity and specificity for cancer patients, particularly those with a poor response to chemotherapy.

NcRNAs can be secreted in actively packed particles (e.g., exosomes, microvesicles, or apoptotic bodies) and freely circulate in the blood, and their concentrations are almost the same as those in primary tumors (237, 238). Moreover, they also exhibit some unique characteristics, such as differently expressed patterns, high stability, and high detectability (239). These features strongly suggest that ncRNAs possess great potential as ideal diagnostic and prognostic biomarkers for cancer patients in clinical treatment. In fact, a large number of ncRNAs, particularly miRNAs and lncRNAs, have been identified as diagnostic and/or prognostic biomarkers of cancer (Table 2). For instance, Pan et al. showed that the levels of miR-33a-5p and miR-128-3p in whole blood were significantly downregulated in lung cancer patients or early-stage lung cancer patients compared to healthy controls. Further prospective study revealed that the area under the curve (AUC) value for the combination of miR-33a-5p and miR-128-3p was 0.9511, which was higher than that for CYFR21-1 (0.5856), NSE (0.6189), and CA72-4 (0.5206), indicating that the combination of the two miRNAs can serve as novel biomarkers for the early detection of lung cancer (284). In another study, Lu et al. developed a 21-miRNA-based diagnostic model and a 3-miRNA-based prognostic model that can be used to predict the prognosis of uterus corpus endometrial cancer patients and their response to chemotherapy and immunotherapy. The AUC values for the diagnostic panels were 0.911 in the training set, 0.827 in the test set, and 0.878 in the entire set. The diagnostic panel was closely associated with tumor mutation burden, PDL1 expression, and the infiltration of immune cells. Moreover, the prognostic risk signature of the prognostic panel can be used to predict the response to some commonly used chemotherapy regimens (285).


Table 2 | NcRNAs as biomarkers diagnostic and prognostic in cancers drug resistance.



In a recent study by Xu et al., they found that the plasma levels of ZFAS1, SNHG11, LINC00909 and LINC00654 were significantly downregulated in postoperative CRC patients compared to preoperative CRC patients. The combination of these four lncRNAs exhibited high diagnostic performance for CRC (AUC = 0.937), especially early-stage disease (AUC = 0.935). Moreover, SNHG11 exhibited the greatest diagnostic ability to distinguish precancerous lesions from early-stage tumor formation (286). Besides, Meng et al. showed that lncRNA BCAR4 overexpression was closely associated with lymph node metastasis (p < 0.001), high tumor stage (p < 0.001), and distant metastasis (p < 0.001). Cancer patients with upregulated lncRNA BCAR4 exhibited poor OS (p < 0.001), suggesting that lncRNA BCAR4 is a promising prognostic biomarker in cancer patients (287). CircRNAs are also promising biomarker candidates in cancer treatment. Liu et al. revealed that hsa_circRNA_101237 was significantly upregulated in multiple myeloma (MM) cells, bortezomib-resistant MM cells, and the bone marrow tissues of MM patients. The high expression of hsa_circRNA_101237 reduced the sensitivity of the MM patients to bortezomib. Further, the AUC value for hsa_circRNA_101237 was 0.92 (p < 0.0001). MM patients with upregulated hsa_circRNA_101237 also demonstrated shorter OS and progression-free survival (PFS). This data indicated that hsa_circRNA_101237 possessed great potential as a diagnostic and prognostic biomarker for MM (288). Collectively, these studies strongly suggest that ncRNAs are valuable biomarkers for diagnosis, prognosis, and predicting drug response in cancer treatment. However, larger patient cohorts are required to further validate their potential as biomarkers in clinical applications.



Therapeutic potential of ncRNAs in cancer drug resistance

The poor response of patients to chemotherapy and the emergence of drug resistance are still the most critical obstacles in clinical cancer treatment. A large number of studies have confirmed the essential roles of ncRNAs in the development of cancer drug resistance (289). They may act as oncogenes or tumor suppressors to play dual roles in cancer progression, depending on their diverse downstream targets (290). These characteristics endow ncRNAs with great potential as promising therapeutic targets or therapeutic agents in cancer treatment. Therapeutic strategies that make use of ncRNAs or directly target ncRNAs may bring great benefits to the precise treatment of cancer patients, particularly those demonstrating a poor response to chemotherapy. The delivery of tumor-suppressive ncRNAs to target cancer cells is considered a promising strategy to improve cancer intervention. For instance, miRNA-3662 was found to be downregulated in pancreatic ductal adenocarcinoma (PDAC) tissues and cell lines. MiRNA-3662 overexpression enhanced gemcitabine sensitivity and inhibited aerobic glycolysis in the PDAC cells by decreasing hypoxia-inducible factor 1α (HIF-1α) expression (126). LncRNA ENSG0000254615 was found to be highly expressed in 5-FU-sensitive CRC cells. ENSG0000254615 overexpression inhibited cell proliferation and 5-FU resistance by upregulating p21 and downregulating Cyclin D1 in CRC (291). Circ‐G004213 was significantly upregulated in CDDP-sensitive liver cancer cells and its high expression was positively associated with the prognosis of patients with liver cancer. Further analysis revealed that circ‐G004213 suppressed CDDP resistance by upregulating PRPF39 via sponging miR‐513b‐5p (292). Therefore, the upregulation of tumor-suppressive ncRNAs, such as miRNA-3662, ENSG0000254615, and circ‐G004213, may represent an effective way to inhibit cancer progression and reverse drug resistance. Targeting oncogenic ncRNAs could be another effective strategy to overcome cancer drug resistance. For instance, miR-192 was significantly increased in CDDP-resistant lung cancer cells compared to non-resistant cancer cells. The overexpression of miR-192 activated the NF-κB signaling pathway by directly targeting NF-κB repressing factor, resulting in the inhibition of apoptosis, promotion of proliferation, and enhancement of CDDP resistance in the lung cancer cells. MiR-192 knockdown obtained the opposite effect (293). In another study, circFBXL5 was found to be highly expressed in BC tissues and 5-FU-resistant BC cells. CircFBXL5 knockdown enhanced the 5-FU sensitivity in the BC cells by suppressing cell migration and invasion and facilitating apoptosis. Mechanistically, circFBXL5 promoted 5-FU resistance by upregulating HMGA2 via sequestrating miR-216b (294). Oncogenic ncRNAs, such as miRNA-3662 and circFBXL5, might be used as ideal candidates for therapeutic targets. These findings strongly suggest that the activation of tumor-suppressive ncRNAs or the inactivation of oncogenic ncRNAs are critical mechanisms that restore cancer drug sensitivity. A better understanding of the molecular mechanism of ncRNAs involved in cancer progression and drug resistance will substantially contribute to the precise treatment of cancer patients. However, there are still some challenges that need to be addressed, such as, low bioavailability, side effects, and off-target effects.




Conclusion and perspective

Cancer is one of the most common and fatal malignant diseases worldwide, with high rates of metastasis and recurrence. Chemotherapy remains the best choice for all stages of cancer, and it can effectively improve patients’ prognosis. However, the emergency of drug resistance seriously restricts the clinical efficiency of chemotherapy, and ultimately results in treatment failure. Therefore, a better understanding of the mechanisms responsible for cancer drug resistance will be of great benefit to the development of precise therapeutic strategies for cancer patients, particularly those demonstrating a poor response to chemotherapy. With the rapid development of high-throughput sequencing techniques, a large number of ncRNAs, particularly miRNAs, lncRNAs, and circRNAs, have been found to be aberrantly expressed in cancer tissues and cell lines. These aberrantly expressed ncRNAs are closely associated with cancer progression and drug resistance. It is well established that ncRNAs participate in the development of cancer drug resistance via distinct mechanisms, including the suppression of cell death pathways, induction of excessive drug efflux, facilitation of autophagy, regulation of CSC features, and enhancement of the EMT. Aberrant levels of ncRNAs have been observed in cancer patients’ blood, tissue, and even urine (295). Furthermore, the aberrant expression of ncRNAs was found to be closely associated with some pathological characteristics of cancer patients, including OS and PFS (288). These features endow ncRNAs with great potential as ideal biomarkers for the diagnosis and prognosis of cancer patients. In addition, due to the crucial roles of ncRNAs in cancer progression and drug resistance, they are considered to be promising therapeutic targets or therapeutic agents for cancer patients (Figure 3). The direct delivery of tumor-suppressive ncRNAs to target cancer cells is a promising way to improve cancer intervention. On the other hand, silencing oncogenic ncRNAs is also an effective strategy to overcome cancer drug resistance. Therefore, it is urgent to develop efficient and non-toxic delivery systems and ncRNA silencing technologies. Although some progress has been made in this area, overcoming resistance to chemotherapeutic drugs remains a large challenge. More clinical trials need to be launched to advance the development of ncRNA-based therapeutic strategies to benefit cancer patients.




Figure 3 | Clinical implications of ncRNAs in cancer drug resistance. NcRNAs are enriched in tissue, blood, and urine samples from cancer patients with drug resistance. The expression profiles of ncRNAs are mapped using high-throughput sequencing technologies. Next, the differentially expressed ncRNAs are screened and identified by bioinformatics analysis. Subsequently, the mechanisms of ncRNAs in cancer drug resistance are elucidated using cell and animal models. The aberrantly expressed ncRNAs that possessed great potential as biomarkers and/or therapeutic targets are identified. Finally, cancer patients, particularly those with drug resistance, receive the individualized precision treatment strategies.
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In cancer cells, metabolic reprogramming is associated with an alteration of the O-GlcNAcylation homeostasis. This post-translational modification (PTM) that attaches O-GlcNAc moiety to intracellular proteins is dynamically and finely regulated by the O-GlcNAc Transferase (OGT) and the O-GlcNAcase (OGA). It is now established that O-GlcNAcylation participates in many features of cancer cells including a high rate of cell growth, invasion, and metastasis but little is known about its impact on the response to therapies. The purpose of this review is to highlight the role of O-GlcNAc protein modification in cancer resistance to therapies. We summarize the current knowledge about the crosstalk between O-GlcNAcylation and molecular mechanisms underlying tumor sensitivity/resistance to targeted therapies, chemotherapies, immunotherapy, and radiotherapy. We also discuss potential benefits and strategies of targeting O-GlcNAcylation to overcome cancer resistance.
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Introduction

One of the main hallmarks of cancer cells is energy metabolism reprogramming to support continuous proliferation (1). This mechanism, known as the Warburg effect, shifts energy production from the oxidative phosphorylation that operates in normal cells to the faster aerobic glycolysis. To compensate for the low energy yield of aerobic glycolysis, tumor cells overexpress Glucose Transporters (GLUTs) (2) and increase their glucose uptake by a factor of 10. In addition to glucose, cancer cells excessively consume glutamine as another source of carbon and nitrogen to produce nucleic acids, lipids, and proteins (3). The conversion of glucose into fructose-6-phosphate is a common step in both glycolysis and the hexosamine biosynthetic pathways (HBP), which metabolizes 2 to 3% of total glucose entering the cell (4).

The final product of the HBP is the nucleotide-sugar uridine diphosphate N-acetylglucosamine (UDP-GlcNAc) that requires building blocks produced by glucose, amino acids (mainly glutamine but also glucogenic and ketogenic amino acids), fatty acids (acetyl-coenzyme A, acetyl-CoA) and nucleotides (uridine triphosphate, UTP) metabolisms. UDP-GlcNAc is therefore considered a cellular nutritional sensor. UDP-GlcNAc serves as a substrate of OGT to O-GlcNAcylate serine (Ser) and threonine (Thr) residues of cytoplasmic, nuclear, and mitochondrial proteins; the OGA removes it. The activity of both OGT and OGA makes this ubiquitous intracellular post-translational modification highly dynamic as has been widely described (5–7). A fine “Yin-Yang” occupancy competition mechanism between O-GlcNAcylation and phosphorylation on the same or adjacent Ser/Thr residues regulates protein’s interaction, stability, subcellular localization, and enzymatic activity of their common target proteins (8). Elevated nutrients uptake and metabolism are correlated with increased HBP flow, UDP-GlcNAc level, and global protein O-GlcNAcylation in a wide variety of cancers including chronic lymphocytic leukemia (CLL), breast, lung, liver, prostate, endometrium, pancreas, colon, larynx and bladder (9–17). This aberrant hyper-O-GlcNAcylation is also the result of an alteration in the expression and activity of HBP enzymes and OGT (18–21). Interestingly, decreased OGA and/or increased OGT and O-GlcNAcylation levels are associated with poor cancer grade progression (10, 14, 16, 20, 22, 23).

For the past two decades, a growing body of evidence has demonstrated the crucial role of abnormal O-GlcNAcylation of many oncogenes, tumor suppressors, and signaling actors on the growth, adhesion, migration, and invasion of cancer cells. However, while the role of O-GlcNAcylation in carcinogenesis and tumor progression remains of high interest in cancer research (24, 25), the impact of this glycosylation in the response of cancer to therapies is poorly investigated. The donor substrate for O-GlcNAcylation UDP-GlcNAc can also be epimerized to uridine diphosphate N-acetylgalactosamine (UDP-GalNAc) or modified into cytidine monophosphate-N-acetylneuraminic acid (CMP-Neu5Ac). UDP-GlcNAc, UDP-GalNAc, and CMP-Neu5Ac are nucleotide-sugar substrates for the complex glycosylation of membrane or secretory proteins. In addition to their role in the development and progression of cancer, complex glycosylation alterations have also been correlated with resistance to anti-cancer therapies by interfering with metabolism and modulating tumor cell aggressiveness (26, 27).

In this review, we summarize recent evidence highlighting that cancer therapeutics affect cellular O-GlcNAcylation homeostasis and, reciprocally, that O-GlcNAcylation modulates the response of cancer cells to therapies. Finally, we discuss the benefits of targeting O-GlcNAcylation as a novel promising therapeutic strategy for cancer.



Impact of anti-cancer therapies on O-GlcNAcylation levels

Multiple lines of proof demonstrate that cellular stress (including glucose deprivation, chemotherapeutic and DNA-damaging agents) dramatically increases global O-GlcNAcylation of protein and that the sugar might be protective (28–30).

Notably, chemotherapeutic drugs (i.e. doxorubicin (DOX), 5-fluorouracil (5-FU), camptothecin (CPT), and cisplatin induce an accumulation of intracellular UDP-GlcNAc levels and global protein O-GlcNAcylation in different cancer cell lines (30–33). The increased flux through the HBP is at least partially mediated by the induction of Glutamine : Fructose-6-phosphate Amidotransferase (GFAT) through the AKT/X-Box Binding Protein 1 (XBP1) transcription factor pathway in an unfolded protein response (UPR)-independent manner (30) and by activation of the direct transcriptional activator Forkhead box A2 (FOXA2) (31). Interestingly, cellular UDP-GlcNAc levels are increased in cisplatin-sensitive brain tumor cells (32). Wang et al. (2021) demonstrated that cisplatin enhances UDP-GlcNAc production and global O-GlcNAcylation levels in vitro and in vivo by OGT, GFAT1 activation, and OGA inhibition (33). Conversely, we recently demonstrated that 5-FU decreases intracellular O-GlcNAcylation in vitro by reducing OGT at both protein and transcriptional levels but also in vivo most likely by reducing OGT activity (34). Owing to the fact that OGT enzymatic activity is inhibited by elevated UDP, UTP, and UDP-GlcNAc (35), we suggest that 5-FU metabolites may inhibit OGT by producing fluorinated derivates or uridine compounds (36). Overall, it seems well defined that cellular O-GlcNAcylation is increased in response to anti-cancer therapies-induced stress but the molecular structure of some therapeutic agents could also interfere with UDP-GlcNAc metabolism and OGT activity. UDP-GlcNAc could thus be a potential candidate for monitoring patient response to some anti-cancer therapies.

O-GlcNAcylation is considered a DNA damage-induced PTM since OGT relocates to the sites of damaged DNA caused by several agents (i.e. ionizing radiation, etoposide, methyl methanesulfonate (MMS), cisplatin, mitomycin C (MMC)) and catalyzes O-GlcNAcylation of several proteins of the repair machinery (37). By interfering with the other post-translational modifications of histones defining the “histone code”, it is suggested that O-GlcNAcylation regulates chromatin compaction and gene transcription in response to stress (38). Histone O-GlcNAcylation and DNA condensation are concomitantly increased under heat shock-induced stress (39). Treatment with AUY922 and ganetespib HSP90 inhibitors induces O-GlcNAcylation of core histones (Ser122 of H2A, Thr45 of H3, and Thr30 of H4) in bladder carcinoma cells (40). This study outlines the association between histone PTMs and proteomic changes in response to HSP90 inhibitor treatment in bladder carcinoma cells. Bibliographic analysis of therapies’ impact on O-GlcNAcylation shows a steady increase in the number of papers demonstrating that global O-GlcNAcylation is moderately increased by chemotherapeutic agents in sensitive cells but more significantly in resistant ones. To have a more precise vision, we will detail below the link between O-GlcNAcylation and anticancer response by type of therapy.



Impact of O-GlcNAcylation on response to anti-cancer therapies


1 Targeted therapies


1.1 Tamoxifen

Breast cancer is the most common cancer in women and the leading cause of cancer-related death. Among different subtypes, luminal breast cancers expressing the Estrogen Receptor alpha (ERα) represent approximately 80% of cases (41). ERα plays a crucial role in cancer initiation and progression by binding to estrogen response elements sequence in promotor of target genes upon association with estradiol, its natural ligand, and other transcription factors and activation of downstream signaling pathways such as Phosphatidylinositol 3-Kinase (PI3K)/AKT and Mitogen-Activated Protein Kinase (MAPK) (42). Hormone therapies are the mainstay of the treatment of hormone receptor positive breast tumors. Since its approval by the U.S. Food and Drug Administration (FDA) in 1977, tamoxifen is one of the most commonly used hormone therapy and acts as a partial antagonist of ERα. However, many breast tumors exhibit de novo or acquired resistance to hormone therapies and some potential mechanisms include deregulation of endoplasmic reticulum (ER) pathway components, modification of cell cycle, and survival regulators or activation of escape signaling pathways (43). Thus, low expression of ERα is generally associated with resistance and poor prognosis (44).

Since cancer initiation and progression are fueled by metabolic reprogramming, the detection of metabolic biomarkers is an emerging approach for the prediction of cancer recurrence (45). In a retrospective study, Kuo et al. (2021) recently revealed that O-GlcNAcylation and Pyruvate Kinase M2 (PKM2) served as potentially independent prognostic markers in luminal breast cancers treated with endocrine treatment including tamoxifen. High levels of O-GlcNAcylation or PKM2 are positively associated with a high risk of cancer recurrence and poor long-term disease-free survival (46). PKM2 is a PK isoform preferentially expressed in cancer (47) for which hyper-O-GlcNAcylation is observed in breast tumors. O-GlcNAcylation of Ser362, Thr365, Thr405, and Ser406 causes nuclear translocation of PKM2 leading to up-regulation of GLUT1 and Lactate Dehydrogenase A (LDHA) glycolysis components. Thus, the glycosylation by targeting PKM2 would promote the Warburg effect and breast tumor growth (21, 48) (Figure 1).




Figure 1 | O-GlcNAcylation and anti-cancer targeted therapies. O-GlcNAcylation modulates sensitivity of cancer cells to TRAIL, bortezomib and tamoxifen targeted therapies. Green and red arrows indicate respectively activation and inhibition of protein targeted by O-GlcNAcylation. The gray color indicates that the protein is inactivated/absent or that the cellular mechanism is not taking place.BCL2L11, Bcl-2-Like protein 11; BTZ, bortezomib; Casp, caspase; CHOP, C/EBP Homologous Protein; DISC, death-inducing signaling complex; ERα, Estrogen receptor α; ERRFI1, ERBB Receptor Feedback Inhibitor 1; ESR1, Estrogen Receptor 1; FADD, Fas-Associated protein with Death Domain; FoxA1, Forkhead Box A1; HCF-1, Host Cell Factor-1; IKK, Inhibitory κB Kinase; LDHA, Lactate Dehydrogenase A; NF-κB, Nuclear Factor-Kappa B; NRF1, Nuclear Respiratory Factor 1; OGT, O-GlcNAc Transferase; PERK, Protein kinase RNA-like Kinase; PKM2, Pyruvate Kinase M2; PSM, Proteasome subunit; ROCK2, Rho-associated Coiled-coil forming protein Kinase 2; ROS, reactive oxygen species; Ser, serine; SLC2A1, Solute Carrier family 2 member 1; tBid, truncated BH3 interacting domain death agonist; TNFRSF10B, Tumor Necrosis Factor (TNF) Receptor Superfamily member 10B; Thr, threonine; TRAIL, TNF-Related Apoptosis Inducing Ligand; TRAIL-R, TRAIL Receptor.



Beyond being a recurrence biomarker of endocrine-treated breast tumors, O-GlcNAcylation could also be an interesting therapeutic target to sensitize anti-estrogen-resistant breast tumors. First, O-GlcNAcylation promotes resistance of MCF-7 HR+ breast cancer cells to tamoxifen by reducing ERα mRNA levels. In these cells, inhibition of OGT by siRNA or OSMI-1 specific inhibitor potentiates the cytotoxic effect of the drug (49, 50). Interestingly, tamoxifen-resistant cells are also dependent on high OGT activity. The OGT inhibition by OSMI-1 treatment sensitizes tamoxifen-resistant MCF-7 more than parental ones by inducing ERBB Receptor Feedback Inhibitor 1 (ERRFI1) expression. ERRFI1 is a tumor-suppressor that inhibits ErbB receptor tyrosine kinase-signaling which is a known driver of tamoxifen resistance (51) (Figure 1). Thus, high expression of ERRFI1 is associated with extended survival in patients with tamoxifen-treated ERα-positive breast tumors (52). Altogether, therapeutic approach leading to O-GlcNAcylation inhibition could improve the sensitivity of ERα+ breast cancer to tamoxifen.



1.2 Bortezomib

The proteasome is a large intracellular protease complex composed of a 20S proteolytic core and two 19S regulatory particles. Proteasome activity is essential for the control of various cellular processes such as cell cycle, DNA repair, signal transduction, and protein quality control. Bortezomib (BTZ) is a peptide boronic acid that reversibly acts on the chymotrypsin-like activity of the 20S particle. BTZ has become a target of choice for the treatment of cancers that present high proteasome activity (53). Since its FDA authorization in 2003, it is used for the treatment of relapsed/refractory mantle cell lymphoma (MCL) and multiple myeloma and is further undergoing clinical evaluation in solid tumors including breast, colorectal, ovarian, pancreatic, prostate, and squamous cell carcinomas. However, innate and acquired resistance to BTZ are frequently observed. Some BTZ resistance mechanisms include mutations or up-regulation of proteasome subunits, alteration of stress response, and cell survival pathways, or multi-drug resistance (54).

Interestingly, OGT is included in the list of BTZ sensitizers in myeloma cells (55). Several pieces of evidence demonstrate that O-GlcNAcylation up-regulates the bounce-back response that restores proteasome activity by transcriptional activation of proteasome subunit genes. There is a positive correlation between OGT and proteasome subunits expression in clinical cancer samples including breast invasive carcinoma and colorectal adenocarcinoma. Sekine et al. (2018) firstly demonstrated that O-GlcNAcylation is critical for the maintenance of proteasome activity by regulating Nuclear Respiratory Factor 1 (NRF1) transcription factor through its interaction with Host Cell Factor-1 (HCF-1). In response to BTZ, OGT targets and stabilizes NRF1. In turn, HCF-1 promotes the binding of NRF1 at promoter regions of proteasome subunit genes. OGT knock-down sensitizes MDA-MB-231 breast and NCI-460 pancreatic cancer cells to BTZ in vitro and in xenograft in a mouse model by blocking NRF1-dependent proteasome bounce-back response (56). It was also demonstrated that O-GlcNAcylation promotes the bounce-back response in an NRF1-independent-manner by promoting the turnover of the proteasome. Under BTZ-induced proteasome inhibition, O-GlcNAcylation enhances both degradation and biogenesis of proteasome allowing the recovery of its activity (Figure 1). The underlying mechanism is not yet clarified but the translation or the stability of proteasome subunits may be improved by O-GlcNAcylation since neither the subunit mRNA levels of the proteasome nor its assembly pathway is affected by OGT inhibition (57).

Other studies reveal that O-GlcNAcylation could regulate the BTZ-mediated activation of extrinsic and intrinsic apoptosis triggered by the accumulation of pro-apoptotic proteins including BH3 interacting domain death agonist (Bid) and Bim proteins (58). Increased O-GlcNAcylation of FOXA1, a forkhead transcription factor that activates Bim expression, is involved in breast cancer resistance to BTZ. There is an association between the elevation of O-GlcNAcylation content and resistance to BTZ in mammary cancer samples. BTZ dynamically induces an increase of global O-GlcNAcylation levels in intrinsic and extrinsic BTZ resistant breast cell lines but not in sensitive ones. In BTZ resistant cells, O-GlcNAcylation targets and reduces the stability of FOXA1 allowing Bim attenuation. OGT silencing or inhibition with L01 small molecule sensitizes resistant cells to BTZ by increasing FOXA1 and Bim protein levels (59). In contrast, Luanpitpong et al. (2019) demonstrated that O-GlcNAcylation of truncated Bid (tBid) pro-apoptotic protein could sensitize MCL to BTZ. The use of pharmacological inhibitors of OGT (alloxan) and OGA (PUGNAc, Thiamet-G, ketoconazole (KCZ)) respectively abrogate and sensitize to BTZ-induced apoptosis in MCL cell lines. O-GlcNAcylation targets tBid and interferes with its ubiquitination and its subsequent degradation by the 26S proteasome (60). Glycosylation-mediated stabilization and accumulation of tBid intensify the apoptosis signal induced by BTZ (Figure 1). Thus, OGA inhibition by KCZ treatment increased the sensitivity of patient-derived primary cells and BTZ-resistant MCL cells (61).

Together, these data indicate that, in a cancer type-dependent manner, activation or inhibition of O-GlcNAcylation in combination with BTZ proteasome inhibitor is a promising clinical strategy against resistance to therapy.



1.3 Tumor necrosis factor-related apoptosis inducing ligand therapy

Upon Tumor necrosis factor (TNF)-Related Apoptosis Inducing Ligand (TRAIL) cytokine binding, TRAIL-Receptor 1 and 2 (TRAIL-R1 and TRAIL-R2 also known as respectively Death Receptor 4 and 5 (DR4 and DR5)) trigger the assembly of death-inducing signaling complex (DISC). The latter leads to apoptosis by activation of initiator caspases-8/10 and downstream effector caspases such as caspase-3. Unlike TNF-α and FAS extrinsic apoptosis-inducing ligands, TRAIL has an attractive ability to selectively induce apoptosis in tumor cells while sparing normal cells (62). Therefore, several clinical trials are currently underway to assess the efficacy of TRAIL therapy in cancer. Circularly permuted TRAIL (CPT) is tested in myeloma and some antibodies have also been developed: an anti-TRAIL-R (dulanermin) against lymphoma, colorectal and lung cancers, an anti-TRAIL-R1 (mapatumumab) or an anti-TRAIL-R2 (anti-DR5) (tigatuzumab) against several solid tumors (63). However, such clinical trials have failed to achieve a beneficial anticancer activity because a large number of cancers develop intrinsic and acquired resistance to TRAIL. Inhibition of apoptosis can be due to impaired TRAIL-R signaling, reduced caspases function, or disrupted balance between pro-apoptotic and anti-apoptotic proteins (64).

The death domain (DD) of TRAIL-R1 regulates both apoptosis and necrosis upon TRAIL ligand binding. In response to TRAIL, O-GlcNAcylation at the Ser424 DD residue of TRAIL-R1 facilitates receptors clustering within lipid rafts, DISC assembly, and induction of cell death (Figure 1). Several TRAIL-resistant cancer cell lines display a TRAIL-R1-Ser424 mutation and therefore defect of O-GlcNAcylation. The mutation at Ser424 residue could then be a potential genetic diagnostic marker of patients with cancer to predict TRAIL therapy response (65). O-GlcNAcylation of TRAIL-R2 also plays an important role in pancreatic cancer TRAIL resistance (66). Gain- and loss-of-function of OGT respectively render TRAIL-sensitive pancreatic cells more resistant to tigatuzumab TRAIL-R2 agonist and promote tigatuzumab-induced apoptosis in TRAIL-resistant cells in vitro and in a mouse model. Since O-GlcNAcylation of TRAIL-R2 regulates its trimerization and the activation of apoptotic signals, inhibiting O-GlcNAcylation could increase the effectiveness of TRAIL therapy (Figure 1). In addition, the overall level of global O-GlcNAcylation or O-GlcNAcylated TRAIL-R2 could be a biomarker of pancreatic cancer sensitivity to TRAIL therapy. In addition to activating apoptosis, TRAIL has also been described to induce the Nuclear Factor-Kappa (NF-κB) survival pathway that may promote drug resistance (67). Several studies have already revealed that O-GlcNAcylation regulates this pathway (68–72). Recently, Lee et al. (2021) demonstrate that a combination of TRAIL and OSMI-1 (OGT inhibitor) enhances TRAIL-induced apoptosis in colon cancer cells and xenograft tumors by lowering the activity of Inhibitory κB Kinase β (IKKβ) and inhibition of downstream NF-κB pro-survival signaling (73) (Figure 1). Additionally, OGT inhibition by OSMI-1 improves TRAIL-induced apoptosis by a parallel mechanism involving ER stress response. Hypo-O-GlcNAcylation induces the accumulation of reactive oxygen species (ROS) that leads to ER stress and activation of UPR signaling pathways including Protein Kinase RNA (PKR)-like kinase (PERK). Activation of PERK enhances expression of the pro-apoptotic protein C/EBP Homologous Protein (CHOP) that, in turn, up-regulates expression of TRAIL-R2 leading to TRAIL sensitization (73) (Figure 1). Concordantly, O-GlcNAcylation prevents activation of CHOP (74). Together, these studies suggest that a combination of TRAIL and OGT inhibition may induce synergistic effects and provide a promising therapeutic strategy for the treatment of various cancers.

Finally, a recent study identifies the GTPase RhoA effector Rho-associated Coiled-coil forming protein Kinase 2 (ROCK2) as a key regulator of O-GlcNAcylation and TRAIL sensitivity in osteosarcoma (OS). ROCK2 inhibits TRAIL-mediated apoptosis in OS cells by affecting OGT ubiquitination and degradation, and subsequently increasing protein O-GlcNAcylation levels (Figure 1). ROCK2 overexpression is an independent predictor of poor prognosis in OS patients and knock-down of ROCK2 causes a reduction in O-GlcNAcylation level and increases the OS cell sensitivity to TRAIL. Based on these data, the authors suggest ROCK2 as a potential biomarker for OS diagnostic and therapeutic tools (75).




2 Chemotherapies


2.1 5-fluorouracil

5-FU is a fluorinated uracil analog that acts as an antimetabolite to disrupt nucleic acid synthesis and repair in highly proliferating cancer cells. It was approved in 1962 by FDA and is widely used in the treatment of solid tumors including colorectal, breast, anus, esophagus, pancreas, stomach, head, neck, and ovary cancers. The major cytotoxic activity of 5-FU consists of its conversion by Thymidine Kinase (TK) and Thymidine Phosphorylase (TP) into the active metabolite 5-fluorodeoxyuridine monophosphate (FdUMP) which sequesters and inhibits Thymidylate Synthase (TS), a key enzyme involved in the de novo synthesis of deoxythymidine monophosphate (dTMP). Cancer resistance to 5-FU can be caused by an alteration in metabolism, TS target level, recognition or repair of DNA damages, and/or inhibition of apoptosis (76).

Several studies have already correlated OGT expression with 5-FU sensitivity. Notably, Temmink et al. (2010) showed that H630 colon cancer cells resistant to trifluorothymidine (TFT), a fluorinated thymidine analog that is part of TAS-102 chemotherapy and shares the anabolic pathway of TS inhibition with 5-FU, underexpress OGT, Solute Carrier family 29A (SLC29A), and TK (77). On the contrary, a transcriptomic study on human NCI-60 tumors showed that OGT expression is negatively correlated with FdUMP sensitivity, no correlation with 5-FU sensitivity was established (78). OGT was also identified in a cluster of co-expressed genes associated with 5-FU resistance in colorectal cancer (CRC) (79). Moreover, the 5-FU pathway actors SLC29A1 (80), TP (10), TK (81, 82), and TS (34) are direct targets for O-GlcNAcylation (Figure 2). Nevertheless, modified sites and roles of this PTM on these proteins as well as their impacts on 5-FU sensitivity are largely not elucidated yet. Very recently, we demonstrated that TS is stabilized by O-GlcNAcylation at Thr251 and Thr306 residues. OGT knock-down decreases 5-FU-induced apoptosis by enhancing TS proteasomal degradation and, by reducing TS level and enzyme activity in HT-29 cell line but not in 5-FU resistant HT-29 counterpart (34) (Figure 2). The latter exhibits TS gene amplification and TS overexpression which is a current biomarker of 5-FU resistance in CRC (83). Our data highlight the importance to distinguish TS gene overexpression and the corresponding enzyme post-translational stabilization. We have shown that the regulation of 5-FU response by O-GlcNAcylation is finely tuned and depends on a proper quantity of TS proteins. In a CRC mouse model, the combination of 5-FU with the OGA inhibitor Thiamet-G had a synergistic inhibitory effect on tumor grade and progression (34). As the O-GlcNAcylation homeostasis-TS axis mediates the response to 5-FU, we propose to combine an OGA inhibitor with 5-FU-based therapies to enhance CRC patient response to 5-FU.




Figure 2 | O-GlcNAcylation and anti-cancer chemotherapies. O-GlcNAcylation modulates cancer cell response to 5-FU, cisplatin, gemcitabine, doxorubicin and erastin/RSL3 chemotherapies. Green and red arrows indicate respectively activation and inhibition of protein targeted by O-GlcNAcylation. The gray color indicates that the protein is inactivated/absent or that the cellular mechanism is not taking place.5-FU, 5-fluorouracil; BiP, Binding immunoglobulin Protein; CDDP, cis-diaminedichloroplatinium(II); CHOP, C/EBP Homologous Protein; CLU, Clusterin; dUMP, deoxyuridine monophosphate; dT, deoxythymidine; dTMP, dT monophosphate; EGFR, Epidermal Growth Factor Receptor; ER, endoplasmic reticulum; FBL, Fibrillarin; FTH1, Ferritin Heavy chain 1; FdUMP, fluorodUMP; FUdR, fluorodeoxyuridine; HBP, Hexosamine Biosynthetic Pathway; HCF-1, Host Cell Factor-1; HMOX1, Heme Oxygenase-1; HO-1, Heme Oxygenase-1; HSP27, Heat Shock Protein 27 kD; IRE1α, Inositol-Requiring Enzyme 1α; NF-κB, Nuclear Factor-Kappa B; NRF2, Nuclear factor erythroid-2-Related Factor 2; OGT, O-GlcNAc Transferase; PERK, Protein kinase RNA-like Kinase; PGM3, Phosphoacetylglucosamine Mutase 3; PI3K, Phosphatidylinositol 3-Kinase; Polη, DNA Polymerase η; pVHL, von Hippel-Lindau protein; ROS, reactive oxygen species; RSL3, Ras-selective lethal small molecule 3; sCLU, secretory CLU; SLC29A1, Solute Carrier family 29 member 1; SNAP, Synaptosomal Associated Protein; SNARE, Soluble N-ethylmaleimide-sensitive-factor Attachment protein Receptor; TET1, Tet methylcytosine dioxygenase 1; TfR1, Transferrin Receptor 1; TFRC, Transferrin Receptor; Thr, threonine; TK, Thymidine Kinase; TLS, translesion DNA synthesis; TP, Thymidine Phosphorylase; TS, Thymidylate Synthase; UDP-GlcNAc, uridine disphosphate N-acetylglucosamine; UPR, unfolded protein response; XBP, AKT/X-Box Binding Protein; YAP, Yes-Associated Protein.



Another study showed that, in comparison to parental cells, 5-FU resistant SNUC5 colon cancer cells undergo oxidative stress due to 5-FU-induced accumulation of ROS. These cells overexpressed Tet methylcytosine dioxygenase 1 (TET1) and OGT. Both enzymes interact together at the promoter of Nuclear factor erythroid-2-Related Factor 2 (NRF2), a transcription factor that regulates the expression of antioxidant enzymes such as Heme Oxygenase-1 (HO-1). OGT indirectly activates the transcription of NRF2 (Figure 2). Since oxaliplatin-resistant SNUC5 cells and cisplatin-resistant ovarian cancer cells express a high level of NRF2, inhibition of O-GlcNAcylation may potentiate the 5-FU-induced oxidative stress in these cells by decreasing NRF2 and HO-1 expression (84, 85). Chen et al. (2017) revealed an opposite functional connection between O-GlcNAcylation and NRF2 antioxidant pathway. In fact, Kelch-like ECH-Associated Protein 1 (KEAP1), the primary negative regulator of NRF2, O-GlcNAcylation at Ser104 is required for proteasomal degradation of NRF2. Gene expression signatures of low OGT activity and high NRF2 activation are strongly correlated in several breast tumor datasets and OGT inhibition induces NRF2 and subsequently reduces cysteine-deprivation induced-oxidative stress in breast MDA-MB-231 cells (86). Additionally, the inhibitory effect of O-GlcNAcylation on oxidative stress was confirmed as GFAT inhibition with 6-diazo-5-oxo-norleucine (DON) sensitizes cancer cells to oxidative stress-induced apoptosis (83). Of note, oxidative stress-resistant Phosphatase and tensin homolog (Pten) KO-mice tumors show increased GFAT2 and O-GlcNAcylation levels compared to wild-type (87).



2.2 Cisplatin

Cisplatin is a platinum-based alkylating agent that, mechanistically, reacts with DNA bases to cross-link adjacent purines, blocks DNA replication and induce apoptosis in rapidly dividing cells. It was firstly approved by FDA in 1978 for the treatment of testicular, ovarian, and bladder cancers. Nowadays, it is an important component of combination therapy for a wide range of solid tumors. The resistance to cisplatin can be caused by decreased drug accumulation, increased drug detoxification, increased DNA repair or DNA damage tolerance, and cell death escape (68). We describe below how O-GlcNAcylation interferes with the three last resistance mechanisms.

Autophagy is a self-protection mechanism that occurs as an emergency response and consists of phagocytosis of cytoplasmic proteins or damaged organelles into autophagosomes to meet the basic metabolic needs of cells. This cellular defensive pathway has a pro-survival role but can induce cell death under certain conditions. Autophagy plays a crucial role in the response of cancer cells to chemotherapeutic drugs including cisplatin (69, 70). Zhou et al. (2018) showed that OGT expression is significantly lower in cisplatin chemoresistant ovarian cancerous tissues compared to sensitive tissues. Additionally, OGT knock-down increases resistance to cisplatin of ovarian cancer cells and xenografted in mice (71). Reduced OGT expression regulates Synaptosomal Associated Protein 29 (SNAP 29) component of the Soluble N-ethylmaleimide-sensitive-factor Attachment protein Receptor (SNARE) vesicle formation machinery (72) which increases pro-survival autophagic flux that correlates with decreased apoptosis and increased cisplatin resistance (71) (Figure 2). Conversely, Wang et al. (2018) showed that siRNA invalidation of OGT increases autophagic flux and cisplatin-induced apoptosis in T24 and UMUC-3 bladder cancer cells (17, 88) (Figure 2). In addition to the degradation of long-lived macromolecules, the autophagy-lysosome system has broader functions and is involved in the selective degradation of other intracellular components including some oncogenes. The transcriptional co-activator Yes-Associated Protein (YAP) is a major effector of the Hippo pathway and its overactivation promotes cancer cell growth and chemoresistance. O-GlcNAcylation can block the von Hippel-Lindau protein (pVHL)-mediated lysosomal degradation of YAP and thus enhance cellular proliferation, migration, and cisplatin resistance in lung adenocarcinoma cells (89) (Figure 2). SNARE proteins also regulate the fusion of exosome-containing multivesicular bodies (MVB) to the plasma membrane and their secretion into the extracellular environment. Compared to normal cells, cancer cells secrete an increasing number of exosomes that can facilitate the efflux of intracellular chemotherapeutic drugs, hence promoting chemoresistance (90). In A2780 and SKOV3 ovarian cancer cells, down-regulation of OGT reduces O-GlcNAcylation of SNAP-23 promoting the formation of SNARE complex and exosomes. Thus, this O-GlcNAcylation-mediated mechanism causes chemoresistance by increasing the exosome-mediated efflux of intracellular cisplatin (91) (Figure 2).

The tumor suppressor p53 plays a crucial role in cell biology and is considered the “guardian of the genome”. In response to DNA damages, caused by chemotherapeutic agents such as cisplatin, p53 is stabilized and activates downstream pathways to arrest the cell cycle, repair the damaged DNA or induce apoptosis. Loss of function of p53 is a common feature in more than 50% of human cancers (92) and drives tumor growth and chemotherapy resistance. Several studies reveal that O-GlcNAcylation could regulate cisplatin resistance in a p53-dependent manner. Luanpitpong et al. (2017) showed that, depending on the cellular context and the level of cisplatin-activation of p53, increased O-GlcNAcylation could lead to cisplatin resistance in lung cancer cells by distinct molecular mechanisms. Indeed, in NCI-H292 cells, cisplatin weakly induces p53 activation and O-GlcNAcylation stabilizes the c-Myc oncoprotein to promote cell survival. In parallel, in NCI-H460 cells in which cisplatin induces strong activation of p53, O-GlcNAcylation of p53 increases its ubiquitination and its proteasomal degradation resulting in an enhanced oncogenic and anti-apoptotic phenotype (19) (Figure 2). Of note, literature shows some discrepancy since previous studies showed that O-GlcNAcylation stabilizes p53 (93) as in ovarian cancer cells (94). In these cells, the combination of OGA inhibitor Thiamet-G with cisplatin increases the drug sensitivity by inducing cell cycle arrest in wild-type p53 and to a lesser extent in silenced p53 cells. These data suggest that the Thiamet-G and cisplatin synergistic anti-tumoral effect is partially dependent on wild-type p53 pathway activation but also on other unknown growth-related pathways (94). Altogether, these results indicate that the effect of O-GlcNAcylation on cisplatin chemotherapy response could depend on the type of cancer and/or induction level, mutation status, and site-specific O-GlcNAcylation of p53.

After cisplatin exposure, DNA damage responses are initiated to maintain genome integrity. DNA cross-links are removed by the Nucleotide Excision Repair (NER) pathway or bypassed during replication through translesion DNA synthesis (TLS). TLS is mediated by specialized DNA polymerases (Pol) including Polη characterized by a low fidelity and the ability to replicate damaged DNA on stalled replication forks. TLS process is believed to contribute to the development of cisplatin resistance (95). In response to DNA damage, OGT relocates to DNA lesions and catalyzed O-GlcNAcylation of several substrates (37). Notably, Polη undergoes O-GlcNAcylation at Thr457 which allows its polyubiquitination at Lys462 and its subsequent dissociation from replication forks. Thus, cells expressing the O-GlcNAc-deficient T457A mutant Polη exhibit a higher sensitivity to cisplatin (96) (Figure 2). Given the key role of Polη in TLS and cisplatin chemoresistance of ovarian cancer stem cells (95), targeting Polη O-GlcNAcylation could be a chemotherapy-enhancing strategy in ovarian cancer treatment.

Stress conditions can destabilize the folding of cytoplasmic proteins leading to exposure of hydrophobic regions that interact with each other to form deleterious proteolysis resistant aggregates. In these conditions, molecular chaperones can form multimeric complexes to refold denatured or aggregated proteins. Elevated activity of chaperones allows cancer cells to grow and resist stress conditions including chemotherapy (97). Several studies showed that O-GlcNAcylation modulates cisplatin response by targeting directly or indirectly molecular chaperons. Based on the initial observation that higher O-GlcNAcylation levels in hepatoblastoma tissues might be associated with the pathogenesis, Song and collaborators (2019) realized a global proteomic analysis using O-GlcNAc antibody beads and immobilized metal affinity chromatography (IMAC) enrichments followed by liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) to identify potential O-GlcNAcylated and phosphorylated therapeutic targets. Among them, the anti-apoptotic chaperone Heat Shock Protein 27 kD (HSP27, also known as Heat Shock Protein family Beta-1 (HSPB1)) was identified, and its O-GlcNAcylation was further shown to promote cell proliferation and cisplatin resistance in hepatic cancer cell lines (98) (Figure 2). Overexpression of HSP27 is related to tumorigenesis, metastasis, and therapy resistance by acting as an upstream regulator of oncogenic (i.e. Hippo pathway, AKT, Glycogen Synthase Kinase 3 Beta (GSK3β), or β-catenin) and anti-apoptotic (i.e. NF-κB, Mothers Against Decapentaplegic homolog 3 (SMAD3), p38/MAPK) pathways. Targeting HSPs to enhance the effects of anti-cancer drugs is a promising approach and several molecules that modulate HSP protein functions are currently investigated in preclinical and clinical trials. For instance, HSP70 client protein inhibitor sorafenib has been approved to treat hepatocellular, renal, and thyroid carcinoma (97, 99). Studies revealed that O-GlcNAcylation stimulates aggressiveness and resistance of several cancers to chemotherapies and targeted therapies by modulating levels, activity, or subcellular localization of HSP proteins (100) including HSP27 (101–103). In this way, decreasing O-GlcNAcylation of HSPs could be a new anti-cancer therapeutic strategy. Secretory clusterin (sCLU) is a chaperon that facilitates the extracellular clearance of misfolded proteins. Like HSP proteins, this pro-survival factor is involved in cancer cell proliferation and drug resistance. OGT and sCLU expression are elevated in cervical cancer cell lines, and O-GlcNAc-induced up-regulation of sCLU leads to cisplatin resistance (Figure 2). sCLU silencing antisense oligonucleotides have been developed and approved for anti-cancer clinical trials. However, there is no drug currently available that completely blocks sCLU expression. Then, inhibiting OGT in combination with the knock-down of sCLU could be a new therapeutic strategy to overcome cisplatin resistance (104). Binding immunoglobulin Protein (BiP) is a major ER HSP70 family chaperone that binds to misfolded or unfolded proteins and releases UPR sensors (Inositol-Requiring Enzyme 1α (IRE1α), PERK, and Activating Transcription Factor 6 (ATF6)) to initiate the UPR pathway. Inhibition of the HBP pathway with the glutamine analog DON enhances cisplatin-induced apoptosis of lung cancer cells by repressing BiP expression and activating IRE1α (Figure 2). Up-regulation of BiP expression by HBP flux is supported by a previous study carried out in hepatoblastoma cells (105). Together, these data suggest that the combination of cisplatin with HBP inhibitors could improve lung cancer platinum-based chemotherapies (106).



2.3 Gemcitabine

Gemcitabine (GEM) acts as an antimetabolite and is a deoxycytidine nucleoside analog. It was approved by FDA in 1996 as chemotherapy for pancreatic cancer and later on for non-small cell lung, ovarian and breast cancers. GEM is metabolized to the active metabolite, 2’,2’-difluoro-2’-deoxycytidine triphosphate (dFdCTP) that can incorporate into DNA and RNA leading to the termination of DNA synthesis and faulty translation respectively. However, many cancers resist to GEM and the main involved mechanism consists of an up-regulation of the catabolic enzyme Cytidine Deaminase (CDA), deficiency in the anabolism enzyme Deoxycytidine Kinase (DCK), and alterations in nucleoside influx transporters (107).

Interestingly, increased metabolism of glucose and glutamine, two substrates for the HBP, fuel GEM resistance of pancreatic cancer (108, 109). Moreover, the HBP enzyme Phosphoacetylglucosamine Mutase 3 (PGM3) was shown to be overexpressed in GEM resistant human pancreatic tumors. Upon increasing GEM doses, PGM3 and global protein O-GlcNAcylation levels are decreased in sensitive BxPC-3 pancreatic cancer cells but increased in PANC-1 and MIA PaCa-2 resistant ones (110). Based on these observations, Ricchiardiello et al. (2020) recently investigated the effect of HBP flux inhibition in avoiding GEM resistance. Treatment with PGM3 inhibitor FR054 decreases tri-/tetra-antennary complex N-glycosylation of membrane proteins, O-GlcNAcylation of intracellular proteins, and enhances GEM efficiency in vitro and in vivo. Mechanistically, chemical inhibition of PGM3 causes a sustained activation of the pro-apoptotic UPR protein CHOP associated with a reduction in membrane localization of pro-tumorigenic Epidermal Growth Factor Receptor (EGFR) and a strong attenuation of the EGFR-Akt axis (110) (Figure 2). It was recently demonstrated that EGFR is directly O-GlcNAcylated and that OGT knock-down downregulates EGFR and its downstream PI3K/AKT pathway, and promotes cell cycle arrest and apoptosis in 786-O renal cell carcinoma cells (111). Pending further investigations to determine whether hypo-O-GlcNAcylation induced by PGM3 inhibition is directly involved in GEM sensitization mechanism, we speculate that hypo-O-GlcNAcylation could activate CHOP by inducing ROS accumulation, ER stress, and UPR activation (73, 74) (Figure 2). Therapeutic approaches involving PGM3 inhibition, and possibly inhibition of protein O-GlcNAcylation, in combination with GEM could be promising to bypass the drug resistance in pancreatic cancer.



2.4 Doxorubicin

Doxorubicin (DOX) is an anthracycline class medication approved by FDA and routinely applied to the treatment of several cancers such as breast, lung, gastric, ovarian, thyroid, non-Hodgkin’s, and Hodgkin’s lymphoma, sarcoma and pediatric tumors. This chemotherapeutic agent acts by intercalation with DNA, disruption of Topoisomerase II (Top-II), and production of quinone-type free radicals triggering cell death. Chemoresistance involves alteration of efflux ATP-Binding Cassette (ABC) transporter proteins, epigenetics, and signaling pathways (e.g. MAPK, PI3K/AKT/mammalian Target Of Rapamycin (mTOR), Wnt/β-catenin, Notch and Transforming Growth Factor Beta (TGF-β)) (112).

As previously mentioned, DOX treatment stimulates HBP flux and protein O-GlcNAcylation through the XBP1/AKT axis and FOXA2 leading to activation of pro-survival pathways (30, 31). Interestingly, recent studies showed that DOX treatment in combination with OSMI-1 has a synergistic apoptotic effect not only in several cancer types including sensitive and resistant liver (30, 113), prostate (114), and breast cancer cell lines but also in primary cells from newly diagnosed, refractory and relapsed acute myeloid leukemia (AML) patients (30). Hypo-O-GlcNAcylation enhances the sensitivity toward DOX by preventing pro-survival NF-κB and AKT activation (30, 113) and promoting ER stress response which leads to increased IRE1α-XBP and PERK-CHOP signaling (113) (Figure 2). Conversely, O-GlcNAcylation could protect MCF-7 breast cancer cells against DOX by stabilizing box C/D small nucleolar ribonucleoprotein complexes (snoRNPs) core component fibrillarin (FBL) on Ser142 and maintaining ribosomal RNA methylation and ribosome assembly (110) (Figure 2). Dysregulation of ribosome biogenesis promotes cancer cell proliferation (115). To note that treatment of HepG2 hepatocarcinoma cells with a low dose of DOX (1 μM) or a suboptimal dose of OSMI-1 (20 μM) alone did not induce apoptosis while the combined treatment did (113). In addition to improve therapeutic efficacy and alleviate DOX resistance in different cancer types, therapy combination with OGT inhibition could allow the use of smaller doses of DOX, hence reducing the associated side effects.



2.5 Erastin/RSL3

Ferroptosis is a newly identified form of programmed cell death that is characterized by an iron-dependent accumulation of lipid peroxides. Induction of ferroptosis emerged as a new strategy to trigger cancer cell death and ferroptosis-inducing compounds have been categorized into two classes based on their inhibition mode of Glutathione Peroxidase 4 (GPX4). The latter detoxifies lipid hyperoxides within biological membranes. The first class (e.g., erastin, Sorafenib) indirectly inhibits GPX4 by blocking the cysteine-glutamate transporter (system XC-) and depleting the GPX4 cofactor glutathione (GSH). The second class (e.g., Ras-selective lethal small molecule 3 (RSL3)) directly inhibits GPX4 leading to lipid-ROS accumulation (116). YAP has been reported to play a pivotal role in ferroptosis by upregulating critical modulators including Acyl-CoA Synthetase Long-chain family member 4 (ACSL4), Transferrin Receptor 1 (TfR1) (117), and Ferritin heavy chain 1 (FTH1) (118). O-GlcNAcylation of YAP on Thr241 residue prevents its degradation and enhances its transcriptional activity (12, 119). Under ferroptotic stress with erastin, system XC- inhibition leads indirectly to Thr241 hypo-O-GlcNAcylation of YAP, FTH1 down-regulation, free iron release, and increased ferroptosis in lung adenocarcinoma cells (118) (Figure 2). In contrast, Zhu et al. (2021) demonstrate that, under high glucose levels, O-GlcNAcylation enhances RSL3-mediated ferroptosis by targeting YAP on Thr241 and increasing its transcriptional activity on TfR1 in HCC cell lines (120) (Figure 2). Further study of YAP O-GlcNAcylation’s role in ferroptosis, which seems to depend on the ferroptosis-inducing compound and the type of cancer tissue, would be useful to clarify these discrepancies.




3 Immunotherapy

Programmed cell Death protein 1 (PD-1) is a suppressive receptor expressed in immune T cells upon T cell activation. It is involved in T cell activation, proliferation, survival, and cytotoxic activity. PD-1 is highly selective for Programmed Death-Ligand 1 (PD-L1), an immune-inhibitory ligand overexpressed by cancer cells as an “adaptive immune mechanism” to escape immune responses. A range of monoclonal antibodies specific to the PD-1 and PD-L1 immune checkpoints have been approved for the treatment of a wide variety of human cancers. However, compensatory up-regulation of PD-L1 gradually causes drug resistance in some cancer patients (121).

Shang et al. (2021) recently showed that the embryo- and tumor-specific folate cycle enzyme Methylenetetrahydrofolate Dehydrogenase 2 (MTHFD2) can rescue cancer cells from T cell cytotoxicity by driving the folate cycle and by sustaining sufficient uridine-related metabolites including UDP-GlcNAc substrate donor. Thus, MTHFD2 is highly positively correlated to global O-GlcNAcylation levels which, in turn, targets c-Myc at Thr58 and promotes its stability and its direct activation of PD-L1 transcription (122). The c-Myc O-GlcNAcylation at Thr58 prevents its interaction with F-box/wD repeat-containing protein 7 (Fbw7) ubiquitin E3-ligase, increases its stability, and its transcriptional activity on target genes involved in cell proliferation, metabolism, and apoptosis (123). More particularly, O-GlcNAcylation mediated-stabilization of c-Myc is involved in renewal, clonal expansion and malignant transformation of T cell progenitors (88). MTHFD2, which is rarely expressed in normal adult tissues, emerges as a potential safe target. Thus, inhibiting the O-GlcNAcylation-c-Myc-PD-L1 signaling axis could be a promising therapeutic strategy to stimulate anti-cancer T cell cytotoxicity, hence improving immunotherapy.



4 Radiotherapy

Radiation therapy is given to about 50% of all cancer patients and contributes to 40% of curative anti-cancer treatments. The mode of action is to prevent cancer cells from proliferation by inducing extensive DNA damage. Exposure to radiation leads to DNA double-strand breaks (DSB) and triggers the DNA damage response (DDR), a complex signal transduction pathway that regulates DNA repair, cell cycle checkpoints activation, chromatin remodeling, cell senescence, and apoptosis. One of the key DNA damage-induced epigenetic modifications is the phosphorylation of H2A histone family member X (H2AX, also known as γH2AX) by a group of PI3-like kinases including Ataxia Telangiectasia Mutated (ATM), ATM and Rad3 related protein (ATR) and DNA-dependent Protein Kinase (DNA-PK). Aberrant DDR pathway activation directly confers tumor radioresistance (124).

In non-irradiated cells, OGT functions to suppress genomic instability and reduce cellular stress probably by protecting cells from oxidative stress and/or cell-cycle defects. Thus, under oxidative stress conditions, increased OGT and O-GlcNAc levels were required to induce DDR and proliferation of Drosophila intestinal stem/progenitor cells. In an autoregulatory feedback loop, Checkpoint Kinase 1 (CHK1)/CHK2 DDR effectors stabilize OGT (125). Moreover, OGT inhibition can induce cellular stress resulting in constitutive activation of DDR (126). O-GlcNAcylation can directly target many proteins of the DDR in response to heat-stress-induced DNA damage (i.e. DNA-PK, Coactivator-associated Arginine Methyltransferase 1 (CARM1), Ubiquitin-Associated Protein 2-Like (UBAP2L), Nuclear Factor 45 (NF45), NF90, RuvB-Like 1 (RUVBL1)) (127). A quantitative phosphoproteomic study showed that loss of O-GlcNAcylation in OGT null cells affects phosphorylation of cell cycle and DDR proteins including ATM and Checkpoint Kinase 1 (CHK1). Notably, hypo-O-GlcNAcylation increases activating phosphorylation events on ATM at Ser1981 and on its downstream substrates p53, H2AX, and CHK2 (128). In irradiated cells, OGT is essential for DNA damage repair, recovery from checkpoint arrest, blockage onset of cellular senescence, and cell survival (126, 129, 130). Quantitative proteomic profiling of irradiated MCF-7 breast cancer cells revealed a strong regulation of chromatin modification and organization and DDR-associated factors upon alteration of O-GlcNAcylation (126). The H3K27 methyltransferase (HMT) Enhancer of Zeste 2 (EZH2) of Polycomb Related Complex 2 (PRC2) is considered a potential link between O-GlcNAcylation levels and irradiation induced DDR. EZH2-mediated histone methylation is found to promote DSB repair (131) and its Ser76 and Ser84 O-GlcNAcylation increases its stability and its HMT activity (132, 133). Irradiated tumor xenografts treated with shOGT or alloxan OGT inhibitor displayed a decreased EZH2 level, persistent DNA damages, a reduced proliferation, and an increased senescence. PUGNAc-induced elevation of O-GlcNAcylation or feeding animals with GlcNAc protects tumors against irradiation (126). Moreover, upon irradiation, O-GlcNAcylated H2B at Ser122 interacts with Nijmegen Breakage Sydrome 1 protein a member of MRE11-RAD50-NBS1 (MRN) complex, and promotes its accumulation at DSB where it normally acts as a bridge spanning the broken ends (129).

Other study showed contradictory results and point out OGT as a negative regulator to limit the expansion of DDR signaling in response to irradiation. Notably, in irradiated HeLa cervical cancer cells, OGT O-GlcNAcylates H2AX at Ser139 and Mediator of DNA Damage Checkpoint 1 (MDC1), and restrains the expansion of the DSBs-induced phosphorylation from the DNA damage sites. Thus, depletion of OGT in these cells does not affect DSB repair but prolongs the G2/M checkpoint, delays cell cycle recovery, and reduces cell viability following DNA damages (37).




Conclusion and perspectives: O-GlcNAcylation as a therapeutic target to overcome resistance to anti-cancer therapies

Since its discovery in the 1980s (134, 135), the community have extensively proven the implication of O-GlcNAcylation in the etiology of chronic human diseases such as metabolic, neurodegenerative, cardiovascular diseases and cancer (6, 136, 137) but the role of the sugar in the resistance to various anti-cancer therapies has arisen more recently. Although many molecular mechanisms remain to be elucidated, targeting O-GlcNAcylation emerges as a promising strategy to impede cancer resistance. The current development of metabolic inhibitors, inhibitors of HBP and O-GlcNAcylation enzymes, RNA aptamers and nanobodies appear as promising tools and must be investigated in the light of cancer therapies to prevent or obliviate chemoresistance. The reprogramming of glucose and amino acid metabolisms provides energy and metabolites to cancer cells, including substrates for O-GlcNAcylation, to support growth, progression, metastasis, and resistance to anti-cancer therapies. Thus, a first level of action is to use metabolic inhibitors to modulate enzymes and transporters involved in nutrient metabolisms. The 2-deoxy-D-glucose (2DG) and dapagliflozin to target glucose metabolism, and GRASPA and ERY001 to target amino acid metabolism are currently under investigation in clinical trials (138). Direct targeting of HBP enzymes could be an alternative strategy. Thus, some inhibitors more or less specific for the rate-limiting GFAT (i.e. DON, azaserine and RO0509347), PGM3 (i.e. FR054) or UDP-N-Acetylglucosamine Pyrophosphorylase 1 (UAP1) (i.e. UTP a,b-methylenebisphosphonate analogue (meUTP) and GAL-012) are currently used (5). Notably, FR054 PGM3 specific inhibitor appears to have an in vivo antitumor efficacy by inhibiting the HBP flux (139). A third considered strategy is to use OGT or OGA inhibitors to directly restore the homeostasis of O-GlcNAcylation (5). The small molecule OSMI-1 is a highly specific OGT inhibitor of the quinolinone-6-sulfonamide (Q6S) class. Despite being membrane permeable and relatively large, having low aqueous solubility and inducing toxicity limiting its activity in cellulo (140), OSMI-1 could still have therapeutic potential since it synergistically enhances some cancer therapies (i.e. TRAIL and DOX)-induced apoptosis in vivo in tumor xenograft models (73, 113). The aminothiazoline derivative Thiamet-G is the most widely used OGA inhibitor in vitro and in vivo due to its stability, selectivity, oral bioavailability, and ability to cross the blood-brain barrier (141). Chronic elevation of O-GlcNAcylation by prolonged treatment with Thiamet-G (more than 5 months) was shown nontoxic in vivo in mice (142). We recently shown the efficiency of Thiamet-G to improve global O-GlcNAcylation levels and 5-FU response in murine carcinogen-induced CRC tumors (34). In addition, other selective OGA inhibitors, MK-8719 (143) and ASN120290 (previously known as ASN-561) (144) have obtained the orphan drug designation by the FDA for the treatment of the progressive supranuclear palsy (PSP) in 2016 and 2018 respectively. However, modulating global cellular O-GlcNAcylation levels have limits in term of therapeutic strategy. More than 5000 proteins have been identified as O-GlcNAcylated to date. Analysis of this O-GlcNAcome revealed the diversity of cellular mechanisms in which it is involved (145). In this way, global regulation of O-GlcNAcylation levels could affect proteins essential to cell/tissue physiology and induces severe side effects or induces other pathologies (6). To overcome this limitation, tools to implement a fourth strategy are under development which consists on targeting the O-GlcNAcylation of specific protein(s) of interest. Several writing and erasing O-GlcNAcylation engineering have been developed and some can allow the glycosylation/deglycosylation of a protein without the need for prior identification of glyco-sites (146). Notably and very recently, a series of modulated RNA aptamers (147) and nanobody-OGT/OGA (148–150) able to direct these enzymes to a specific target protein of interest have been designed and delivered to living cells. These new approaches seem promising but require further studies to prove their efficiency and explore their possible in vivo applications.
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The activation of ferroptosis is a new effective way to treat drug-resistant solid tumors. Ferroptosis is an iron-mediated form of cell death caused by the accumulation of lipid peroxides. The intracellular imbalance between oxidant and antioxidant due to the abnormal expression of multiple redox active enzymes will promote the produce of reactive oxygen species (ROS). So far, a few pathways and regulators have been discovered to regulate ferroptosis. In particular, the cystine/glutamate antiporter (System Xc−), glutathione peroxidase 4 (GPX4) and glutathione (GSH) (System Xc−/GSH/GPX4 axis) plays a key role in preventing lipid peroxidation-mediated ferroptosis, because of which could be inhibited by blocking System Xc−/GSH/GPX4 axis. This review aims to present the current understanding of the mechanism of ferroptosis based on the System Xc−/GSH/GPX4 axis in the treatment of drug-resistant solid tumors.
Keywords: system Xc -/GSH/GPX4 axis, ferroptosis, drug resistance, solid tumor, therapy
INTRODUCTION
Ferroptosis, as a regulatory cell death (RCD), has been a research hotspot in the past decade (Galluzzi et al., 2018). The concept of ferroptosis was first proposed by Dr. Brent R Stockwell’s group in 2012, who discovered this new cell death pattern that differs from apoptosis, necrosis and autophagy (Dixon et al., 2012). Ferroptosis is thought to be driven by the imbalance between oxidative stress and antioxidant systems (Kuang et al., 2020). Furthermore, ferroptosis can be activated through extracellular (e.g., by inhibiting System Xc−), and intracellular (e.g., by inhibiting GPX4) pathways (Tang D. et al., 2021). The lipid peroxidation is a free radical-driven reaction that primarily affects polyunsaturated fatty acids (PUFAs) in cell membranes, the product of which gradually increases during the ferroptotic cell death, from the initial lipid hydroperoxides (LOOHs) to the later production of malondialdehyde (MDA) and 4-hydroxynenoal (Kagan et al., 2017). Therefore, ferroptosis leads to the cell membrane rupture and finally death mainly by iron overload and disorders of the antioxidant system. Ferrous ion has the effect of mediating ROS production and enzyme activity during lipid peroxidation, which can produce a large number of ROS through the Fenton reaction (Dixon et al., 2012), and it also increase the activity of lipoxygenase (LOX) or EGLN prolyl hydroxylases, which are responsible for lipid peroxidation and oxygen homeostasis (Chen P. et al., 2020), so excessive accumulation of iron can result in oxidative damage to cells.
The System Xc−/GSH/GPX4 axis is an important antioxidant system ferroptosis. Most ferroptosis inducers such as Erastin and RSL3, are inhibitors of System Xc−/GSH/GPX4 axis, which provide a good basis for us to understand the role of different antioxidants in inhibiting ferroptosis (Kuang et al., 2020).
Since tumor cells with certain oncogenic mutations are very sensitive to ferroptosis, triggering ferroptosis may also have significant therapeutic potential for ferroptosis-sensitive tumor cells (Chen P.-H. et al., 2020). Considering the role of ferroptosis in RCD, ferroptosis might play an important role in tumorigenesis and tumor development. Moreover, drug-resistant tumor cells are more sensitive to lipid peroxidation, and inhibitors of the System Xc−/GSH/GPX4 axis have been shown to be fatal in host cells. Zhang et al. found that inhibiting the GPX4 with RAS-selective lethal small molecule 3 (RSL3) enhances the antitumor effect of cisplatin (Zhang et al., 2020). Other studies have shown that GPX4 inactivation may increase susceptibility to ferroptosis in renal clear cell carcinoma by increasing lipid peroxidation (Zou et al., 2019). More recently, Ubelacker et al. found that GPX4 inhibitors make melanoma difficult to spread through blood vessels (Ubellacker et al., 2020). Therefore, induction of ferroptosis has emerged as a therapeutic strategy to trigger cancer cell death for drug-resistant solid tumors. Considering these advantages, ferroptosis is expected to become a promising therapeutic strategy for drug-resistant tumors in the near future, either alone or in combination. In this review, we summarize the regulation of the System Xc−/GSH/GPX4 axis, a major antioxidant system in ferroptosis, and its potential role in drug-resistant solid tumors therapy, and also conclude with a summary of drugs, compounds and nanoparticles targeting this axis that have been studied in recent years.
THE ANTIOXIDATION OF SYSTEM XC−/GSH/GPX4 AXIS IN FERROPTOSIS
System Xc−: The pivotal upstream node of system Xc−/GSH/GPX4 axis
By far, System Xc− is studied widely (Lewerenz et al., 2013). It is a chloride-dependent and sodium-independent antiporter of Cys and Glu, consisting of catalytic subunit xCT/Solute Carrier Family 7 Member 11 (SLC7A11) and regulatory subunit 4F2 (4F2hc)/Solute Carrier Family 3 Member 2 (SLC3A2) connected by disulfide bonds (Gochenauer and Robinson, 2001; Patel et al., 2004). Activation of SLC7A11 expression enables cells to restore redox homeostasis and maintain survival under stressful conditions such as oxidative stress, amino acid starvation, metabolic stress, and genotoxic stress (Koppula et al., 2018). System Xc− is driven by concentrations gradient from extracellular Cys and intracellular Glu, transporting Cys and Glu in a 1:1 ratio (Figure 1). Cys absorbed by System Xc− is reduced to cysteine by G-SH or thioredoxin reductase 1 (TrxR1), which then is used for GSH biosynthesis (Mandal et al., 2010; Conrad and Sato, 2012). Since cysteine is a speed-limiting substrate for GSH biosynthesis, and GSH is the main antioxidant in mammalian cells, hindering intracellular cysteine and GSH levels can directly affect the activity of GPX4, which can easily induce ferroptosis. There are many compounds that interfere with System Xc−, such as Erastin and its analogues, that can lead to cysteine deprivation, glutathione depletion, endoplasmic reticulum stress, and cell death (Dixon et al., 2014; Sato et al., 2018). System Xc− is therefore a pivotal regulatory channel of System Xc−/GSH/GPX4 axis. Although intracellular Cys is not only provided by System Xc−, but also by transsulfuration pathway (Hayano et al., 2016) and the neutral amino acid transporter (Conrad and Sato, 2012). If System Xc− is dysfunctional, it will still lead to intracellular Cys deficiency, and GSH depletion, making the cell highly sensitive to ferroptosis. As an important target for inducing ferroptosis, System Xc− can provide a new direction for the treatment of drug-resistant solid tumors.
[image: Figure 1]FIGURE 1 | The regulation pathway of System Xc−/GSH/GPx4 in ferroptosis. ① System Xc− transport cystine into the cell and reverse Glu out of the cell in a 1:1 ratio. ② Cystine absorbed by System Xc− is reduced to cysteine by G-SH or TrxR1. ③ Then GCL links cysteine and glutamate to produce γ-GC. ④ γ-GC and Gly are catalyzed by GSS to produce G-SH. ⑤In the catalytic cycle of GPx4, the GPx4-SeH is oxidized by the P-LOOH to GPx4-SeOH, while G-SH can reduce -SeOH and further activates GPx4, releasing GS-SG to prevent GPx4 from being inactivated. ⑥GS-SG is reduced to G-SH under the action of GR and Coenzyme NADPH. Since P-LOOH is reduced to PLOH by GPx4-SeH, ferroptosis is inhibited. ⑦Fe2+ can produce a large number of PLOOH through the Fenton reaction.
GSH: The main cofactor of system Xc−/GSH/GPX4 axis
GSH is a core antioxidant that is formed by condensation of Glu, Cys, and Gly. GSH, as the main cofactor of GPX4, plays the role of an electron donor or receptor by conversion between G-SH and GS-SG, making it important to fight oxidative stress (Deponte, 2013). The direct effect of GSH on ferroptosis is demonstrated by the use of Erastin, which activates a morphologically identical form of cell death caused by the lack of GPX4 in sensitive cells by lowering GSH levels (Dixon et al., 2012). Inhibiting the synthesis and utilization of GSH is a classic method to induce ferroptosis (Yang et al., 2014). What’s more, the role of GSH in ferroptosis depends mainly on GPX4. GPX4 can catalyze the reduction of phospholipid hydroperoxide (PLOOH) to the corresponding hydroxyl derivatives (Imai and Nakagawa, 2003). In the catalytic cycle of GPX4, the -SeH (the main active group of GPX4) is oxidized by the PLOOH to selenic acid (-SeOH), while G-SH can reduce -SeOH and further activates GPX4, releasing GS-SG to prevent GPX4 from being inactivated (Ingold et al., 2018). The GSH depletion induce many cancer cells to ferroptosis, such as pancreatic tumor (Badgley et al., 2020), liver cancer (Chen et al., 2019; Yang Y. et al., 2020), prostate cancer (Qin et al., 2021), breast cancer (Yang J. et al., 2021) etc. It is also possible to produce an effect similar to GPX4 inactivation by inhibiting the GSH synthesis or antagonizing GSH.
GPX4: The core downstream antioxidant of system Xc−/GSH/GPX4 axis
As the cornerstone of antioxidant defense, GPX4, a phospholipid peroxidation inhibitor, is the only glutathione peroxidase used for intracellular lipid peroxide reduction (Ursini et al., 1982). In the presence of GSH, GPX4 continuously reduce PLOOHs, and if GSH depletion or GPX4 inactivation, intracellular ferrous ions induce ferroptosis by breaking down PLOOHs to cause lipid peroxidation (Ursini and Maiorino, 2020). In early studies, selective knockout of the GPX4 gene in hippocampal neurons promotes neurodegeneration and cell death in a non-apoptotic manner, which provide preliminary evidence for GPX4 as a particular regulator of ferroptosis (Seiler et al., 2008). Subsequently, Stockwell’s team demonstrated that GPX4 is a key upstream regulator of ferroptosis in 2014 (Friedmann Angeli et al., 2014; Yang et al., 2014). Well-balanced GSH levels and GPX4 function are significant for maintaining intracellular redox homeostasis. Whether knocking out the GPX4 gene or inhibiting its activity, it can eventually lead to a redox homeostasis imbalance that can have a fatal effect on normal or tumor cells. Photosensitive cells (Ueta et al., 2012), renal tubular cells (Friedmann Angeli et al., 2014), CD8+ T cells (Matsushita et al., 2015), vascular endothelial cells (Wortmann et al., 2013), hepatocytes (Carlson et al., 2016), sperm cells (Imai et al., 2009), etc. will be highly sensitive to ferroptosis in result of GPX4 inactivation. In addition, inhibiting GPX4 also promote ferroptosis in some malignant tumor cells such as pancreatic ductal adenocarcinoma (Dai et al., 2020) and colorectal cancer cells (Sui et al., 2018), etc. However, as early as the 1996 study by Imai et al. revealed that GPX4 overexpression prevents basophilic leukemia cells in mice from death caused by oxidative damage (Imai et al., 1996), thus, theoretically, GPX4 overexpression could make cells resistant to oxidative stress-induced ferroptosis. Hence, taking GPX4 as a target is of great help for the treatment of drug-resistant tumors.
THE REGULATION OF SYSTEM XC−/GSH/GPX4 AXIS IN FERROPTOSIS
As the main antioxidant system against ferroptosis, the role of System Xc−/GSH/GPX4 axis is crucial in the treatment of various types of drug-resistant solid tumors, so an in-depth understanding of the regulatory mechanism of each node on this axis is of great significance for developing effective strategies for System Xc−/GSH/GPX4 axis targeted treatment of drug-resistant solid tumors (Figure 1).
The regulation of system Xc− in ferroptosis
As mentioned before, the activity of System Xc− is mainly determined by SCL7A11 (Sato et al., 1999). The low expression of SCL7A11 reduces System Xc− activity, resulting in oxidative stress-mediated ferroptosis; conversely, the overexpression of SCL7A11 enhance cell resistance to ferroptosis, which is also one of the reasons for drug resistance in tumor cells (Huang et al., 2005; Dai et al., 2007; Lin et al., 2020). Therefore, the regulation of SCL7A11 is of great importance in ferroptosis resistance. To ensure the proper function of SLC7A11 in maintaining redox homeostasis, the expression and activity of SLC7A11 is strictly regulated by a variety of mechanisms, including transcriptional and epigenetic regulator-mediated transcriptional regulation, as well as post-transcriptional regulatory mechanisms.
Activating transcription factor 4 (ATF4) and nuclear factor erythroid 2-related factor 2 (Nrf2) are the two main transcription factors that mediate stress-induced SLC7A11 transcription. Under various stress conditions, such as amino acid starvation, endoplasmic reticulum stress, hypoxia and virus infection, ATF4 (a member of the ATF/CREB transcription factor family) is mainly induced by mRNA translation (Pakos-Zebrucka et al., 2016). Under the stress of amino acid deprivation, the expression of SLC7A11 is largely mediated by ATF4 (Sato et al., 2004). The translation of ATF4 mRNA increases through the general control non-derepressible-2 (GCN2)-eukaryotic initiation factor 2α (eIF2α) signal axis. Subsequently, ATF4 binds to the amino acid response element (AARE) of gene promoter to further promote the transcription of genes involved in amino acid metabolism and stress response, such as SLC7A11, so that cells can cope with amino acid constraints (Kilberg et al., 2009). SLC7A11 protects cells from ferroptosis caused by cystine starvation (Stockwell and Jiang, 2020). A study has shown that ATF4 can stimulate the transcription of SCLS7A11 and promote tumor angiogenesis (Chen et al., 2017a).Another transcription factor, Nrf2, which promotes SLC7A11 transcription, is a key regulator of antioxidant response. Under non-stress conditions, Nrf2 maintained at a low level via the proteasome degradation mediated by Kelch-like ECH-associated protein 1 (Keap1); instead, Nrf2 dimerizes with members of the small Maf family and binds to the antioxidant response elements (AREs) located in the regulatory region of the cell defense enzyme gene, relieving the inhibition of Keap1 and activating the transcription of cellular protective genes such as SLC7A11 to play an antioxidant role (Ma, 2013). Subsequent studies have proved that activation of Nrf2 and inhibition of Keap1 lead to SLC7A11 upregulation, thereby promoting resistance to ferroptosis (Chen et al., 2017b; Fan et al., 2017).The expression of SLC7A11 can also be inhibited by transcription factors such as Tumor protein p53 (p53) and Activating transcription factor 3 (ATF3). SLC7A11 is a transcription inhibition target of p53 (Jiang et al., 2015; Jennis et al., 2016). Under different ferroptosis induction conditions, p53 promotes ferroptosis partly by inhibiting SLC7A11 expression, while p53 deficiency promotes ferroptosis resistance by SLC7A11 upregulation. ATF3 inhibits SLC7A11 by binding to the SLC7A11 promoter in a p53-independent manner, and promotes Erastin-induced ferroptosis by SLC7A11 downregulation (Wang L. et al., 2020).
Epigenetic regulation of transcription is crucial to control intracellular homeostasis and development. Recent studies have revealed the key role of epigenetic regulation of SLC7A11 transcription in the control of ferroptosis. It was recently pointed out that the anti-oncogene BRCA1-Associated Protein 1 (BAP1) deubiquitinates the H2Aub portion of the SLC7A11 gene promoter and represses SLC7A11 expression, thereby limiting Cys uptake and increasing ferroptosis sensitivity; on the contrary, the lack of BAP1 in cancer cells leads to SLC7A11 upregulation and ferroptosis resistance (Zhang et al., 2018). In addition, p53 promotes nuclear translocation of Ubiquitin Specific peptidase 7 (USP7), and USP7 removes ubiquitin from H2Bub, resulting in a decrease in H2Bub occupation on the SLC7A11 promoter, resulting in SLC7A11 transcriptional inhibition (Wang Y. et al., 2019). Moreover, a histone H3 lysine 9 (H3K9) demethylase KDM3B has been reported to be involved in transcriptional regulation of SLC7A11 (Wang Y. et al., 2020). Overexpression of KDM3B decreased H3K9 methylation (related to transcriptional inhibition) and upregulated the expression of SLC7A11, thus enhancing resistance to Erastin-induced ferroptosis. Bromodomain-containing protein 4 (BRD4) function as genetic readers of histone acetyl lysine residues to regulate gene transcription. BRD4 inhibitor JQ1 can induce ferroptosis both in vitro and in Xenograft model; JQ1 therapy or BRD4 gene knockout can down-regulate ferroptosis regulators including SLC7A11 (Sui et al., 2019). Another key epigenetic mechanism that controls gene transcription involves chromatin remodeling mediated by the SWI/SNF complex, which has been revealed to be related to SLC7A11 transcriptional regulation (Ogiwara et al., 2019). Mechanically, ARID1A is a component of the SWI/SNF complex, which binds to the SLC7A11 promoter and promotes NRF2-mediated SLC7A11 transcriptional activation.
SLC7A11 can be regulated by different post-translation mechanisms. Previous studies have shown that Epidermal Growth Factor Receptor (EGFR), CD44v (an adhesion molecule expressed in cancer stem-like cells) and OTU deubiquitinase, ubiquitin aldehyde-binding 1 (OTUB1), control and stabilize SCL7A11 expression, facilitating Cys uptake by tumor cells (Ishimoto et al., 2011; Tsuchihashi et al., 2016; Liu et al., 2019). Among them, CD44v hastens the interaction of OTUB1-SCL7A11, while inhibition of OTUB1 accelerates the degradation of SLC7A11 (Liu et al., 2019). In addition, transmembrane mucin glycoprotein Mucin 1 (MUC1) binds directly to CD44v, enhancing the stability of SCL7A11 and thus controlling GSH levels (Hasegawa et al., 2016). SLC7A11 can also be inactivated by AMPK-mediated phosphorylation of BECN1, which leads to the formation of BECN1-SLC7A11 complex (Kang et al., 2018; Song et al., 2018). Mechanistic investigation identified SLC7A11 was a direct target of METTL14. Both in vitro and in vivo assay demonstrated that METTL14 induced N6 -methyladenosine (m6A) modification at 5′UTR of SLC7A11 mRNA, which promotes SLC7A11 mRNA stability and upregulates its expression by inhibiting the deadenylation process, enhancing ferroptosis resistance (Fan et al., 2021; Liu L. et al., 2022; Hill and Liu, 2022; Peng and Mo, 2022). Additionally, some small molecular inhibitors such as Erastin (Dixon et al., 2014). Piperazine Erastin (PE) and imidazole ketone Erastin (IKE) (Yang et al., 2014; Larraufie et al., 2015), also have good capacity to inactive SLC7A11. In general, interfering with SCL7A11 expression modulates System Xc− activity during ferroptosis, thereby regulating cancer cell replication, tissue invasion, and metastasis.
The regulation of GSH in ferroptosis
GSH is a key antioxidant against ferroptosis. The synthesis and degradation of GSH play an important part in GSH abundance. Under physiological conditions, GSH synthesis relies on two key enzyme (glutamate cysteine ligase (GCL) and glutathione synthetase (GSS)) and the availability of cysteine (Lu, 2009, 2013). GCL consists of Glutamate-Cysteine ligase Catalytic Subunit (GCLC) and Modifier Subunit (GCLM). Genetic inhibition of GCLC enhances ferroptosis due to metabolic stress, including cystine starvation (Gao et al., 2015).GCL links cysteine and Glu to produce γ-glutamylcysteine (γ-GC) which is catalyzed to G-SH by GSS. Thus, those that inhibit System Xc− activity are able to inhibit GSH biosynthesis through Cys depletion. Depletion of amino acids other than Cys also lead to GSH depletion (Tan et al., 1998; Sato et al., 2004). Mammals usually rely solely on extracellular uptake as the primary source of Cys, but some mammals also use cystathionine γ-lyase (CGL)-mediated cystathionine-cleavage in the transsulfuration pathway as a surrogate Cys source if System Xc− is blocked (Shimada and Stockwell, 2016). As an important transcription factor, Nrf2 can not only regulate SLC7A11 transcription, but also up-regulate the expression of GSS and GCLC, which are key rate-limiting enzymes for GSH synthesis (Dodson et al., 2019). Additionally, Nrf2 promotes GSH efflux, which is an unexpected regulator of ferroptosis sensitivity, while Nrf2 inhibition can act synergistically with ferroptosis inducers (Sun et al., 2016a; Sun et al., 2016b; Cao et al., 2019). In addition to inhibiting cellular Cys uptake, ferroptosis can also be achieved by consuming Cys in extracellular. One study demonstrated that an engineered and pharmacologically optimized human cyst(e)inase enzyme that consistently depletes extracellular Cys pools (Cramer et al., 2017). Genome-wide siRNA screening reveals that knockdown of cysteinyl-tRNA synthetase gene activates transulfuration pathway and inhibits ferroptosis induced by System Xc− inhibitors (e.g. Erastin) (Hayano et al., 2016).
Irreversible inhibitors of GCL, buthionine sulfoxide (BSO) and Cysteine sulfonimide, reduce GSH formation and further inhibit GPX4 activity, promoting ferroptosis alone or enhancing sensitivity to ferroptosis (Yang et al., 2014). Ribonucleotide reductase regulatory subunit M2 (RRM2, a structural unit essential for DNA replication and repair) maintains intracellular GSH by protecting GLC from degradation to exert an anti-ferroptosis effect (Yang Y. et al., 2020). Moreover, ChaC Glutathione Specific Gamma-Glutamylcyclotransferase 1 (CHaC1) also regulates GSH degradation and has been detected to be downregulated in some tumor cells (Hong et al., 2021; Xiao et al., 2022). CHaC1 upregulation promotes GSH degradation and leads to GSH depletion (Chen M.-S. et al., 2017). A recent study indicated that BTB and CNC homology 1 (BACH1, a heme-binding transcription factor required for the regulation of oxidative stress and metabolic pathways associated with heme and iron), suppresses GSH synthesis pathway-related genes such as GCLM and GCLC to reduce GSH and regulate ferroptosis (Igarashi and Watanabe-Matsui, 2014; Nishizawa et al., 2020).
The regulation of GPX4 in ferroptosis
GPX4 is an important arsenic protein in mammals that directly reduces PLOOHs during ferroptosis, and its redox activity depends on the 21st amino acid selenocysteine (Sec) (Ingold et al., 2018). As a key downstream antioxidant enzyme of System Xc−/GSH/GPX4 axis, GPX4 is often used to develop ferroptosis inducers as an effective target. The activity of GPX4 is regulated by the selenium potency, which is thought to be a constraint on susceptibility to ferroptosis (Hatfield et al., 1991; Cardoso et al., 2017). The mevalonate pathway provides selenium for GPX4 maturation, but statins can block this pathway (Chen and Galluzzi, 2018). Except for selenium, isopentenyl pyrophosphate (IPP) produced by the mevalonate pathway also facilitates GPX4 synthesis (Shimada et al., 2016; Ingold et al., 2018). Additionally, GSH is a main cofactor of GPX4, so GSH regulation can also indirectly modulate GPX4 (Maiorino et al., 2018).
Regulation of GPX4 expression includes multiple mechanisms, such as gene transcription and post-translational modification, which significantly affect the level of lipid peroxidation in tissue damage. The upstream regulation of GPX4 mainly include transcription factors such as Nrf2 (Dodson et al., 2019), MYB (Hao et al., 2017), Tfap2c (Alim et al., 2019), Sp1 (Alim et al., 2019), Lipocalin 2 (LCN2) (Chaudhary et al., 2021), mTORC1 (Saxton and Sabatini, 2017; Zhang Y. et al., 2021), and NUAK2 (Singh et al., 2022). GPX4 is target gene of Nrf2. Nrf2 inhibition reverses resistance to GPX4 inhibitor-induced ferroptosis in head and neck cancer (Shin et al., 2018). Selenium-induced transcription factors Tfap2c and Sp1 upregulate GPX4 to prevent ferroptosis-associated cerebral hemorrhage. While mTORC1 is a key signaling node that integrates multiple environmental signals to modulate protein (e.g., GPX4) synthesis, and its inactivation reduces GPX4 and sensitizes tumor cells to ferroptosis. In contrast, LCN2, a key protein regulating iron homeostasis, inhibit ferroptosis by stimulating GPX4 and SCL7A11 expression. Furthermore, knockdown of tRNA isopentenyltransferase 1 (Trit1, an essential selenoprotein synthesis enzyme) reduces selenoproteins expression (Fradejas et al., 2013). Post-translational modification affects the stability of GPX4 proteins by modulating the degradation of GPX4. The post-translational modifications of GPX4 mainly include succination, ubiquitination and alkylation. Succination is a non-enzymatic, irreversible protein modification mediated by fumaric acid (an intermediate product of Krebs cycle in mitochondria) (Alderson et al., 2006). Fumaric acid binds to the thiol group of cysteine residues in the absence of enzymes to form thioether bonds. It has been found that intracellular fumaric acid aggregation causes succination of GPX4 at cysteine 93, resulting in a decrease in GPX4 activity and sensitizing cancer cells to ferroptosis inducers (Kerins et al., 2018). Ubiquitination is the process by which ubiquitin is added to the lysine residue of the substrate protein by enzymes E1, E2, and E3, which eventually leads to the degradation of the protein by the proteasome. And deubiquitinase (DUB) stabilizes intracellular protein structure by removing ubiquitin chains from ubiquitinated proteins. A recent study by Liu’s team demonstrated that the broad-spectrum DUB inhibitor palladium pyrithione complex (PdPT) promote GPX4 degradation, but proteasome inhibitor bortezomib reverses its effect (Yang L. et al., 2020). Another study showed that a bartoldine derivative, DMMOCPTL, binds directly to selenosecysteine 46 of GPX4, resulting in ubiquitination of GPX4 in triple-negative breast cancer cells (Ding et al., 2021). Alkylation is the chemical process of introducing one or more alkyl groups into a protein or compound. Small molecule inhibitors such as RSL3 and ML162 mediate alkylation on GPX4 by binding to the selenium cysteine 46 residue by electrophilic alkyl chloride moieties (Eaton et al., 2020; Vučković et al., 2020). Heat shock protein A family member 5 (HSPA5, a molecular chaperone in the endoplasmic reticulum) binds directly to GPX4 to prevent its degradation (Zhu S. et al., 2017). They also found that LOX catalyzes the covalent inhibition of selenocysteine in GPX4 (Yang et al., 2016).
What’s more, There are also some other small molecule regulators that interfere GPX4 such as FIN56 (Shimada et al., 2016), FINO2 (Gaschler et al., 2018), ML210 (Eaton et al., 2020), JKE-1674 (Eaton et al., 2020), JKE-1716 (Eaton et al., 2020), NSC144988 (Stockwell and Jiang, 2020) and PKUMDL-LC-101 series (see in (Li et al., 2019)).
POTENTIAL ROLES OF TARGETING SYSTEM XC−/GSH/GPX4 AXIS IN DRUG-RESISTANT SOLID TUMOR
Chemotherapy are by far one of the most commonly used methods to treat malignant tumors, but the continuous overdose of chemotherapeutic drugs has led to varying degrees of resistance and increased aggressiveness of some tumors. Ferroptosis is a RCD caused by intracellular iron accumulation combined with disruption of antioxidant systems, such as GPX4 inactivation and GSH depletion, and subsequent accumulation of toxic lipid peroxides (Dixon et al., 2012; Yang et al., 2014). Importantly, drug-resistant tumor are more sensitive to lipid peroxidation, which undoubtedly makes, the combination of System Xc−/GSH/GPX4 axis-based ferroptosis inducers with chemotherapeutic agents may become a new strategy for the treatment of drug-resistant solid tumors (Viswanathan et al., 2017). There is also growing evidence that disruption of antioxidant systems in ferroptosis contributes to the anticancer treatment of several forms of drug-resistant solid tumors (Figure 2).
[image: Figure 2]FIGURE 2 | The potencial roles of System Xc-/GSH/GPx4 in drug-resistant solid tumor. ① SLC7A11, highly expressed in NSCLC, is a potential target for ferroptosis. SLC7A11 downregulation lead to ferroptosis of lung cancer cells and inhibit their growth. In addition to SLC7A11, lung cancer cell also exhibits high GPx4 expression. GPX4 inhibitor limits proliferation, migration, and invasion of cisplatin-resistant lung cancer cells. ② Drug-resistant breast cancer cells are dependent on GPX4 and SLC7A11. SLC7A11 is upregulated in one-third of TNBC cells in vivo, and inhibiting System Xc-activity increases intracellular ROS levels and slows TNBC metabolism. Inhibition of GPX4 and/or System Xc-may be a potential measure to overcome drug resistance in breast cancer. ③ The main regulatory mediators mediating the ferroptotic response in HCC cells have been identified as System Xc-and GPX4. blocking System Xc -/GSH/GPX4 axis in combination with chemotherapeutic agents (e.g., sorafenib) provides new ideas for treatment of drug-resistant HCC. ④ GPx4 is lowly expressed in GC cells, making them more susceptible to ferroptosis than normal intestinal cells. Reducing the expression of GPX4 and System Xc-inhibiting the proliferation of GC cells and multidrug-resistant GC. ⑤ In CSCs, SLC7A11 is extremely expressed, with high GSH levels and low ROS levels, leading to their extreme vulnerability to ferroptosis. Similar to GC cells, targeting the System Xc-/GSH/GPX4 axis is an effective way to inhibit the growth of drug-resistant colorectal cancer. ⑥ LONP1 inhibits Nrf2-mediated GPX4 gene expression, thereby promoting Erastin-induced ferroptosis in human PDAC cells. The use of System Xc-inhibitors enhanced the cytotoxic effect of gemcitabine and cisplatin on PDAC cell lines. Gemcitabine resistance was associated with GPx4 upregulation in PDAC cells. Inhibition of GPX4 activity or induction of GPX4 degradation can restore or enhance the anticancer activity of gemcitabine in vitro or in xenogeneic PDAC models.
Lung cancer
SLC7A11, highly expressed in NSCLC, is a potential target for ferroptosis (Baek et al., 2012). SLC7A11 overexpression promote lung cancer cell metastasis and proliferation in vivo and in vitro by mediating cellular uptake of cysteine and reducing ROS production; conversely, SLC7A11 downregulation lead to ferroptosis (Liu et al., 2020; Chen M. et al., 2021).Meanwhile, lung cancer cell also developed ferroptosis resistance by some mechanisms to enhance the expression of SLC7A11. It has been reported that the RNA-binding protein RBMS1 bridges the 3′ and 5′-UTR of SLC7A11 to enhance its expression by interacting directly with the translation initiation factor eIF3d. And RBMS1 ablation inhibits the translation of SLC7A11, reduces SLC7A11-mediated cystine uptake, and promotes ferroptosis (Zhang W. et al., 2021). In addition, a new miRNA, miR-27a-3p, regulates ferroptosis by directly targeting SLC7A11 in NSCLC cells. miR-27a-3p overexpression leads to SLC7A11 inhibition by direct binding to its 3′-UTR, followed by a reduction of erastin-induced ferroptosis. In contrast, miR-27a-3p inhibiton increases sensitivity of NSCLC cells to erastin (Lu et al., 2021). Moreover, SLC7A11 is also upregulated in lung cancer stem cell-like cells and activated by the cell transcription factor SOX2 (Wang X. et al., 2021). Tumors with higher SOX2 expression are more resistant to ferroptosis, and the expression of SLC7A11 is positively correlated with SOX2 in mouse and human lung cancer tissues (Wang X. et al., 2021).
In addition, Kirsten Rat Sarcoma (KRAS)-mutant lung cancer tumor progression is closely associated with SLC7A11 expression. In several preclinical lung cancer mouse models, treatment of KRAS-mutant lung adenocarcinoma (LUAD) with HG106 (a potent System Xc− inhibitor), significantly inhibited tumor growth and prolonged survival (Hu et al., 2020). The latest researches show that m6A is associated with regulating sensitivity of LUAD to ferroptosis. The m6A reader YT521-B homology containing 2 has been identified to inhibit LUAD tumorigenesis by suppressing SLC7A11 and SLC3A2 (Ma et al., 2021). And methyltransferase-like 3, the main catalyst of m6A, mediate m6A modification to stabilize SLC7A11 mRNA and promote its translation, which enhances LUAD cell proliferation and inhibits cell ferroptosis (Xu Y. et al., 2022). Additionally, in vivo, Circular RNA CircP4HB expression levels are increased in LUAD, which inhibits ferroptosis by regulating miR-1184/SLC7A11-mediated GSH synthesis and, therefore protected LUAD cells from ferroptosis induced by erastin (Pan et al., 2022).
In addition to SLC7A11, lung cancer cell also exhibits high GPX4 expression. GPX4 promotes proliferation and ferroptosis resistance in lung cancer, while GPX4 inhibitor RSL3 limits proliferation, migration, and invasion of cisplatin-resistant A549 cells (Deng et al., 2021). Ni et al. found that GPX4 was upregulated because of enhanced activation of mTORC1 in lapatinib resistant NSCLC cells (Ni J. et al., 2021). Inhibition of mTORC1 leads to the downregulation of GPX4. Further in vivo experiments also showed that the silencing of GPX4 enhanced the anti-cancer effect of lapatinib by promoting ferroptosis. A Circular RNA CircDTL acting as an oncogene, was found to be upregulated and exerts its effects via the miR-1287-5p/GPX4 axis in NSCLC (Shanshan et al., 2021). Knockdown of circDTL promoted both apoptosis and ferroptosis of NSCLC cells. Recently, Wang’s team discovered that the promoter region of GPX4 binds to cyclic adenosine monophosphate response element binding protein (CREB) and that this binding can be enhanced by E1A binding protein P300 (EP300), promoting tumor proliferation, migration, invasion and angiogenesis. Thus, GPX4 inactivation blocks the CREB/EP300/GPX4 axis, and these findings reveal that SLC7A11 or GPX4 inhibition sensitizes LUAD cells to ferroptosis, providing a potential therapeutic approach for this currently incurable disease (Wang Z. et al., 2021). Moreover, overexpressed serine threonine tyrosine kinase 1 (STYK1) upregulates GPX4, resulting in SW900 cells to be less sensitive to ferroptosis (Lai et al., 2019). Importantly, GPX4 was positively correlated with resistance of lung cancer cells to L-685458, lapatinib, paposilli, and topotecan, suggesting that targeting System Xc−/GSH/GPX4 axis could overcome drug resistance (Zhang et al., 2020; Ni J. et al., 2021).
A number of studies have proved that some natural compounds (Table 1) such as dihydroartemisinin (Yuan et al., 2020), artesunate (Zhang Q. et al., 2021),sulforaphane (Iida et al., 2021), curcumin (Tang X. et al., 2021), bufotalin (Zhang W. et al., 2022), sanguinarine (Xu R. et al., 2022), sinapine (Shao et al., 2022), solasonine (Zeng et al., 2022), ophiopogonin B (Zhang L. et al., 2022), red ginseng polysaccharide (Zhai et al., 2022) Dihydroisotanshinone I (Wu et al., 2021).inhibits the proliferation, colony formation and induces ferroptosis of lung cancer cells by the interfering mRNA and/or protein expression and/or degradation of SLC7A11 or GPX4. Apart from natural compounds, some drugs that have been marketed (Table 1) such as Vorinostat (Zhang T. et al., 2021), Orlistat (Zhou W. et al., 2021) have also been found to act as ferroptosis inducers in lung cancer cells via inhibiting System Xc−/GSH/GPX4 axis. In NSCLC, chemotherapy relies heavily on cisplatin as the first line of clinical treatment (Gridelli et al., 2018). The activation of Nrf2/SLC7A11 pathway is one of the main mechanisms of cisplatin resistance in NSCLC. Erastin or sorafenib combined with small doses of cisplatin can effectively inhibit the growth of cisplatin-resistant NSCLC cells by inhibiting the Nrf2/SLC7A11 pathway (Li et al., 2020). Conversely, SLC7A11 overexpression enhances the resistance of lung cancer cells to cisplatin (Horibe et al., 2018). Gefitinib an EGFR tyrosine kinase inhibitors resistance, was approved for second-line treatment of advanced NSCLC in 2004 and first-line treatment of patients with EGFR mutations in 2010. RSL3 combined with gefitinib inhibits the growth of gefitinib-derived persister lung cancer cells (Ishida et al., 2021). Yan et al. found that gefitinib in combination with betulin (a natural ferroptosis inducer) is a novel therapeutic approach to overcome gefitinib resistance in EGFR wild-type/KRAS-mutant NSCLC cells by inducing ferroptosis in vitro and in vivo (Yan et al., 2022). Moreover, small molecules activating ferroptosis through System Xc− inhibition or GPX4 inhibition enhance the antitumor effect of radiotherapy (Ye et al., 2020; Almahi et al., 2022) and photodynamic therapy (Han et al., 2022) in lung cancer.
TABLE 1 | The regulatory small molecule compounds of targeting System Xc−/GSH/GPX4 axis in ferroptosis.
[image: Table 1]Breast cancer
Breast cancer is one of the most effective for chemotherapy in solid tumors. More than 80% of breast cancer patients require chemotherapy (Harbeck and Gnant, 2017). But most patients eventually develop drug resistance. Drug-resistant breast cancer cells are dependent on GPX4 and SLC7A11, which means they are vulnerable to ferroptosis caused by GPX4 and SLC7A11 inhibition (Hangauer et al., 2017). Selenium detoxification is critical for breast cancer survival. The micronutrient selenium is incorporated into the rare amino acid selenium cysteine through the selenium cysteine biosynthetic pathway, which is required for GPXs (Burk and Hill, 2015). The selenophosphate synthetase 2 (SEPHS2), an enzyme in the selenocysteine biosynthesis pathway, is required in cancer cells to detoxify selenide, an intermediate that is formed during selenocysteine biosynthesis (Burk and Hill, 2015). Breast and other cancer cells are selenophilic, allowing production of selenoproteins such as GPX4, protects cells against ferroptosis. However, selenide is poisonous and must be processed by SEPHS2. SEPHS2 protein levels are elevated in human breast cancer patient samples and loss of SEPHS2 impairs growth of orthortopic mammary tumor xenografts in mice (Carlisle et al., 2020). Gefitinib-targeted therapy is insufficient to inhibit triple negative breast cancer TNBC cell proliferation (McLaughlin et al., 2019). And GPX4 is increased in gefitinib-resistant cells. Silence or inhibition of GPX4 stimulate ferroptosis and enhance TNBC cell sensitivity to gefitinib (Song et al., 2020).
In 2013, Timmerman et al. identified a subset of TNBC samples as glutamine nutrient deficient by analyzing the functional metabolic profiles of 46 independently sourced breast cell lines, specifically for glutamine uptake and dependence. Tumor cells acquire Cys indirectly via peripheral glutamine using System Xc− as a carrier, SLC7A11 is upregulated in one-third of TNBC cells in vivo, and limiting glutamine uptake or inhibiting System Xc− activity increases intracellular ROS levels and slows TNBC metabolism (Bannai and Ishii, 1988; Timmerman et al., 2013). Further RNA sequencing analysis showed that SLC7A11 expression was upregulated in breast cancer tissues with brain metastases, suggesting a role for SLC7A11 in breast cancer metastasis (Sato et al., 2017). Yadav et al. demonstrate that miR-5096 is a tumor-suppressive miRNA that can target and downregulate SLC7A11in breast cancer cells (Yadav et al., 2021). Overexpression of miR-5096 reduces mRNA and protein levels of SLC7A11 in breast cancer cells. Virus-like particle immunotherapy or vaccines against SLC7A11 have been developed and shown to reduce the metastatic potential of breast cancer cells (Bolli et al., 2018; Donofrio et al., 2018; Ruiu et al., 2019). Both ferroptosis inducers RSL3 and sulfasalazine (SAS) inhibit GPX4 activity in breast cancer cells (Yu H, et al., 2019). These results suggest that inhibition of GPX4 and/or System Xc− may be a potential measure to overcome drug resistance in breast cancer. Nrf2 can promote drug resistance of breast cancer cells by regulating System Xc−/GSH/GPX4 axis. Nrf2 upregulates the expression and activity of SLC7A11 in breast cancer cells during oxidative stress, and promotes the survival of breast cancer cells from drugs and other treatments by antagonizing ROS, while Nrf2 expression is downregulated when ROS levels are reduced (Habib et al., 2015; Mostafavi-Pour et al., 2017).
Monotherapy and combination chemotherapy are commonly used in the treatment of breast cancer. Some drugs commonly used in clinical practice have also been found to have the effect of inducing ferroptosis in breast cancer (Table 2). In addition, Metformin a commonly used hypoglycemic drugs in clinical practice, was found to promote ferroptosis in breast cancer cells by inhibiting the UFMylation of SLC7A11 and the transcription of GPX4 (Yang J. et al., 2021; Hou et al., 2021). Furthermore, one study found that Ketamine inhibit the expression of GPX4 by attenuating KAT5 on the promoter region of GPX4, repressing the enrichment of histone H3 lysine 27 acetylation and RNA polymerase II (Li H. et al., 2021). Some other small molecule compounds (Table 2) such as alloimperatorin (Zhang J. et al., 2022b), tetrandrine citrate (Yin et al., 2022), pyrrolidin-3,2′-oxindoles (Liu S.-J. et al., 2021), Saponin Formosanin C (Chen H.-C. et al., 2022) can also induce ferroptosis in breast cancer cells by interfering with the System Xc−/GSH/GPX4 axis. A polymer carbohydrates Lycium barbarum polysaccharide effectively prevents breast cancer cell proliferation and promotes ferroptosis via the System Xc−/GPX4 pathway (Du et al., 2022).
TABLE 2 | Drugs and compounds based on System Xc−/GSH/GPX4 for treatment of drug-resistant solid tumors.
[image: Table 2]Combination chemotherapy can significantly improve the efficacy and does not increase toxicity. SAS, an anti-inflammatory drug clinically used in ulcerative colitis, was found to activate ferroptosis in different breast cancer cells, especially in cells with low estrogen receptor expression (Yu H. et al., 2019). This results of the present study revealed that SAS could inhibit breast cancer cell viability, which was accompanied by an abnormal increase in ROS and a depletion of GPX4 and System Xc−. Interestingly, in xenograft model, Polyphyllin III, a major saponin extracted from Paris polyphylla rhizomes, which induces Kruppel Like Factor 4-mediated protective upregulation of SLC7A11, in combination with the System Xc− inhibitor SAS, may have a co-induction in MDA-MB-231 breast cancer cells by enhancing intracellular lipid peroxidation and ferroptosis (Zhou Y. et al., 2021). Vorinostat, as mentioned before, is a histone deacetylase inhibitor (HDACI) has limited efficacy against solid tumors because of r the development of resistant cells (Fantin and Richon, 2007). SLC7A11 expressions positively correlate with insensitivity to HDACIs in many types of cancer cell lines (Fantin and Richon, 2007). Watanabe’ group demonstrated that the inhibition of SLC7A11 including SAS treatment may overcome resistance to vorinostat by accumulating ROS and inducing ferroptosis in human breast cancer cell and colon cancer cell (Miyamoto et al., 2020). Propofol is a short-acting intravenous anesthetic used for the induction and maintenance of general anesthesia. However, Propofol showed anti-proliferation effects on TNBC cells and could be a potential adjuvant to enhance the chemotherapeutic sensitivity of TNBC cells to doxorubicin and paclitaxel partly by promoting cell ferroptosis via p53-SLC7A11-GPX4 pathway (Sun et al., 2022). Additionally, siramesine, a lysosome disrupting agent, and lapatinib, an EGFR inhibitor, elicit ferroptosis in a synergistic manner in breast and lung cancer by altering iron regulation (Ma et al., 2016; Ma et al., 2017; Villalpando-Rodriguez et al., 2019).
Liver cancer
To date, the main regulatory mediators mediating the ferroptotic response in Hepatocellular Carcinoma (HCC) cells have been identified as System Xc− and GPX4 (Zhang et al., 2020). The multikinase inhibitor Sorafenib is the conventional first-line chemotherapy drug used to treat advanced HCC. As a System Xc− inhibitor, Sorafenib is the only anticancer drug that causes ferroptosis in patients with HCC (Louandre et al., 2013). Although drug resistance limits its efficacy, it can still improve patient survival rates (Zhu Y.-J. et al., 2017). Interestingly, inhibition of ferroptosis can usually be detected once upon sorafenib resistance occurs. The resistance of hepatocellular carcinoma cells to chemotherapeutic agents such as sorafenib involves the abnormal expression of multiple transcription factors such as Nrf2, retinoblastoma (Rb) protein, hepatocyte nuclear factor 4α(HNF4α), HIC ZBTB Transcriptional Repressor 1 (HIC1), O-GlcNAcylated c-Jun, YAP/TAZ.
Nrf2 functions by blocking GSH depletion-mediated lipid peroxidation in HCC cells and plays a central role in protecting them from sorafenib-induced ferroptosis (Sun et al., 2016b). The status of Nrf2 is a key determinant of the effect of System Xc−GSH/GPX4 axis-targeted therapy in HCC, and therefore it is necessary to improve efficacy by inhibiting Nrf2 expression. Nrf2 also counteracts sorafenib-induced ferroptosis by upregulating the iron and reactive oxygen metabolism-related genes HO-1 via the P62-Keap1-Nrf2 pathway (Sun et al., 2016b). Metallothionein-1G (MT-1G), a pivotal negative ferroptosis regulator, is a key regulator and promising therapeutic target for sorafenib resistance in human HCC cells. Sorafenib significantly induces exspression of MT-1G messenger RNA and proteins, and activation of Nrf2 is critical for MT-1G expression induced after sorafenib treatment (Houessinon et al., 2016). Importantly, the genetic and pharmacological inhibition of MT-1G enhances the anticancer activity of sorafenib in vitro and tumor xenograft models (Sun et al., 2016a). Sigma-1 receptor (S1R) is an oxidative stress-related protein, which regulates ROS accumulation via Nrf2. (Ha et al., 2011; Pal et al., 2012). Sorafenib significantly upregulated S1R protein expression in HCC cells. Studies have confirmed that the inhibition of S1R strengthen the anticancer effects of sorafenib in HCC cells in vitro and in vivo by inhibiting the expression of GPX4 (Bai et al., 2019). Overcoming the compensatory elevation of Nrf2 renders hepatocellular carcinoma cells more vulnerable to disulfiram/copper-induced ferroptosis (Ren et al., 2021). Meanwhile, the expression of Nrf2 is suppressed by Glutathione S-transferase zeta 1 (GSTZ1), which ia an enzyme in the catabolism of phenylalanine significantly downregulated in sorafenib-resistant hepatoma cells (Wang Q. et al., 2021a). Mechanistically, GSTZ1 depletion enhanced the activation of the Nrf2 pathway and increased the GPX4 level, thereby suppressing sorafenib-induced ferroptosis (Wang Q. et al., 2021a). But the combination of sorafenib and RSL3 significantly inhibited GSTZ1-deficient cell viability and promoted ferroptosis and increased ectopic iron and lipid peroxides in vitro and in vivo (Wang Q. et al., 2021a), The loss of function of the Rb protein (a tumor suppressor protein) is an important event during liver carcinogenesis, yet the mechanisms involved are complex. The high expression of RB protein in tumor cells inhibits ferroptosis by interfering mitochondrial ROS production, while also inhibiting the efficacy of sorafinib. Inhibiting RB protein in vivo promotes the efficacy of sorafenib, and RB protein can be used as an indicator of sorafenib sensitivity (Louandre et al., 2015). HNF4α has been identified as suppressing ferroptosis, and HIC1 identified as stimulating ferroptosis in liver cancer. HNF4A is critical for liver development (Parviz et al., 2003), and is up-regulated in liver cancer (Dill et al., 2013). By contrast, HIC1 acts as a tumor suppressor, which inhibits cell growth, migration and survival (Ubaid et al., 2018). Wang’group are the first to reveal that HNF4α and HIC1 oppositely regulate production of GSH via PSAT1, a key enzyme in GSH synthesis (Zhang et al., 2019). Increasing the concentration of GSH by targeting HNF4α and HIC1 might improve soferanib resistance for liver cancer treatment (Zhang et al., 2019). c-Jun is a regulator of glucose metabolism. Activation of c-Jun is associated with resistance to sorafenib and poor overall survival and inhibits sorafenib-induced cell death (Chen et al., 2016; Haga et al., 2017). Moreover, Chen et al. found that O-GlcNAcylated c-Jun stimulated GSH synthesis via increasing PSAT1 and CBS transcription to inhibit ferroptosis in HCC cells (Chen et al., 2019). YAP/TAZ are well-characterized transcriptional effectors of Hippo signaling involved in a variety of physio-pathological processes, including tumorigenesis and tissue regeneration (Harvey et al., 2013). Previous studies have suggested the Hippo-YAP/TAZ pathway is a key driver of ferroptosis in epithelial tumors (Harvey et al., 2013; Yang et al., 2019). However, Gao et al. revealed that YAP/TAZ as key drivers of Sorafenib resistance in HCC by repressing Sorafenib-induced ferroptosis (Gao et al., 2021). Mechanistically, YAP/TAZ induce the expression of SLC7A11 in a TEAD-dependent manner, and sustain the protein stability, nuclear localization, and transcriptional activity of ATF4 which in turn cooperates to induce SLC7A11 expression.
In addition to transcription factors mentioned above, there are also some other mechanisms involved in sorafenib resistance. Branched-chain amino acid aminotransferase 2 (BCAT2) is a novel suppressor of ferroptosis. Mechanistically, BCAT2 as the key enzyme mediating the metabolism of sulfur amino acid, regulated intracellular glutamate level, whose activation by ectopic expression specifically antagonize System Xc− inhibition and protected liver and pancreatic cancer cells from ferroptosis inducers (erastin, sorafenib, and SAS)-induced ferroptosis in vitro and in vivo (Wang K. et al., 2021). Besides, ATP-binding Cassette Subfamily C Member 5 (ABCC5), an important membrane transporter, is a universal glutamate conjugate that affects the efflux of endogenous metabolites, toxins, drugs, and intracellular ions (Jansen et al., 2015). The expression of ABCC5 was dramatically induced in sorafenib-resistant HCC cells and was remarkably associated with poor clinical prognoses (Huang et al., 2021). ABCC5 increased intracellular GSH and attenuated lipid peroxidation accumulation by stabilizing SLC7A11 protein, which inhibited ferroptosis (Huang et al., 2021). Additionally, the inhibition of ABCC5 enhanced the anti-cancer activity of sorafenib in vitro and in vivo (Huang et al., 2021).
DAZ Associated Protein 1 (DAZAP1) is an RNA-binding protein whose relative expression is significantly upregulated in HCC and is positively correlated with several key malignant features and poor postoperative survival in patients. Furthermore, DAZAP1 significantly reduced cellular sensitivity to sorafenib because DAZAP1 interacts with the 3′UTR (untranslated region) of SLC7A11 mRNA and positively regulated its stability (Wang Q. et al., 2021b). Protocadherin Beta 14 (PCDHB14), a member of the cadherin superfamily, is inactivated by aberrant methylation of its promoter in HCC patients and that PCDHB14 ablation inhibit cell cycle arrest, cell proliferation and ferroptosis (Liu Y. et al., 2022). Mechanistically, PCDHB14 is induced by p53, and increased PCDHB14 downregulates the expression of SLC7A11, which is mediated by accelerated p65 protein degradation resulting from PCDHB14 promoting E3 ubiquitin ligase RNF182-mediated ubiquitination of p65 to block p65 binding to the promoter of SLC7A11 (Liu Y. et al., 2022). Transforming growth factor β1 (TGF-β1) is a dichotomous cytokine that acts as a tumor suppressor in low-grade carcinoma cells but as a promotor of metastasis in advanced carcinoma cells (Dituri et al., 2019). Kim’ study was the first to show that TGF-β1 repressed the protein and mRNA levels of SLC7A11 in liver cancer cell lines with an early TGF-β1 gene signature but not in those with a late TGF-β1 gene signature (Kim et al., 2020). Macropinocytosis and transsulfuration pathway are important nutrient-scavenging pathway in certain cancer cells, allowing cells to compensate for intracellular amino acid deficiency under nutrient-poor conditions. Sorafenib increased macropinocytosis in human HCC specimens and xenografted HCC tissues, which prevented sorafenib-induced ferroptosis by replenishing intracellular cysteine that was depleted by sorafenib treatment; this rendered HCC cells resistant to sorafenib (Byun et al., 2022). Primary hepatocytes are able to survive for several days in the absence of Cys or cysteine in the culture medium, which thanks to the protective effect of transsulfuration pathway (Lee et al., 2017).
Some natural compouds that induce ferroptosis in liver cancer cells are summarized in Table 2. Some of them also have synergistic effects with sorafenib such as artesunate (Li Z.-J. et al., 2021), Dihydroartemisinin (Cui et al., 2022), Ursolic acid (Li H. et al., 2022), enhancing the anti-cancer effects of sorafenib. Moreover, The depletion of Phosphoseryl-tRNA kinase (PSTK) results in the inactivation of GPX4 and the disruption of GSH metabolism (Chen Y. et al., 2022a). Punicalin, an agent used to treat hepatitis B virus (HBV), was identified as a possible PSTK inhibitor that exhibited synergistic efficacy when applied together with Sorafenib to treat HCC in vitro and in vivo (Chen Y. et al., 2022a). Taken together, these results support the idea that blocking System Xc−/GSH/GPX4 axis in combination with chemotherapeutic agents (e.g., sorafenib) provides new ideas for treatment of drug-resistant HCC.
Gastrointestinal cancers
Gastric cancer is the fourth most common cancer worldwide and the second leading cause of cancer-related death after lung cancer (2020b). GPX4 is lowly expressed in gastric cancer (GC) cells, making them more susceptible to ferroptosis than normal intestinal cells. Cysteine dioxygenase 1 (CDO1) plays an important role in Erastin-induced ferroptosis in GC cells (Hao et al., 2017). CDO1 is a non–heme iron metalloenzyme, transforming cysteine to taurine by catalyzing the oxidation of cysteine to its sulfinic acid, which prevents cytotoxicity from elevated cysteine levels (Stipanuk et al., 2009). Suppression of CDO1 upregulates GPX4 expression, restores cellular GSH levels, prevents ROS generation (Hao et al., 2017). Zhao et al. reported that apatinib reduced the expression of GPX4, thereby inhibiting the proliferation of GC cells and multidrug-resistant GC (Zhao et al., 2021). Previous study showed that miR-375 can inhibit Helicobacter pylori-induced gastric carcinogenesis (Miao et al., 2014). MiR-375 reduced the stemness of GC cells in vitro and in vivo by directly targeting SLC7A11 (Miao et al., 2014). Elevated Growth/differentiation factor 15 (GDF15) level in serum and increased GDF15 expression in cancer tissues are reported in patients with various cancers, and associated with the poor prognosis of the patients (Welsh et al., 2001; Welsh et al., 2003). Recent research has showed that GDF15 regulate SLC7A11 expression, and GDF15 knockdown promote erastin-induced ferroptosis by repressing SLC7A11 expression and suppressing the function of System Xc− (Chen L. et al., 2020). The inhibition of Sirtuins 6 (SIRT6), a member of the Sirtuin family of NAD (+)-dependent enzymes, lead to the inactivation of the Keap1/Nrf2 signalling pathway and downregulation of GPX4, which overcomes sorafenib resistance by promoting ferroptosis in gastric cancer (Cai et al., 2021).
Another therapeutic target that regulates GC ferroptosis, SLC7A11, its inhibitor Erastin hampers the survival of GC (Sun et al., 2020). Some miRNAs, such as miR-489-3p and miR-375, can directly target SLC7A11 and trigger ferroptosis (Ni H. et al., 2021). Levobupivacaine, an amide-based local anesthetic, inhibits GC by upregulating miR-489-3p (Mao et al., 2021). A study showed that induction of ferroptosis by blocking Nrf2-Keap1 pathway also sensitizes cisplatin-resistant GC cells to cisplatin (Fu et al., 2021). The latest study suggests that Signal transducer and activator of Transcription 3 (STAT3)-mediated ferroptosis is associated with chemoresistance in gastric cancer (Ouyang et al., 2022). STAT3 a key oncogene with dual functions of signal transduction and transcriptional activation, which is hyperactivated in the formation of most human cancers and plays a critical role in cell proliferation, angiogenesis, metastasis, and immunosuppression (El-Tanani et al., 2022). Ouyang et al. demonstrates that STAT3 binds to consensus DNA response elements in the promoters of the GPX4, SLC7A11, and regulates their expression, thereby establishing a negative STAT3-ferroptosis regulatory axis in gastric cancer (Ouyang et al., 2022). However, additional important molecular mechanisms by which STAT3 regulates ferroptosis deserve further exploration.
Similar to GC cells, targeting the System Xc−/GSH/GPX4 axis is an effective way to inhibit the growth of drug-resistant colorectal cancer (CRC). In colorectal cancer stem cells (CSCs), SLC7A11 is extremely expressed, with high GSH levels and low ROS levels, leading to their extreme vulnerability to ferroptosis (Zeuner et al., 2014). FAM98A (Family with Sequence Similarity 98 Member A), a microtubule-associated protein, plays a critical role in promoting resistance to 5-fluorouracil (5-FU) in CRC. The Enhanced expression of FAM98A recover 5-FU suppressed CRC cell proliferation both in vitro and in vivo by activating the translation of SLC7A11 in stress granules (He et al., 2022). However, In the xenograft model, the inhibition of GPX4 restrain tumor regrowth after discontinuation of 5-FU treatment (Zhang X. et al., 2022). Yang et al. found that high expression of KIF20A in CRC cells was associated with oxaliplatin resistance, and that resistance to oxaliplatin in CRC could be overcome by disrupting the KIF20A/NUAK1/PP1β/GPX4 pathway (Yang C. et al., 2021). In addition, Serine and arginine rich splicing factor 9 (SFRS9) can upregulate the expression of GPX4 by binding to GPX4 mRNA, which promote the growth of CRC, while SFRS9 knockdown significantly inhibited tumor growth in nude mice (Wang R. et al., 2021). Thus, GPX4 and/or SLC7A11 inhibition combined with chemotherapy or targeted therapy may be a promising therapy for CRC. In vitro, β-elemene (a ferroptosis inducer) in combination with cetuximab was shown to induce iron-dependent ROS accumulation, GSH depletion, lipid peroxidation, upregulation of HO-1 and transferrin, and downregulation of GPX4, SLC7A11 and other negative regulatory proteins in KRAS mutant CRC cells (Chen P. et al., 2020). In vivo, co-treatment with β-elemene and cetuximab inhibited KRAS mutant tumor growth and lymph nodes metastases (Chen P. et al., 2020).
Pancreatic cancers
The main reason for the poor prognosis of PDAC is the late diagnosis of the disease and resistance to drugs that induce apoptosis (Chen X. et al., 2021b). Therefore, ferroptosis may provide an alternative strategy for killing PDAC cells and overcoming apoptosis resistance (Chen X. et al., 2021a; Yang G. et al., 2021). Gemcitabine (a nucleoside analogue of deoxycytoside) has been at the forefront of the past few decades as a cornerstone of PDAC treatment, despite its poor clinical efficacy.
Gemcitabine induces NF-κB activation and NOX-mediated ROS accumulation in PDAC cells. As a feedback mechanism, elevated ROS levels lead to Nrf2 activation and increased intracellular GSH, which resists treatment with gemcitabine (Manea et al., 2007; Lister et al., 2011). SLC7A11 disruption in PDAC cell lines strongly affects their amino acid and redox balance, and thus suppresses in vitro and delays in vivo their proliferative phenotype (Daher et al., 2019). Importantly, unlike disruption of other essential amino acid transporters, genetic ablation of SLC7A11 enhance susceptibility to cell death via ferroptosis (Daher et al., 2019). However, in vivo SLC7A11 knock out PDAC cells grew normally. Their further study showed that the presence of a cysteine/cystine shuttle between neighboring cells is the mechanism that provides redox and nutrient balance, and thus ferroptotic resistance in SLC7A11 knock out PDAC cells (Meira et al., 2021). Cysteine is required for preventing ferroptosis in pancreatic cancer (2020a), While the raw material for the synthesis of cysteine is mainly provided by System Xc−.
Gemcitabine resistance was also associated with GPX4 in PDAC cells. Recent reports elucidated that HSPA5 upregulation negatively regulates ferroptosis in pancreatic cancer, while ATF4 activation upregulates HSPA5, thus the HSPA5-GPX4 pathway is one of the causes of gemcitabine resistance (Zhu S. et al., 2017). When gemcitabine was combined with HSPA5 inhibitor for PDAC, its anticancer activity was significantly enhanced (Zhu S. et al., 2017). Both rapamycin (classical autophagy inducer) and RSL3 can block mechanistic target of rapamycin kinase (MTOR) activation and cause GPX4 protein degradation in human pancreatic cancer cells, which can restore or enhance the anticancer activity of gemcitabine in vitro or in xenogeneic PDAC models (Liu Y. et al., 2021b). In addition, mitochondrial protease Lon peptidase 1 (LONP1) inhibits Nrf2-mediated GPX4 gene expression, thereby promoting Erastin-induced ferroptosis in human PDAC cells (Wang H. et al., 2020). However, the high-iron diets or depletion of GPX4 promotes Hydroxyguanosine 8 (8-OHG) release and thus activates the TMEM173/STING-dependent DNA sensor pathway, which results in macrophage infiltration and activation during Kras-driven PDAC in mice (Dai et al., 2020).
An emerging oncoprotein, Myoferlin, controls mitochondria structure and respiratory functions, has been associated with a low survival in several cancer types including PDAC. The pharmacological inhibitor of myoferlin can reduce the abundance of System Xc-and GPX4 which trigger mitophagy and ROS accumulation culminating with lipid peroxidation and ferroptosis (Rademaker et al., 2022). The latest research shows that mitochondrial calcium uniporter (MCU) promotes PDAC cell migration, invasion, metastasis, and metabolic stress resistance by activating the Keap1-Nrf2 antioxidant program (Wang et al., 2022). SLC7A11 was identified as a druggable target downstream of the MCU-Nrf2 axis (Wang et al., 2022). But MCU overexpression makes PDAC cells hypersensitive to cystine deprivation-induced ferroptosis (Wang et al., 2022). Pharmacologic inhibitors of SLC7A11 effectively induce tumor regression and abrogate MCU-driven metastasis in PDAC (Wang et al., 2022). Natural compounds such as piperlongumine and cotylenin A exhibit synergistic therapeutic efficacy with SAS, which suggest that the triple combined treatment with piperlongumine, piperlongumine and SAS is highly effective against pancreatic cancer (Kasukabe et al., 2016; Yamaguchi et al., 2018).
In summary, System Xc−/GSH/GPX4 axis-based ferroptosis may be a research direction for reversing drug resistance and may provide a rational basis for the development of new therapies for drug resistant solid tumors.
FERROPTOSIS RESISTANCE IN TUMOR CELLS
In addition to System Xc−/GSH/GPX4 axis, an antioxidant system that protect tumor cells from ferroptosis, a number of new mechanisms of ferroptosis resistance have been found in vivo and in vitro studies of drug-resistant solid tumors mentioned above, which are associated with a variety of metabolic enzymes. Metabolic reprogramming is required for both malignant transformation and tumor development, including invasion and metastasis.
Lung adenocarcinomas select for expression of a pathway related to NFS1 that confers resistance to high oxygen tension and protects cells from undergoing ferroptosis in response to oxidative damage (Alvarez et al., 2017). NFS1 is an essential enzyme in eukaryotes that harvests sulfur from cysteine for the biosynthesis of iron–sulfur clusters, is particularly important for maintaining the iron-sulfur co-factors present in multiple cell-essential proteins upon exposure to oxygen compared to other forms of oxidative damage (Stehling et al., 2014). However, the specific mechanism is not yet clear. The latest in vitro and in vivo research results show that oxaliplatin-based oxidative stress enhance the phosphorylation level of serine residues of NFS1, which protect CRC cells in an S293 phosphorylation-dependent manner during oxaliplatin treatment (Lin et al., 2022). While NFS1 deficiency synergizing with oxaliplatin by increasing the intracellular levels of ROS (Lin et al., 2022).
Nuclear Protein 1 (NUPR1), a stress-inducible transcription factor, was identified as a driver of ferroptosis resistance through regulating Lipocalin 2 (LCN2) (Liu J. et al., 2021). LCN2, a secreted glycoprotein, forms a complex with bacterial and human siderophores, thereby inhibiting bacterial growth and regulating iron homeostasis that maintains the integrity of the gastrointestinal mucosa (Xiao et al., 2017). LCN2 expression is elevated in multiple tumor type. The overexpression of LCN 2 leads to resistance to 5-FU in CRC cell lines in vitro and in vivo by decreasing intracellular iron levels and stimulating the expression of GPX4 and SLC7A11 (Chaudhary et al., 2021).
Lymphoid-specific helicase (LSH) is involved in ferroptosis and is a potential therapeutic target in cancer because of its crucial role in ferroptosis. LSH, a member of the chromatin remodeling ATPase SNF2 family, establishes the correct levels and patterns of DNA methylation, maintains the stability of the genome in mammalian somatic cells, and is essential for normal development (Fan et al., 2003; Myant et al., 2011; Yu et al., 2014; Jia et al., 2017). One study showed that LSH lower the concentration of lipid ROS and iron by interacting with WDR76, activating lipid metabolic genes, including SCD1 and FADS2, which inhibit the accumulation of lipid ROS and intracellular iron (Jiang et al., 2017a). They further demonstrated that EGLN1 and c-Myc directly activated the expression of LSH by inhibiting HIF-1α (Jiang et al., 2017b). In addition, LSH promotes the expression of long non-coding RNAs LINC00336 in lung cancer tissues. LINC00336 acts as an oncogene that promotes tumor cell proliferation, inhibits ferroptosis, and induces tumor formation in an ELAVL1-dependent manner (Wang M. et al., 2019).
A cell-autonomous mechanisms have been identified that account for the resistance of cells to ferroptosis. The FSP1-CoQ10-NAD(P)H pathway exists as a stand-alone parallel system, which co-operates with System Xc−/GSH/GPX4 axis to suppress phospholipid peroxidation and ferroptosis (Doll et al., 2019). Ferroptosis suppressor protein 1 (FSP1) previously called apoptosis-inducing factor mitochondria-associated 2 (AIFM2) confers protection against ferroptosis by complement the loss of GPX4. Furthermore, the suppression of ferroptosis by FSP1 is mediated by coenzyme Q10 (CoQ10), whose reduced form traps lipid peroxyl radicals that mediate lipid peroxidation, whereas FSP1 catalyses the regeneration of CoQ10 using NAD(P)H (Bersuker et al., 2019). Circular RNA circGFRA1 is remarkably upregulated in HER-2-positive breast cancer, which can bind to miR-1228 and alleviate inhibitory activity of miR-1228 on targeted gene AIFM2 (Bazhabayi et al., 2021). Knockdown of circGFRA1 could attenuate HER-2-positive breast cancer progression by inhibiting the proliferation, infiltration and migratory ability of HER-2-positive breast cancer cells. In addition, plasma-activated medium induces ferroptosis by depleting FSP1 in human lung cancer cells (Jo et al., 2022). Meanwhile, CoQ10-FSP1 axis is a key downstream effector of Keap1-Nrf2 pathway (Koppula et al., 2022). Keap1 is mutated in around 16% of NSCLCs (2012). Keap1 mutation or deficiency in lung cancer cells upregulates FSP1 expression through Nrf2, leading to ferroptosis- and radiation-resistance (Koppula et al., 2022). Furthermore, targeting the CoQ10-FSP1 axis sensitizes Keap1 mutant lung cancer cells or tumors to radiation by inducing ferroptosis (Koppula et al., 2022).
NANOPARTICLES BASED ON SYSTEM XC−/GSH/GPX4 AXIS FOR TREATMENT OF DRUG-RESISTANT SOLID TUMORS
The current ferroptosis inducers are mainly small molecules targeting the different targets in the System Xc−/GSH/GPX4 axis. In mechanism, these inducers may have no cancer cell selectivity. Direct intravenous administration of these ferroptosis inducers of small molecules may lead new damage to normal cells and deteriorate the side effects of the current anti-tumor drugs. However, advances in nanomaterial sciences make it possible to improve the properties of drugs, prolong circulation times in vivo, and promote tumor-specific drug targeting to improve the therapeutic effect and reduce the incidence of adverse reactions (Amreddy et al., 2018). The nanoparticles developed in recent years that act on the five drug-resistant solid tumors discussed above are summarized in Table 3.
TABLE 3 | Novel nano drug delivery systems inducing ferroptosis in solid tumors via System Xc-/GSH/GPX4 axis.
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Ferroptosis is an iron-mediated form of cell death caused by the accumulation of lipid peroxides. The intracellular imbalance between oxidant and antioxidant due to the abnormal expression of multiple redox active enzymes will promote the produce ROS. Since the discovery of ferroptosis, much solid evidence has been obtained in experimental tumor models that ferroptosis has good anti-cancer effects. Many aggressive and drug-resistant cancer cells are sensitive to ferroptosis, so ferroptosis is indicated for those tumor cells that are less sensitive to chemotherapy. There is also growing evidence that the activation of ferroptosis contributes to the anticancer treatment of several forms of drug-resistant solid tumors, such as liver cancer, lung cancer, breast cancer, pancreatic cancer, gastrointestinal cancers, which undoubtedly makes that the combination of System Xc−/GSH/GPX4 axis-based ferroptosis inducers with chemotherapeutic agents may become a new strategy for the treatment of drug-resistant solid tumors. The process of ferroptosis is a pharmacologically modifiable pathway, and there are many easy-to-treat targets on the System Xc−/GSH/GPX4 axis.
The recognition of many natural products, and some drugs that have been marketed or used in the clinic were found to have the effect of inhibiting System Xc−/GSH/GPX4 axis, thereby inducing ferroptosis. Many tumor cells develop chemoresistance through different mechanisms, including primary and acquired resistance. Acquired drug resistance is the most common cause of tumor recurrence. With the passage of time of drug treatment, spontaneous mutations from the tumor itself will lead to an increase in resistant clones. Because of the high heterogeneity of tumors, according to Darwinian evolutionary principles, drug-resistant mutants are selected, or subpopulations of primary resistant tumor stem cells in the dormant phase can cause tumors to regrow or spread. These drug resistant tumor cells protect themselves from death threats including ferroptosis inducers through many mechanisms including System Xc−/GSH/GPX4 axis. GPX4 and GSH, as important intracellular antioxidants, protect cells from ferroptosis; therefore, GSH deprivation and GPX4 inactivation lead to ferroptosis. By inhibiting this system helps to promote tumor ferroptosis and alleviate drug resistance, which has also been confirmed in data from several studies. These drug-resistant solid tumors can be treated by the combination of ferroptosis inducers and other pathways. However, the induction of ferroptosis has a dual role in tumor growth. Some medicines induce ferroptosis to slow tumor growth, but ferroptosis itself can cause immunosuppression to accelerate tumorigenesis. So deeper mechanisms need to be explored. Also, considering that iron deficiency and iron overload may affect antitumor activity, the appropriate iron concentration and optimal dose of ferroptosis inducer medicines to reduce tumor progression deserves in-depth study. Furthermore, at present, all small molecules used in cancer targeting treatment finally produce drug resistance. The ferroptosis inducers of small molecules are no exception. Some cancer cells evolve specific mechanisms to resist ferroptosis, so discovering and inhibiting these mechanisms combined with ferroptosis is effective in alleviating drug resistance. Importantly, not all ferroptosis inducers are highly tumor-selective, so more research is needed to develop ways to improve drug targeting. Thorough studies are necessary to reveal effective multimodal therapies. Overall, inhibition of key molecules in System Xc−/GSH/GPX4 axis is a promising therapeutic strategy for the treatment of tumors, especially drug-resistant tumors.
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Multidrug resistance (MDR) is thought to be one of the main reasons for the failure of chemotherapy in cancers. ATP-binding cassette subfamily B member 1 (ABCB1) or P-glycoprotein (P-gp) and ATP-binding cassette subfamily G member 2 (ABCG2) play indispensable roles in cancer cell MDR. Sigma-2 (σ2) receptor is considered to be a cancer biomarker and a potential therapeutic target due to its high expression in various proliferative tumors. Recently, σ2 receptor ligands have been shown to have promising cytotoxic effects against cancer cells and to modulate the activity of P-glycoprotein (ABCB1) in vitro experiments, but their specific effects and mechanisms remain to be elucidated. We found that A011, a σ2 receptor ligand with the structure of 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline, showed promising cytotoxicity against breast cancer MCF-7 and adriamycin-resistant MCF-7 (MCF-7/ADR), induced apoptosis, and reversed adriamycin (ADR) and paclitaxel resistance in MCF-7/ADR cells. Furthermore, we demonstrated that A011 increased the accumulation of rhodamine 123 and mitoxantrone in MCF-7/ADR cells. A011 significantly decreased the ATPase activity of the ABCB1 and down-regulated ABCG2 protein expression. In addition, A011, administered alone or in combination with ADR, significantly inhibited tumor growth in the MCF-7/ADR tumor-bearing nude mouse model. A011 may be a potential therapeutic agent for the treatment of tumor resistance.
Keywords: multidrug resistance, MCF-7/ADR, sigma-2 receptor, ABCB1, ABCG2
INTRODUCTION
Female breast cancer is one of the most common malignancies in the world. Breast cancer surpassed lung cancer to become the most prevalent cancer in 2020, with an estimated 2.3 million new cases (Sung et al., 2021). Over the past decades, tremendous progress has been made in the development of chemotherapeutic drugs. However, tumor recurrence and metastasis remain one of the major challenges in cancer treatment during the long-term course of chemotherapy (Warren, 2009). Most anti-tumor drugs inevitably show reduced drug efficacy and tumors exhibit multidrug resistance (MDR) to chemotherapeutic drugs during long-term chemotherapy, leading to tumor recurrence in patients. It has been reported that over 90% deaths in the chemotherapy population are associated with MDR (Bukowski et al., 2020). Various mechanisms have been reported to be involved in the development of MDR in tumor cells, including ATP-binding cassette (ABC) transporter family-mediated drug efflux, apoptosis down-regulation and epigenetic regulation, etc., of which the ABC transporter family is the most widely studied (Abraham et al., 2009; Rocha et al., 2018; Assaraf et al., 2019; Bukowski et al., 2020).
The ABC transporter superfamily is one of the largest families of transmembrane proteins, consisting of 49 ABC transporter members (Asif et al., 2020). Structurally, ABC transporters are characterized by a common structure: two nucleotide-binding domains (NBDs), which can bind and hydrolyze ATP, and two transmembrane domains (TMDs), which utilize the energy provided by ATP hydrolysis to transport substrates outside the cell. Functionally, most ABC transporters can transport the substrates produced during cellular metabolism (e.g., sugars, lipids, ions, peptides, amino acids and toxic components) from the cytoplasm to outside the cell membrane, and thus play an important role in maintaining normal physiological and pathological processes in the organism (Borst and Elferink, 2002; Theodoulou and Kerr, 2015). Dysregulated ABC transporters are associated with tumor resistance (Dean et al., 2001; Amawi et al., 2019). More importantly, several ABC transporters have been frequently found to be overexpressed in a variety of tumor resistant cells, such as P-glycoprotein (P-gp, ABCB1) and breast cancer resistance protein (BCRP, ABCG2). It has been found that the ABC transporters could bind and transport chemotherapeutic drugs outside the cell by utilizing the energy provided by ATP hydrolysis, resulting in lowering the concentration of intracellular drug accumulation, reducing the efficacy of chemotherapeutic drugs and the failure of tumor treatment (Amawi et al., 2019; Liu, 2019; Eckenstaler and Benndorf, 2020). Therefore, there is an urgent need to seek small molecule inhibitors targeting ABC transporters to restore the efficacy of chemotherapeutic drugs.
A lot of studies have shown that σ2 receptor may be a potential therapeutic target for tumors (Zeng and Mach, 2017; Oyer et al., 2019; Schmidt and Kruse, 2019; Chen et al., 2021). The σ2 receptor was found to be overexpressed in rapidly proliferating tumors such as lung, breast and pancreatic cancers and was identified as an important biomarker of tumor cell proliferation (Zeng et al., 2020). And σ2 receptor ligands have been found to be potential agents for tumor therapy, with the capacity to inhibit proliferation and induce apoptosis in tumor cells (Nicholson et al., 2015; Cantonero et al., 2020). In addition, the σ2 receptor ligands exhibited promising anti-tumor proliferative activity against breast cancer MCF-7/ADR cells and could inhibit the activity of ABCB1, suggesting that σ2 receptor ligands may be potential therapeutic agent in anti-tumor MDR (Azzariti et al., 2006; Abate et al., 2011).
It was reported that σ2 receptor ligands with a 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline structure were capable of modulating the activity of ABCB1 (Pati et al., 2018). Recently, we synthesized a series of σ2 ligands with 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline structural derivatives, and found many of them showed high affinity for the σ2 receptor (Sun et al., 2018). Our previous study revealed that σ2 ligand A011 with a 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline structure had high affinity for σ2 receptor and showed good antitumor activity against a variety of tumor cells, including breast cancer MCF-7, MDA-MB-231 and lung cancer A549 cells (Li et al., 2022). However, its role and mechanism in tumor resistance remains to be further investigated.
MATERIALS AND METHODS
Chemicals and reagents
The σ2 receptor ligand A011 was prepared as previously reported (Feng et al., 2019). KO143 was purchased from MedChemExpress (Monmouth Junction, NJ, United States). Cisplatin (DDP), adriamycin (ADR), paclitaxel, verapamil, mitoxantrone and rhodamine 123 (Rh123) were acquired from Solarbio (Beijing, China). Cell Counting Kit-8 (CCK-8) was bought from Dojindo Laboratories (Japan). Pgp-Glo™ Assay Systems were purchased from Promega (Madison, USA). Anti-P Glycoprotein antibody, ABCG2, GAPDH, Goat Anti-Rabbit IgG H&L Secondary Antibody (Alexa Fluor 488), Goat Anti-Rabbit IgG H&L Secondary Antibody and Goat Anti-Mouse IgG H&L Secondary Antibody were purchased from Abcam (Cambridge, United Kingdom). SlowFadeTM Gold antifade reagent was purchased from Thermo Fisher (MA, United States).
Cell lines
ADR-resistant MCF-7 cells (MCF-7/ADR) and DDP-resistant A549 cells (A549/DDP) were purchased from Shanghai GuYan Biotech Co., Ltd. (Shanghai, China). DDP-resistant HepG2 cells (HepG2/DDP) were preserved in our laboratory. Their parental cells were originally imported from American Type Culture Collection (ATCC, Manassas, United States) and cultured with adriamycin or cisplatin to form MCF-7/ADR cells, A549/DDP and HepG2/DDP. Cells were grown in Minimum Eagle’s medium (for MCF-7/ADR), Dulbecco’s Modified Eagle Medium (for MCF-7) and RPMI 1640 (for A549, A549/DDP, HepG2, and HepG2/DDP), respectively, containing 10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 μg/ml streptomycin at 37°C, 5% CO2. MCF-7/ADR cells were maintained using 2 µM ADR. A549/DDP and HepG2/DDP cells were maintained using 2 μg/ml cisplatin. All resistant cells were grown in drug-free medium 2 weeks before experiment.
Cytotoxicity assay
The CCK-8 kit was used to determine the cytotoxicity of chemotherapeutic agents in MCF-7/ADR, A549/DDP, HepG2/DDP and their parental cells. In brief, 5 × 103 cells per well were seeded into 96-well plates with 100 μl medium overnight. Subsequently, cells were cultured with different concentrations of A011, adriamycin, cisplatin, paclitaxel and combination, respectively. After 24, 48, and 72 h incubation, 10 μl CCK-8 was added into each well and incubated for 90 min at 37°C. The absorbance was then measured at 450 nm using a microplate reader. IC50 value was calculated as previously described. Survival rate = (ODtreatment—ODblank)/(ODcontrol—ODblank) × 100%, Resistant Fold (RF) = IC50 resistant cells/IC50 parental cells, Reversal Fold (FR) = IC50 Monotherapy/IC50 Combination therapy.
Colony formation assay
MCF-7 and MCF-7/ADR cells (5 × 103 cells/well) were seeded into 6-well plates overnight. After 24 h incubation, cells were treated with A011 (0.3125, 0.625, 1.25, 2.5, 5 μM) for 24 h and cultured in drug-free medium for 10 days. During this period, cells were washed twice every other day with phosphate buffered saline (PBS) and cultured with fresh medium. Cells were then fixed with 4% paraformaldehyde for 15 min. Crystal violet was used to stain cells for 15 min. The numbers of colonies (cells >50) were counted.
Apoptosis assay
Annexin V-FITC and propidium iodide (PI) kits were used to determine the apoptotic cells induced by A011 in MCF-7/ADR and parental cells. In short, 2 × 105 cells per well were seeded into 6-well plates overnight. Different concentrations of A011 (5, 10, 20, 40 μM) was then added and incubated for 48 h. Subsequently, cells were harvested and washed twice with cold PBS before the addition of Annexin V-FITC and PI for 15 min at room temperature. Flow cytometry was used to detect the apoptotic cells.
Hoechst 33,258 fluorescent reagent was used to detect the effect of A011 on apoptosis in MCF-7/ADR and its parental cells. 2 × 105 cells per well were seeded into 6-well plates. After 24 h incubation, cells were treated with A011 (5, 10, 20 μM) for 48 h. The cells were then washed with PBS and fixed, Hoechst 33,258 was added to stain for 15 min, followed by washing with PBS and photographed under the fluorescence microscope.
Rh123 and mitoxantrone accumulation assay
Flow cytometry was used to detect the intracellular accumulation of Rh123 or mitoxantrone in MCF-7/ADR and its parental cells, with Rh123 and mitoxantrone being the fluorescent substrates for the ABCB1 and ABCG2 transporters, respectively. Briefly, 2 × 105 cells were seeded into 6-well plates. After 24 h incubation, different concentration of A011 (1.25, 2.5, 5, 10 μM), verapamil (10 μM) or KO143 (10 μM) was separately added to each well and incubated for 2 h at 37°C. Subsequently, each well was washed 3 times with PBS and incubated with Rh123 (5 μg/ml) or mitoxantrone (5 μmol/L) for 2 h at 37°C. Finally, all cells were collected and resuspended with cold PBS. Flow cytometry was applied to measure the fluorescence intensity of intracellular Rh123 and mitoxantrone. Verapamil and KO143 were used as positive agent of ABCB1 and ABCG2, respectively.
Rh123 and mitoxantrone efflux assay
Rh123 and mitoxantrone efflux were performed as previously described literature (Gao et al., 2020). In short, cells were seeded into 6-well plates (2 × 105 cells per well) overnight. Cells were then incubated with Rh123 (5 μg/ml) or mitoxantrone (5 μmol/L) for 2 h at 37°C. After 2 h incubation, cells were washed 3 times with PBS and cultured with different concentration of A011 (1.25, 2.5, 5, 10 μM), verapamil (10 μM) or KO143 (10 μM) for 0, 30, 60, 90, 120 min, respectively. Subsequently, cells were collected and washed 3 times with cold PBS. Flow cytometry was used to measure the fluorescence intensity of intracellular Rh123 and mitoxantrone, respectively.
ATPase activity of ABCB1 assay
The impact of A011 on ABCB1-mediated ATP hydrolysis was measured by the Pgp-Glo™ Assay kits. In brief, ABCB1 membranes were thawed and diluted at 4°C. Membranes were treated with various concentrations of A011 for 5 min at 37°C Mg2+ and ATP reagent was added into each well to trigger the reaction. After 40 min incubation, plates were removed to room temperature and ATP detection reagent was added to initiate luminescence for 20 min at room temperature. Subsequently, luminescence was read on a plate-reading luminometer.
Immunofluorescence assay
Immunofluorescence assay was performed to detect the influence of A011 on the intracellular localization of ABCB1 and ABCG2 in MCF-7/ADR cells. In brief, 2 × 104 cells per well were seed into 6-well plates overnight and treated with A011 (1.25, 2.5 μM). After 48 h incubation, cells were washed twice with cold PBS and fixed by 4% paraformaldehyde for 15 min. Bovine serum albumin (BSA) (2 mg/ml) was added to block proteins for 1 h, primary antibodies ABCB1 (1:200) or ABCG2 (1:200) were used to incubate proteins for 4 h at 4°C, which were subsequently blocked by second antibodies for 1 h. SlowFadeTM Gold antifade reagent was used to incubate proteins for 5 min. The fluorescence microscope was performed to collect the images.
Western blot assay
Western blot assays were applied to detect the protein expression of ABCB1 and ABCG2 after A011 treatment in MCF-7/ADR cells. Briefly, cells were cultured with or without A011 (1.25, 2.5, 5 μM) for 48 h. Radio-immune precipitation assay (RIPA) cell lysis buffer was then used to lysis cells for 30 min on the ice. The total protein concentrations were normalized using the BCA protein assay kit. Subsequently, proteins were load and separated by SDS-PAGE kits, following transferred into polyvinylidene difluoride (PVDF) membrane and blocked by non-fat milk. Primary antibodies (ABCB1 1:1,000, ABCG2 1:1,000) were incubated for overnight at 4°C. Horseradish peroxidase (HRP)-conjugated Mouse or Rabbit antibody was used to co-incubate with PVDF membrane for 1 h at room temperature. The protein bands were visualized by Immobilon Western HRP Substrate Kits and the relative protein expression level was analysis by ImageJ software.
Mouse xenograft assay
The MCF-7/ADR cells inoculated nude mice xenograft model was used for in vivo studies. The BALB/c female nude mice (4–6 weeks old, weighting 16–18 g) were bought from Guangdong Medical Laboratory Animal Centre (Guangdong, China). 1 × 107 cells were injected subcutaneously into the right flank of each nude mouse. When the tumor volume reached 100 mm3, nude mice were randomly divided into five groups (6 mice in each group):(1) Control (saline), 2) A011 (1 mg/kg), 3) ADR (5 mg/kg), 4) A011 (5 mg/kg), 5) A011 (1 mg/kg) plus ADR (5 mg/kg) (A011 + ADR). The drugs were administered intraperitoneally every 3 days for 21 days and the body weight and tumor volume (V) of nude mice were measured according to the following formula: V = 0.5a × b2 [“a” is the length (mm) and “b” is the width (mm)]. The nude mice were killed by spinal dislocation and the tumor tissues were dissected and weighed. The liver, kidney and tumor samples from nude mice were fixed and preserved. All animal experiments complied with the China Animal Welfare Guide. The protocol was reviewed and approved by the Experimental Animal Research Committee of Guangdong Medical University.
Histological analysis
The above tissue samples were dehydrated in ethanol, embedded in paraffin and sectioned with a microtome (4 μm). Sections were stained with hematoxylin and eosin for hematoxylin-eosin (HE) staining and terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labelling (TUNEL) staining, respectively. The immunohistochemistry (IHC) staining was performed with anti-ABCG2 or anti-ABCB1 antibody. The treated samples were observed under a microscope and photographed and the images were analyzed.
Statistical analysis
All experiments were conducted in at least three independent experiments. All data were analyzed using GraphPad Prism’s one-way ANOVA and shown as mean ± SD. Differences were considered statistically significant when the p value was less than 0.05.
RESULTS
Cytotoxicity, resistance fold and reversal effect of A011
We determined the cytotoxicity of A011 and positive drugs ADR, cisplatin and paclitaxel on three drug-resistant cells MCF-7/ADR, A549/DDP and HepG2/DDP and their parental cells by CCK-8 kits. ADR, cisplatin and paclitaxel showed good antitumor effects on MCF-7, A549, and HepG2 cells, with significantly decreased cytotoxic effects in MCF-7/ADR, A549/DDP, and HepG2/DDP cells, with RF value mostly >5, indicating that the 3 cell lines were multidrug resistant. In contrast, the IC50 values of A011 were 3.79 ± 0.13 μM, 5.35 ± 0.42 μM, RF value 1.41, 4.59 ± 0.35 μM, 7.74 ± 0.32 μM, RF value 1.69, 4.07 ± 0.25 μM, 8.29 ± 0.04 μM, RF value 2.04 for MCF-7, MCF-7/ADR, A549, A549/DDP, HepG2 and HepG2/DDP cells, respectively (Table 1). A011 showed similar anti-proliferative effects on drug-resistant cells and their parental cells, indicating that A011 had excellent anti-tumor MDR effects (Figure 1A).
TABLE 1 | IC50 values and resistant folds (RF) of A011, adriamycin (ADR), cisplatin (DDP) and paclitaxel on MCF-7/ADR, A549/DDP, HepG2/DDP and their parental cells after 48 h administration.
[image: Table 1][image: Figure 1]FIGURE 1 | Effect of A011 on the viability of three drug-resistant cells MCF-7/ADR, A549/DDP, HepG2/DDP and their parental cells. (A) The cytotoxic effects of A011 on MCF-7/ADR, A549/DDP, HepG2/DDP and their parental cells, respectively. Cells were treated with a range of concentrations of A011, adriamycin (ADR) or cisplatin (DDP) for 24, 48 and 72 h. (B) Effect of A011 on the inhibition of clonogenic capacity of MCF-7 and MCF-7/ADR cells. Data represent mean ± SD of three different experiments. *p < 0.05, **p < 0.01 vs. Control.
Based on the results of the CCK-8 assay, A011 had a stronger anti-proliferative effect in MCF-7/ADR cells relative to A549/DDP and HepG2/DDP cells, and therefore MCF-7/ADR cells were used as the subsequent experimental cell line. Moreover, A011 showed >90% survival of MCF-7/ADR cells at 1.25 and 2.5 μM concentrations and were therefore selected as the concentration for combination treatment. The results showed that A011 at 1.25 and 2.5 μM concentrations significantly increased the cytotoxicity of ADR, cisplatin and paclitaxel in MCF-7/ADR cells. No sensitization was observed in parental cells. And the inhibition effect of A011 combined with ADR was superior compared with that of ABCB1 inhibitor verapamil and ABCG2 inhibitor KO143 combined with ADR (p < 0.05) (Table 2). In addition, A011 significantly inhibited the clonogenic ability of MCF-7/ADR cells and their parental cells (Figure 1B). These results suggested that A011 has excellent anti-tumor MDR activity and could enhance the sensitivity of MCF-7/ADR cells to ADR, cisplatin and paclitaxel.
TABLE 2 | Reversal of A011 on resistance of adriamycin (ADR), cisplatin and paclitaxel in MCF-7/ADR and MCF-7 cells.
[image: Table 2]A011 induced apoptosis in MCF-7/ADR and its parental cells.
Hoechst 33,258 staining showed that MCF-7/ADR and MCF-7 cells exhibited increased cytoplasmic density, nuclear consolidation, nuclear membrane nucleolus fragmentation and increased apoptotic vesicles in a dose-dependent manner after A011 treatment compared to cells from control group with intact cell structure (Figure 2A). Furthermore, the flow cytometry results showed that A011 (5, 10, 20, and 40 μM) significantly induced apoptosis in MCF-7/ADR and MCF-7 cells, with apoptosis rate of 5.20% ± 0.55%, 25.15% ± 9.99%, 95.6% ± 6.35%, 99.47% ± 0.15% for MCF-7/ADR cells and 9.47% ± 1.25%, 11.87% ± 1.84%, 43.19% ± 8.81% and 87.51% ± 2.70% for MCF-7 cells (Figure 2B). The results indicated A011 could inhibit tumor cells growth by inducing cell apoptosis in MCF-7 and MCF-7/ADR.
[image: Figure 2]FIGURE 2 | Effect of A011 on MCF-7/ADR and MCF-7 cell apoptosis. (A) Results of Hoechst 33,258 staining of MCF-7/ADR cells and their parental cells after A011 intervention. The red arrows indicated apoptotic vesicles. (B) Flow cytometry results of A011 on MCF-7/ADR cells and their parental cell apoptosis. Data represent mean ± SD of three different experiments. ##p < 0.01 vs. CON1; **p < 0.01 vs. CON2.
A011 significantly increased the accumulation and decreased the efflux of Rh123 and mitoxantrone in MCF-7/ADR cells
To investigate the mechanism by which A011 reversed drug resistance in tumor cells, we determined the effect of A011 on the function of ABCB1 and ABCG2 transporters. Verapamil and KO143 were inhibitors of the ABCB1 and ABCG2 transporters respectively, and were able to inhibit the transport of substrates outside the cell membrane by the ABCB1 and ABCG2 transporters, so they were used as positive control. In addition, Rh123 and mitoxantrone were fluorescent substrates for the ABCB1 and ABCG2 transporters respectively, and were able to be quantified by flow cytometry. The results showed that the accumulation of Rh123 or mitoxantrone in MCF-7/ADR cells was significantly lower than their accumulation in parental cells. A011 significantly increased the accumulation of Rh123 and mitoxantrone in MCF-7/ADR cells. Moreover, the intracellular accumulation of Rh123 was higher in the A011 group compared to the verapamil group (Figures 3A,B). In addition, efflux experiments showed that the amount of Rh123 or mitoxantrone in MCF-7/ADR cells was significantly reduced during the time course, whereas the addition of A011 significantly inhibited the efflux of Rh123 or mitoxantrone, suggesting that the increased accumulation of Rh123 and mitoxantrone in MCF-7/ADR cells was due to inhibition of their efflux (Figures 4A,B). These results indicated that A011 could inhibit the transport function of ABCB1 and ABCG2 transporters.
[image: Figure 3]FIGURE 3 | Effect of A011 on the transport function of ABCB1 and ABCG2 transporters. (A) A011 increased the accumulation of Rh123 in MCF-7/ADR and parental cells. (B) A011 increased the accumulation of mitoxantrone in MCF-7/ADR and parental cells. Verapamil (vera) and KO143 as a positive control group. Data represent mean ± SD of three different experiments. *p < 0.05, **p < 0.01 vs. CON.
[image: Figure 4]FIGURE 4 | Effect of A011 on the transport function of ABCB1 and ABGC2 transporters. (A) A011 decreased the efflux of Rh123 in MCF-7/ADR cells. (B) A011 decreased the efflux of mitoxantrone in MCF-7/ADR cells. (C) A011 decreased the ATPase activity of the ABCB1 transporter. Verapamil (vera) and KO143 as a positive control group. Data represent mean ± SD of three different experiments. **p < 0.01 vs. CON.
A011 significantly decreased the ATPase activity of the ABCB1 transporter
To further investigate the role of A011 on the function of the ABCB1 transporter, we measured the effect of A011 on the ATPase activity of the ABCB1 transporter. The results showed that verapamil increased the activity of ABCB1 transporter ATPase, which was in agreement with the description of previous studies (Ledwitch et al., 2016). In contrast, A011 could significantly decrease the activity of ABCB1 transporter ATPase compared to the control group, indicating that A011 could inhibit the transport function of ABCB1 transporter by inhibiting the activity of ABCB1 transporter ATPase (Figure 4C).
A011 Decreased ABCG2 Protein Expression without Altering ABCB1 Protein Expression and Localization of ABCG2 and ABCB1 Proteins in MCF-7/ADR Cells
Given reducing the expression of transporter proteins and altering their localization in cells is one of the mechanisms to overcome MDR, we further investigated the effect of A011 on ABCB1 and ABCG2 proteins in MCF-7/ADR cells by immunofluorescence and western blot. Immunofluorescence assay showed that A011 did not alter the localization of ABCB1 and ABCG2 proteins in MCF-7/ADR cells (Figures 5A,B). And western blot showed that A011 down-regulated ABCG2 protein expression and did not alter ABCB1 protein expression (Figure 5C).
[image: Figure 5]FIGURE 5 | Effect of A011 on the expression and intracellular localization of ABCB1 and ABCG2 proteins. (A) A011 did not alter the localization of ABCB1 protein in MCF-7/ADR cells. Cells were treated with A011 for 48 h and then detected by immunofluorescence assay. (B) A011 did not alter the localization of ABCG2 protein in MCF-7/ADR cells. (C) A011 decreased ABCG2 protein expression in MCF-7/ADR cells without altering ABCB1 protein expression. Cells were treated with A011 for 48 h and then detected by western blot assay. Data represent mean ± SD of three different experiments. *p < 0.05, **p < 0.01 vs. Control. A011 Inhibited the Growth of MCF-7/ADR Xenograft Model in vivo.
To evaluate the anti-tumor MDR activity of A011 in vivo, we established a xenograft model with MCF-7/ADR cells in nude mice. A011 (1 mg/kg) or ADR (5 mg/kg) alone showed low growth inhibitory activity against MCF-7/ADR tumors, with growth inhibition rates of 6.94% and 22.58%, respectively. However, when ADR (5 mg/kg) was co-administered with A011 (1 mg/kg), the anti-tumor activity of ADR was significantly enhanced with the growth inhibition rate of 58.43%. A011 (5 mg/kg) alone showed good anti-tumor activity against MCF-7/ADR tumors with the growth inhibition rate of 43.13% (Figures 6A–C). In addition, there was no significant change in body weight in the A011 group compared to the saline group (Figure 6D). These results suggested that A011 alone or in combination had promising anti-tumor MDR activity and was well tolerated in vivo.
[image: Figure 6]FIGURE 6 | A011 inhibited the growth of MCF-7/ADR xenograft model in vivo. MCF-7/ADR cells were injected subcutaneously into the right flank of BALB/c-nu/nu nude mice. (A) Photographs of tumors. (B) Mean tumor weight was calculated for each group of tumors after dissection of nude mice. (C) Change in tumor volume over the 21 days treatment period. (D) Change in body weight of nude mice during the 21-days treatment period. Nude mice in Control group treated with saline. Nude mice in the A011 + ADR group were treated with A011 (1 mg/kg) in combination with ADR (adriamycin) (5 mg/kg), while the other groups were treated as depicted above. ADR: adriamycin. Data represent mean ± SD of three different experiments. *p < 0.05, **p < 0.01 vs. Control. #p < 0.05, ##p < 0.01 vs. ADR (5 mg/kg). A011 Induced Apoptosis and Downregulated ABCG2 Protein Expression in MCF-7/ADR Tumor Cells without Significant Toxicity to Liver and Kidney
To evaluate the effects of A011 in liver, kidney and tumor tissues in nude mice, we performed HE tissue staining, TUNEL staining and immunohistochemistry experiments respectively. HE staining of the liver and kidney showed that there was no difference between all treatment groups and control group, except for a small amount of inflammatory cell infiltration in the ADR (5 mg/kg) and A011 combined with ADR groups. In HE staining of tumor tissue, approximately 60% and 70% of tumor cells were necrotic in A011 (5 mg/kg) and A011 combined with ADR respectively, compared to 40% in the control group (Figure 7A). TUNEL staining showed that administration of A011 (5 mg/kg) alone or A011 (1 mg/kg) in combination with ADR (5 mg/kg) significantly induced an increase in MCF-7/ADR tumor apoptosis (Figure 7B). Immunohistochemistry of ABCG2 showed dark brown staining of ABCG2 protein in the saline and ADR (5 mg/kg) groups. As the concentration of A011 increased, the expression of ABCG2 was down-regulated (Figure 7C). A011 did not alter the expression of ABCB1 (Supplementary Figure S1). Above results suggest that A011 could induce apoptosis and down-regulate ABCG2 protein expression in MCF-/ADR tumor cells in vivo, without significant toxicity to liver and kidney tissues.
[image: Figure 7]FIGURE 7 | Histological analysis results. (A) HE staining of liver, kidney and tumor tissue (200×). (B) TUNEL staining of each group of tumor tissue. (C) Immunohistochemistry of ABCG2 protein in each group of tumor tissues. ADR: adriamycin. Scale bar = 100 μm or 50 μm.
DISCUSSION
Intrinsic MDR and acquired MDR are two of the major barriers to tumor treatment, seriously threatening the survival and affecting the lives of cancer patients (Zheng, 2017; Al-Akra et al., 2019). Due to the narrow therapeutic window of most chemotherapeutic agents, the emergence of tumor MDR has greatly limited the clinical use of chemotherapeutic agents, therefore it is particularly important for cancer treatment to overcome tumor MDR.
The σ2 receptor has been found to be highly expressed in rapidly proliferating tumors such as breast cancer and is considered to be one of the potential targets for the treatment of tumors (Huang et al., 2014). Most of the σ2 ligands not only show high affinity for the σ2 receptor but also exhibit excellent anti-tumor activity (Georgiadis et al., 2017; Sun et al., 2018; Liu et al., 2019), and those with a 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline structure could also interact with ABCB1 (Pati et al., 2015). Moreover, a few σ2 receptor agonists were found to be collateral sensitive and their anti-proliferative activity was stronger in cells with high P-gp expression than in P-gp negative cells, suggesting that σ2 receptor ligands may have promising activity in drug-resistant tumors (Niso et al., 2013; Abatematteo et al., 2021). In this study, we found that σ2 ligand A011 showed significant cytotoxic activity in three tumor cell lines MCF-7, A549 and HepG2 cells and generally showed no decrease in cytotoxic activity in drug-resistant cell lines MCF-7/ADR, A549/DDP and HepG2/DDP cells. In addition, A011 significantly increased the sensitivity of MCF-7/ADR cells to ADR at concentrations of 1.25 and 2.5 μM. And in vivo experiments, A011 (5 mg/kg) alone or A011 (1 mg/kg) co-administered with ADR showed promising anti-tumor activity, significantly inhibiting the growth of MCF-7/ADR tumors without significant toxicity, suggesting that A011 has the potential to overcome MDR.
Apoptosis is a form of programmed cell death that is co-regulated by multiple genes with important roles in maintaining the homeostasis of the internal environment and controlling cell proliferation (Goldar et al., 2015). Dysregulation of apoptosis is one of the hallmarks of cancer and is associated not only with tumorigenesis and progression, but also with tumor resistance to chemotherapeutic agents (Pistritto et al., 2016). We found that A011 could dose-dependently induce apoptosis in MCF-7/ADR and its parental cells, and the apoptosis induction of A011 was better in MCF-7/ADR than MCF-7 cells. In a MCF-7/ADR xenograft model, A011 (5 mg/kg) was able to induce an increased apoptosis relative to the control group, suggesting that A011 may also promote cell death by inducing MCF-7/ADR apoptosis.
ABC transporters have been found to be relatively highly expressed in drug-resistant tumors and able to transport intracellular chemotherapeutic agents to the extracellular compartment by relying on the energy provided by ATP hydrolysis, thereby mediating the resistance of tumor cells to chemotherapeutic agents (Choi and Yu, 2014; Beis, 2015). To elucidate the mechanism that A011 overcame MDR in MCF-7/ADR cells, we examined the activity and protein expression of the ABCB1 and ABCG2 transporters. Our results showed that A011 could inhibit ABCB1 transport function and ATPase activity, but had no effect on its protein expression. In addition, it was first discovered that A011 also inhibited the transport function and protein expression of ABCG2, which was further validated in ABCG2 protein immunohistochemical assay in vivo. Besides inhibiting ABC transporter activity and protein expression, ABC transporters as transmembrane proteins, altering their localization in cells is also part of the strategy to inhibit ABC transporter-mediated MDR (Zhao et al., 2019). However, A011 did not affect the localization of the ABCB1 and ABCG2 transporters in MCF-7/ADR cells. These results suggested that A011 could inhibit the function of ABCB1 and ABCG2 transporters and reduce the expression of ABCG2 protein, thereby overcoming MDR. However, the mechanisms of A011 inhibiting ATPase activity and expression of ABCG2 protein remain to be clarified.
A variety of σ2 ligands are currently being developed for clinical diagnosis and cancer treatment with PET imaging of tumors. Phase I clinical trial results for the σ2 radioligand [18F]ISO-1 showed that [18F]ISO-1 uptake values correlated with tumor Ki-67 (a gold standard proliferation biomarker) and are expected to be used for in vivo measurement of tumor proliferation status (Dehdashti et al., 2013). Studies have shown that a lot of selective σ2 receptor ligands displayed cytotoxic effects on a variety of human cancer cells, and inhibited tumor growth (Asong et al., 2019; Liu et al., 2019). We previously found that A011 was able to increase intracellular ROS and Ca2+ levels in MCF-7 cells and induced endoplasmic reticulum stress and autophagy (Li et al., 2022). In addition, the study showed that A011 was well tolerated and had no significant toxicity to liver and kidney tissues. These results provided further insight into the pharmacological role of the σ2 receptor and A011 may be a candidate for cancer treatment either alone or in combination with other anticancer agents.
CONCLUSION
In this study, we elucidated that the σ2 ligand A011, containing a 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline structure, exhibited excellent anti-breast cancer MDR activity both in vivo and in vitro, either alone or in combination with ADR. A011 demonstrated anti-MDR activity by inhibiting the transporting function of ABCB1 and ABCG2 transporters and thus was a potential therapeutic agent for the treatment of tumor resistance.
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As the predominant treatment option of the immunotherapy for advanced esophageal cancer (EC), the application of programmed death 1 (PD-1) and programmed death-ligand 1 (PD-L1) inhibitors brings new hope to clinical practice. However, a considerable portion of patients do not response to this therapy, meanwhile most patients sensitive to PD-1 or PD-L1 antibody initially will develop resistance to the treatment eventually. To break through the limits of clinical effect, it is of critical importance to make a profound understanding of the mechanisms of so called primary resistance and acquired resistance. Subsequently, exploring potent predictors to identify suitable patients for anti-PD-1/PD-L1 treatment and investigating efficient strategies to overcome drug resistance will be helpful to expend the benefit of immunotherapy. In the present view, we summarized the potential predictive factors for anti-PD-1/PD-L1 immunotherapy in EC, and demonstrated the plausible mechanisms of resistance to PD-1/PD-L1 blockade as well as its feasible solutions.
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Introduction

Esophageal cancer (EC) is the 6th leading cause of cancer related death worldwide (1). The treatment for EC mainly depends on surgery, chemotherapy and radiotherapy, but the prognosis remains unfavorable (2). Recently, with a deeper understanding of cancer related immune mechanisms, immunotherapy has been widely studied and has brought promising therapeutic outcomes (3–5). Programmed death-1 (PD-1) and programmed death-ligand 1 (PD-L1) are regarded as a pair of critical immune checkpoints, by which cancer cells can suppress the activity of effective immune cells, allowing the immune escape of cancer (6). PD-1/PD-L1 blockade, one of the most efficient immune checkpoint inhibitors (ICIs), is designed to inhibit the interaction between PD-1 and PD-L1, helping to restore the anti-cancer immune response, which was approved by USFDA as a first-line treatment for advanced EC. Despite the compelling outcomes of anti-PD-1/PD-L1 therapy, drug resistance is regarded as a major problem of this treatment, since a majority of patients do not have a response to ICIs at the beginning of the therapy (7, 8), and those who are sensitive to ICIs will eventually develop therapeutic resistance (9, 10). Thus, a profound understanding of resistance to PD−1/PD−L1 blockade is of necessity to enhance the therapeutic effect of ICIs for patients with EC. In this review, we summarized the main mechanisms of resistance to anti-PD−1/PD−L1 treatment and provided some reliable predictors for the treatment, hoping to find out directions to overcome drug resistance.



Mechanisms of resistance to PD−1/PD−L1 blockade

The interaction of PD-1 with its corresponding ligand PD-L1 leads to the disability of effective T cells, by which cancer cells manage to evade the surveillance and attack from immune system (6). PD−1/PD−L1 inhibitor immunotherapy aims to block PD-1 or PD-L1 expressed on cell surface in order to activate T cells. However, a majority of cancer patients have no significant response to PD−1/PD−L1 targeted treatment (7–10), since cancer cells develop diverse mechanisms to resist ICIs. (Figure 1 and Table 1)




Figure 1 | Key mechanisms of drug resistance to PD-1/PD-L1 inhibitors in EC. MHC: major histocompatibility complex; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; IFN-γ, interferon gamma; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; Treg, regulatory T cell; IDO, indoleamine 2,3-dioxygenase; TAM, tumor associated macrophage; M2, macrophages with M2 phenotype; ICI, immune checkpoint inhibitor; miRNA, microRNA; TMB, tumor mutation burden; MSI, microsatellite instability; TGF-β, transforming growth factor-β; IL-10, interleukin-10.




Table 1 | The common mechanisms of resistance to PD-1/PD-L1 inhibitors in EC and other cancers.




Aberrant expression of PD-L1

Blocking the interaction between PD-1 and PD- L1 is the aim of anti-PD-1/PD-L1 immunotherapy, therefore its therapeutic effect depends on the expression of PD-1 or PD-L1 in cancer microenvironment (11, 12). The abundance of PD-L1 was reported to be related to the genetic signature of cancer cells. For instance, in the experiments based on melanoma cell lines, JAK1/2-inactivating mutations resulting in the lack of reactive PD-L1 expression, lead to the primary resistance to PD−1/PD−L1 inhibitors (13). In addition, in lung cancer, drug resistance of cancer cells was found to be induced after anti-PD-1 therapy by down-regulation of PD-L1 expression and methylation of PD-L1 promoter (14). A series of studies have revealed plausible explanations for the mechanisms of PD-L1 regulation in EC, such as the alteration of PD-L1 level by c-Myc expression (15), and the changeable PD-L1 expression caused by various immune microenvironment (16), helping to explore solutions to overcome the resistance to PD−1/PD−L1 inhibitors for EC patients.



Attenuated expression and presentation of tumor neoantigens

Neoantigens produced by cancer cells are indispensable factors for the proliferation and activation of T lymphocytes. The absence of neoantigens disables the recognition of cancer cells by CD8+ T cells, leading to impaired anti-cancer immunity (17). A straightforward way to elude the recognition from immune cells is that cancer cells evolve to lose its neoantigens on the surface. The expression of neoantigens is considered to be related with tumor mutation burden (TMB), since the accumulation of gene mutation creates tumor productions differentiated enough from normal tissue, triggering the response of T cells (18). Base mismatches during the DNA replication process are routinely fixed by some gene components, known as mismatch repair (MMR) genes. But in cancer cells, the deficient MMR results in the occurrence of microsatellite instability (MSI), allowing the accumulation of gene mutations (19, 20). In another word, low TMB level, MSI-low and MMR represent diminished immunogenicity and poor effect of anti-cancer immunotherapy, and are considered to promote primary resistance.

The presentation of tumor neoantigens, another key factor for immunological recognition, mainly relies on the major histocompatibility complex (MHC). Cancer develops an immune escape strategy by down-regulation of MHC class I expression which induces the dysfunction of CD8+ T cells. Beta-2-microglobulin (β2M) as an essential component of MHC class I molecule, helps to present tumor antigens on cell membrane. Cancer cells interfere the synthesis of MHC class I molecule through decreased expression of β2M and loss of functional β2M as a response to immunotherapy, contributing to the acquired resistance (21, 22), which was illustrated by several studies of melanoma. New evidence of MHC-I regulation process has been uncovered by recent studies. For instance, it was reported that reduced expression of MHC-I in esophageal adenocarcinoma (EAC) can be caused by the increased levels of MIR125a-5p and MIR148a-3p, which influenced therapeutic effect (23).



Immune suppressive microenvironment

Immune microenvironment is significantly correlated with prognosis of cancer patient. The interaction among cancer cells, immune cells and immune molecules presents distinctively different immune phenotypes of cancer, having a conspicuous influence on the outcomes of anti-cancer treatment including anti-PD-1/PD-L1 immunotherapy.

Regulatory T cells (Tregs), a typical type of immunosuppressive cells, play a role in immune tolerance maintenance and preventing anti-cancer immune responses through suppressing activation of T cells and APCs, which consequently reduces the effect of ICIs (24). The relevant mechanisms are complex, such as up-regulation of CTLA-4 and increasing expression of PD-L1 on cell surface (25). Additionally, a variety of suppressive cytokines produced by Tregs like IL-10 and TGFβ, act on T lymphocytes as well as other immune cells and then hinder their activation (26).

The function of tumor-associated macrophages (TAMs) polarizes into either anti-tumoral or pro-tumoral effect, known as M1 and M2 subtype (27). Latest studies have demonstrated the roles of TAMs in tumor resistance to PD−1/PD−L1 blockade as follow. TAMs secret a certain type of molecules with immunosuppressive effect, named indoleamine 2,3-dioxygenase (IDO), deactivating effective T cells and inducing polarization of TAMs towards M2 subtype (28). More interestingly, TAMs were found to sabotage the combination of ICI with its target by capturing PD−1 antibody from T cell surface, preventing reactivation of dysfunctional T cells (29).

Immunosuppressive chemokines and cytokines also promote the resistance to anti-PD-1/PD-L1 immunotherapy. TGF-β, a pivotal molecule maintaining immune tolerance, has been reported to shape the microenvironment and restrain the effect of PD-L1 blockade by restricting T-cell infiltration (26). Others like CCL2, CCL22, CCL5, CCL7 and CXCL8, also take part in limiting the efficacy of ICIs.




Predictors for PD-1/PD-L1 inhibitor effect

The response to ICI treatment varies according to different condition of each individual. Therefore, it is critical to identify reliable indicators for accurate prediction of ICI efficacy and precise identification of suitable patients for immunotherapy. At present, widely used predictors include PD-L1 expression level, TMB, MSI and so forth. With the further understanding of immune mechanisms, more effective biomarkers can be identified for ICI treatment (Figure 2).




Figure 2 | Overview on the strategies to overcome drug resistance to PD-1/PD-L1 inhibitors in EC. Strategies including suitable predictors and combined therapy, have been proposed to improve the effect of PD-1/PD-L1 inhibitors in EC.




PD-L1 expression level

PD-L1 expression level in tumor tissue is widely used in clinical practice as an indicator for the therapeutic effect of anti-PD-1/PD-L1 treatment. Patients with high expression of PD-L1 are supposed to have better prognosis after receiving anti-PD-1/PD-L1 treatment (11, 12). In EAC, according to outcomes of several well-known clinical trials, the lack of benefit of ICIs was observed in the low PD-L1-expressing subgroup (30). However, its predictive efficacy is not that satisfactory, since some patients with low expression of PD-L1 have a positive response to ICIs (31), and vice versa. Additionally, the expression level of PD-L1 does not remain constant. It can be altered during the therapeutic course. A recent study demonstrated the profound influence on the expression of PD-L1 and PD-L2 by chemotherapeutic agents in esophageal squamous cell carcinoma (ESCC) (32), which implied one-time evaluation of PD-L1 might not be sufficient to predict the efficacy of ICIs.



TMB and MSI

The predictive value of TMB and MSI for anti-PD-1/PD-L1 treatment has been verified (33–35). In many malignancies, including EC, high level of TMB or MSI is positively correlated with the prognosis of patients receiving ICIs. The predictive role of TMB is found to be independent of PD-L1 expression level by recent studies (36). Therefore, the approved indications of the application of ICIs include TMB-high or MSI-high EC.



Non-coding RNAs

It is widely acknowledged that non-coding RNAs, such as microRNAs, long non-coding RNAs, and circular RNAs, are involved in multiple cellular functions. Their predictive value for effect of ICIs is gradually revealed by a growing number of studies.

New evidence showed that a group of MDSC-relevant microRNAs indicating MDSC activity closely relates with resistance to treatment with ICIs. A recent study suggested that these RNAs might be potential blood biomarkers predicting immunotherapy outcomes in melanoma (37). A recent study based on a phase II clinical trial investigated the value of microRNAs as predictive makers, and found that serum microRNAs, including miR-1233-5p, miR-6885-5p, miR-4698 and miR-128-2-5p, capable of predicting the response to nivolumab in patients with advanced EC (38).



Immune features

The immune characteristics of cancer patients are significantly related with the outcomes of ICI treatment. T cell receptor (TCR) repertoire has been widely studied as a predictor for immunotherapy efficiency. In EC, researchers found the peripheral CD8+ TCR diversity at baseline and dynamic alteration of intratumoral TCRs showed significant correlation with the prognosis of radiotherapy combined with immunotherapy (39). More interestingly, the spatial distribution patterns of immune cells were recently identified as prognostic factors for the therapeutic effect of ICIs in EC, since the spatial distance between cancer cells and various subtypes of immune cells, such as dendritic cells and macrophages, is correlated with PFS and OS (40). The infiltration of macrophages in cancer microenvironment is recognized as an indicator of poor prognosis of EC. Previous studies have identified the role of TAMs in increasing PD-L1 expression in EC (41). Given the close correlation between TAMs and PD-L1, a clinical trial was launched to investigate the therapeutic efficacy of combination of CSF‐1R blockade (TAM-targeting therapy) with PD‐1/PD‐L1 inhibitor in several advanced solid tumors, such as lung cancer, and pancreatic cancer (42).




Strategies to overcome drug resistance and future directions

To enhance the efficacy of ICIs, combination strategy is adopted (Figure 2). Immunotherapy combined with chemotherapy is the most widely used method to improve therapeutic effect for EC patients, since the outcomes of KEYNOTE-590 showed significantly improved survival in ESCC patients when pembrolizumab was added to chemotherapy (43). The plausible explanations for the improved outcomes of the combination might involve several mechanisms, such as increased sensitivity of cancer cells to immunotherapy via increase of mutation burden, upregulation of PD-L1 expression, and restoration of exhausted immune cells by chemotherapeutic agents (44, 45). Recently, the value of radiotherapy in addition to ICIs has attracted some attention. Previous study has revealed the immune-related effects of radiotherapy in cancer treatment, including EC (46, 47). For instance, the death of cancer cells allows more exposure of tumor specific antigens, activating antigen-presenting cells (48). A series studies such as KEYNOTE-975 and RATIONALE 311, have been designed to explore the therapeutic effect of ICIs plus chemoradiotherapy in EC treatment (49, 50). Anti-PD-1/PD-L1 treatment added to targeted therapy is regarded as a promising direction. Clinical trials have been launched to evaluate the integration of ICIs and targeted therapy. In patients with advanced ESCC, a single-arm, phase II study analyzing the safety and the efficacy of camrelizumab plus apatinib as second-line treatment showed 34.6% of patients had an objective response, and 44% of patients had grade 3 or worse adverse events (51). The promising activity and manageable toxicity of the combination treatment indicated it might be an option for patients with advanced ESCC. The effective combination of PD-1/PD-L1 blockade with other type of ICIs is under exploration in several malignancies including EC. A latest research reported that additional application of durvalumab and tremelimumab after chemoradiotherapy significantly improved survival in patients with locally advanced ESCC, especially in those with PD-L1 positive tumors (52). Additionally, some studies have found the combination of anti-PD-1/PD-L1 inhibitors with some chemokine or cytokine blockades might bring new solutions to overcome drug resistance. For instance, a novel type of antibody, named YM101, was developed to enhance the effect of ICIs by blocking PD-1/PD-L1 and TGF-β simultaneously, which was found to have a superior anti-tumor effect compared to the monotherapies (53). Some new emerging combination strategies exhibited potent antitumor efficacy (54), which might be future direction for cancer immunotherapy. For example, combining Mn2+ with YM101 has a synergistic antitumor effect, effectively controlling tumor growth and prolonging the survival of tumor-bearing mice (55). This novel cocktail strategy has the potential to be a universal regimen for inflamed and non-inflamed tumors.



Discussion

Drug resistance hinders the applicability of PD-1/PD-L1 inhibitors in the treatment of EC. Although the mechanisms are complicated and multifactorial, a systematic investigation and understanding will undoubtedly contribute to establish new strategies to improve efficacy and outcomes of anti-PD-1/PD-L1 treatment in patients with EC.

Given the evidence that we have gathered, one rational option to avoid resistance against PD-L/PD-1 blockade is to identify the suitable population before the application of the therapy. A thorough and accurate profile of immunological status seems to be necessary for each patient, which is also supposed to be a non-invasive or minimal invasive procedure. The modern technologies, such as new generation sequencing and flow cytometry, facilitate the analysis of immunological profile, providing the feasibility to achieve this goal. Some recent studies illustrated the method to depict the status of immune activities using peripheral blood by flow cemetery. For example, in lung cancer, researchers found this method was a reliable and efficient way to identify candidates who might have a better chance of responding to PD-1/PD-L1 inhibitors (56). Another key point of evaluating the appropriateness of anti-PD-1/PD-L1 treatment is a dynamic monitor of immunological profile for patients, since the fluctuations or changes of immune status can significantly influence the effect of immunotherapy, as well as can help to distinguish the response groups of patients. For instance, some researchers compared the changes of different immune variables in blood samples derived from cancer patients before and after anti-PD-1 treatment, and confirmed these alterations as useful markers to identify eligible patients for anti-PD-1 therapy (57). Of course, the definition of immunological profile is not confined to immune cells or molecules. As aforementioned, the genetic characteristics of cancer cells are also correlated with the anti-cancer immune activities, and therefore have an influence on the outcomes of immunotherapy. With the widely use of new generation sequencing in clinical oncology, it is reasonable to assume this will be a promising approach to screening appropriate candidates for ICI treatment. However, our current knowledge of the correlation between genetic features and outcomes of anti- PD-1/PD-L1 therapies is limited. Hence, identification and construction of gene panels affecting the pathways of immune checkpoints and the outcomes of ICI treatment will play an indispensable role as a critical research subject in oncology in the near future.

In cancer microenvironment, there is an equilibrium between conditions that promote and suppress anti-cancer immunity, which is described as a conceptual framework named “cancer-immune set point” (58). It works as a presumption helping to interpret changeable response to ICI therapies. From this perspective, the purpose of current combination therapies adopted to overcome drug resistance against PD-1/PD-L1 inhibitors can be considered as strategies to enhance the factors contributing to anti-cancer immunity by increasing the expression of neoantigens and further activation of T cells, as well as to diminish unfavorable factors by regulating suppressive immune cells and chemokines. Take the combination of chemotherapy and anti-PD-1/PD-L1 inhibitors as an example. Chemotherapy can cause the up-regulation of antigen expression by triggering DNA damage of cancer cells on one hand, on the other hand it was reported that chemotherapeutic agents are able to alter immune microenvironment of EC through various methods, such as upregulation of cell surface PD-L1 expression (59). And this type of combination showed promising clinical outcomes. Other proposal of combination strategies can be inspired and designed following this thread of thought. Some studies have demonstrated the role of HER2 antibody in promoting anti-cancer immune activities (60), leading to the logical attempt to add anti-HER2 treatment to ICI in EC, which brings us the well-known clinical trials such as KEYNOTE-811 and MAHOGANY studies. With new findings of immune pathways and mechanisms, there is no doubt that more and more efficacious combination strategies will be developed to improve the therapeutic effect of PD-1/PD-L1 inhibitors in EC.



Conclusions

A clear understanding of the mechanisms of drug resistance and identification of reliable predictors help to develop feasible strategies to overcome resistance to anti-PD-1/PD-L1 treatment, and to improve the therapeutic effects of ICIs in EC.
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Patients with chronic myeloid leukemia (CML) show resistance to tyrosine kinase inhibitors (TKIs) targeting ABL1 due to the emergence of BCR::ABL1 mutants, especially compound mutants during the treatment, which brings great challenges to clinical practice. Combination therapy is an effective strategy for drug resistance. GMB-475, a proteolysis targeting chimera (PROTAC) targeting the myristoyl pocket of ABL1 in an allosteric manner, degrades the BCR::ABL1 through the ubiquitin–proteasome pathway. In this study, we combined GMB-475 with orthosteric TKIs targeting ABL1 to overcome resistance. We constructed Ba/F3 cells carrying BCR::ABL1 mutants by gene cloning technology and compared the effects of combination therapy with those of monotherapy on the biological characteristics and signaling pathways in CML cells. We found that the effects of ABL1 inhibitors, including imatinib, dasatinib, ponatinib, and ABL001, on growth inhibition and promoting apoptosis of Ba/F3 cells with BCR::ABL1 mutants, especially compound mutants, were weakened. GMB-475 combined with TKIs, especially dasatinib, synergistically inhibited growth, promoted apoptosis, and blocked the cell cycle of Ba/F3 cells carrying BCR::ABL1 mutants and synergistically blocked multiple molecules in the JAK-STAT pathway. In conclusion, dasatinib enhanced the antitumor effect of GMB-475; that is, the combination of PROTAC targeting ABL1 in an allosteric manner and orthosteric TKIs, especially dasatinib, provides a novel idea for the treatment of CML patients with BCR::ABL1 mutants in clinical practice.
Keywords: chronic myeloid leukemia, GMB-475, dasatinib, combination therapy, BCR::ABL1 mutants
INTRODUCTION
Chronic myeloid leukemia (CML) is a bone marrow proliferative hematopoietic cell malignancy (Eden and Coviello 2021) characterized by the BCR::ABL1 fusion gene that is formed by genetic translocation between chromosome 9 and chromosome 22 (Haider and Anwer 2021). The BCR::ABL1 fusion oncoprotein, which has tyrosine kinase activity (Cetin et al., 2021) and activates different downstream signal pathways, such as JAK-STAT, MAPK/ERK, and PI3K/Akt/mTOR, promotes the occurrence and development of leukemia (Singh et al., 2021). In the United States, there are approximately 8000 newly diagnosed cases of CML per year (Patel et al., 2017). Imatinib, the first-generation tyrosine kinase inhibitor (TKI), significantly improved the prognosis of CML patients (Milojkovic et al., 2021; Morita and Sasaki 2021), but approximately 40% of chronic phase patients with CML had to stop imatinib due to failure and/or drug intolerance (Özgür and Eşkazan 2020; Koyama et al., 2021). The mechanisms of CML patients resistant to TKIs can be divided into BCR::ABL1-dependent and BCR::ABL1-independent resistance; the former includes BCR::ABL1 mutation and amplification, and the latter includes abnormal energy metabolism and the persistence of leukemia stem cells (Lei et al., 2021) due to bypass activation (Talati and Pinilla-Ibarz 2018). Second- and third-generation TKIs, such as dasatinib, nilotinib, bosutinib, and ponatinib, provide effective control of drug resistance caused by point mutations in the BCR::ABL1 kinase region (Liu et al., 2021), but these TKIs cannot control drug resistance caused by all site mutations. Compared with imatinib, the second-generation TKI can achieve a faster and deeper molecular response but does not prolong the survival of patients (Morita and Sasaki 2021). Moreover, some serious adverse events, such as cardiovascular toxicity of ponatinib (Singh et al., 2019) and pulmonary hypertension of dasatinib (Guignabert et al., 2016), have limited the application of these agents; meanwhile, the emergence of compound mutations in the BCR::ABL1 kinase region is resistant to all approved TKIs targeting BCR::ABL1 (Khorashad et al., 2013). ABL001, an allosteric inhibitor targeting ABL1, induces the formation of the inactive kinase conformation (Wylie et al., 2017) by binding to the myristoyl pocket of ABL1 (Breccia et al., 2021). ABL001 is effective for most single mutations in the BCR::ABL1 kinase region, but not for compound mutations, mutations in the myristoyl pocket, and the F359V mutation that affects its binding (Eide et al., 2019).
Proteolysis targeting chimera (PROTAC) has been a novel drug development technology since 2000 (Mukhamejanova et al., 2021), and it consists of three parts: ligand binding to the protein of interest, E3 ubiquitination ligase ligand (including Von Hippel–Lindau and cereblon) (Ishida and Ciulli 2021), and linker connecting the two parts (Coll-Martínez et al., 2020; Ghidini et al., 2021). PPOTAC, binding to the target protein and recruiting E3 ubiquitination ligase, ubiquitinates the target protein and then degrades it by the proteasome, which achieves an antitumor effect (Qi et al., 2021). Being widely applied as a biological tool and drug molecule, PROTAC has a potential clinical application value (Zeng et al., 2021) and is considered a novel strategy for the treatment of various diseases (Mukhamejanova et al., 2021). At present, many PROTAC molecules with high degradation efficiency have been reported, including those targeting the androgen receptor (Lee et al., 2021), estrogen receptor (Jiang et al., 2018; Hu et al., 2019; Li et al., 2019), ALK (Yan et al., 2021), BTK (Buhimschi et al., 2018; Sun et al., 2018; Zhao et al., 2021), and many others. The first batch of oral PROTACs has been included in clinical trials achieving exciting results (Protein Degradation, 2020; Qin et al., 2021). Unlike traditional small molecule inhibitors needing stable binding with the target protein, as long as PROTAC binds to the target protein briefly, it would degrade it in a catalytic manner (Martín-Acosta and Xiao 2021). GMB-475 (Burslem et al., 2019), targeting the myristoyl pocket of ABL1 via an allosteric way, degrades the BCR::ABL1 fusion protein through the ubiquitin–proteasome pathway; however, it inhibited proliferation and promoted apoptosis in CML cell lines only at high concentrations. Thus, we combined GMB-475 with orthosteric TKIs targeting ABL1 to reduce the effective concentration of the two drugs. Therefore, this study investigated the combination of GMB-475 and TKIs to overcome drug resistance in CML caused by BCR::ABL1 mutations.
MATERIALS AND METHODS
The sources of the main experimental reagents are shown in Supplementary Table S1.
Cell lines
Using the MSCV-IRES-GFP-p210 (MIG-p210) wild-type plasmid as a template, we constructed MIG-p210 plasmids with BCR::ABL1 single mutations (including E255K, T315I, L387M, F359V, and F486S) by PCR, overlapping PCR, enzyme digestion and enzyme connection, gel purification, and recovery. Then, using MIG-p210 plasmids with BCR::ABL1 single mutations as a template and repeating the above process, we constructed MIG-p210 plasmids with BCR::ABL1 compound mutations (including T315I + E255K, T315I + L387M, and T315I + F486S). After sequencing the MIG-p210 plasmids with BCR:ABL1 mutations, we confirmed that the mutations were successfully introduced at the expected design sites. We obtained MIG-p210 retrovirus that was used to infect Ba/F3 cells via calcium phosphate and then screened Ba/F3 cells stably expressing BCR-ABL1 mutants (Ba/F3-MIG-p210). The cell lines used in this study are shown in Table 1.
TABLE 1 | The source of cell lines and the required culture medium.
[image: Table 1]Cell viability analysis
We inoculated Ba/F3-MIG-p210 cells into 96-well plates with 8000 or 3000 cells per well and added different concentrations of TKIs (0–2 µM) (to better distinguish the different effects of ABL1 inhibitors against BCR::ABL1 compound mutations, single-point mutation, and WT, we used drug concentrations less than 2 µM), ABL001 (0–5 µM), or GMB-475 (0–5 µM) (to observe the therapeutic effect of GMB-475 on mutant cells, the maximum concentration was increased to 5 µM); the total volume of each well was 100 µl, and the cells were placed in an incubator at 37 °C and 5% CO2 for 24/48 h. There were two ways to detect cell viability afterward: 1) After adding 20 µl of 5 mg/ml thiazolyl blue tetrazolium bromide (MTT) per well and waiting for 4–6 h, we added 100 µl of MTT-dissolved solution per well and dissolved it in an incubator at 37°C overnight and measured the absorbance value of each well at 570 nm with a spectrometer the next day; 2) after adding 10 µl of Cell Counting Kit-8 (CCK8) per well and waiting for 3 h, we detected the absorbance value of each well at 450 nm with a spectrometer. The curve of cell viability was drawn with GraphPad Prism 8.0, and CompuSyn software was used to calculate the drug combination index (CI) of GMB-475 with dasatinib or ponatinib. A CI value less than 1 indicates a synergistic effect (a smaller CI indicates a better synergistic effect), while a CI value equal to 1 indicates an additive effect, and a CI value greater than 1 indicates an antagonistic effect.
Cell apoptosis
We inoculated Ba/F3-MIG-p210 cells into six-well plates with 1×105 cells per well and added different concentrations of TKIs (0–2 µM), ABL001 (0–5 µM), or GMB-475 (0–5 µM); the total volume of each well was 2 ml, and the cells were placed in an incubator at 37 °C and 5% CO2 for 24–48 h. Cell apoptosis was detected by annexin V-647 and 7-aminoactinomycin D (7-AAD) double staining. The results were statistically analyzed by GraphPad Prism 8.0 software.
CML mouse model study
Ba/F3-MIG-p210 cells were transfected with HBLV-luciferase-blasticidin virus to construct a cell line expressing luciferase (Ba/F3-MIG-p210-Luc cell line). Four to 6 hours after 3.8 Gy X-ray irradiation, each 8-week-old Balb/c mouse was injected with 3 × 105 Ba/F3-MIG-p210-Luc cells via the tail vein. The mice were administered intraperitoneally with the drug after 72 h. The experimental group was treated with 5 mg/kg GMB-475 once every 2 days (from days 4 to 14), and the control group was injected with the corresponding volume of drug solvent (4% DMSO + 30% PEG300 + 5% Tween 80 + ddH2O). There were 12 mice in the experimental group and the control group, with 6 mice in each group. The tumor burden of the mice was observed by luminescence imaging, and the survival of the mice was recorded throughout the process.
Cell cycle
We inoculated Ba/F3-MIG-p210 cells into six-well plates with 2×105 cells per well and added different concentrations of dasatinib (1 µM or 2 µM) or GMB-475 (1 µM or 2 µM) (to avoid too many dead cells during the experiment, we used the drug concentration lower than or equal to 2 µM); the total volume of each well was 2 ml, and the cells were placed in an incubator at 37°C and 5% CO2 for 48 h. The cells were collected and fixed with 70% ethanol solution overnight, digested with RNase, and stained with propidium iodide (PI). The cell cycle was detected using flow cytometry and analyzed with Modfit software.
Real-time fluorescence quantitative PCR
The changes of mRNA levels induced by the corresponding drugs were detected by real-time fluorescence quantitative PCR (qPCR), and the primer sequences of the genes used for qPCR are shown in Supplementary Table S2.
Western blot
We inoculated Ba/F3-MIG-p210 cells into 6-cm Petri dishes and added different concentrations of drugs; the total volume of each dish was 5 ml, and the cells were placed in an incubator at 37°C and 5% CO2 for 24/48 h. Then, the proteins of cells were extracted, and the levels of BCR::ABL1 protein and related signal pathway proteins were detected by Western blot.
Statistical analysis
We adopted Kaplan–Meier analysis and the log-rank test to compare the survival of the CML mouse model between the experimental group and the control group. In the Cell Experiments section, the results represent the mean ± standard error of two or three independent experiments. The unpaired t-test was used to compare the differences between the two groups, and p values less than 0.05 showed significant differences.
RESULTS
The effects of inhibitors targeting ABL1 on the growth inhibition of Ba/F3-MIG-p210 cells with BCR::ABL1 compound mutations were significantly weakened
The viability of Ba/F3-MIG-p210 cells treated with different concentrations of ABL1 inhibitor for 48 h was detected via the MTT assay. The results showed that Ba/F3-MIG-p210 cells with different BCR::ABL1 mutations were generally resistant to imatinib, especially compound mutations, and imatinib did not inhibit cell growth when the concentration reached 2000 nM (Figure 1A). In contrast, dasatinib significantly inhibited the growth of Ba/F3-MIG-p210 cells with the BCR::ABL1 single-point mutation but weakly inhibited the growth of those with compound mutations (Figure 1C). Ponatinib and ABL001 also performed more effectively on Ba/F3-MIG-p210 cells with BCR::ABL1 single-point mutations than those with compound mutations in terms of growth inhibition (Figures 1B,D).
[image: Figure 1]FIGURE 1 | Effects of inhibitors targeting ABL1 on the growth inhibition of Ba/F3-MIG-p210 cells with BCR::ABL1 compound mutations were significantly weakened. The viability of Ba/F3-MIG-p210 cells treated with different concentrations of ABL1 inhibitor for 48 h was detected via the MTT assay: (A) imatinib, (B) ponatinib, (C) dasatinib, and (D) ABL001.
The effects of ABL1 inhibitors on promoting apoptosis of Ba/F3-MIG-p210 cells with BCR::ABL1 mutants were weakened
The apoptosis of Ba/F3-MIG-p210 cells treated with different ABL1 inhibitors for 48 h was detected via annexin V-647 and 7-AAD double staining. The results showed that compared with BCR::ABL1 wild-type, the effects of imatinib, dasatinib, and ABL001 on promoting apoptosis in Ba/F3-MIG-p210 cells with T315I or T315I-including compound mutations, were significantly reduced under the same concentrations and treatment times of agents (Figure 2A). Compared with BCR::ABL1 wild-type or T315I single-point mutation, the effects of promoting apoptosis of ponatinib on cells with BCR::ABL1 compound mutations were also significantly weakened (Figure 2B).
[image: Figure 2]FIGURE 2 | Effects of ABL1 inhibitors on promoting apoptosis of Ba/F3-MIG-p210 cells with BCR::ABL1 mutants were weakened. The apoptosis of Ba/F3-MIG-p210 cells treated with different ABL1 inhibitors for 48 h was detected via annexin V-647 and 7-AAD double staining: (A) Imatinib, dasatinib, and ABL001; the abscissa marks the names and concentrations of agents, and the ordinate is the apoptosis rate; the colors of the bar graph represent the BCR::ABL1wild type (WT) or different mutants carried by Ba/F3-MIG-p210 cells, including BCR::ABL1T315I, BCR::ABL1T315I+E255K, BCR::ABL1T315I+L387M, and BCR::ABL1T315I+F486S. (B) Ponatinib; the abscissa marks the BCR::ABL1WT, or different mutants carried by Ba/F3-MIG-p210 cells, and the ordinate is the apoptosis rate; the colors of the bar graph represent different concentrations of ponatinib.
GMB-475 exhibited a growth inhibition effect on Ba/F3-MIG-p210 cells with BCR::ABL1T315I+F486S mutations but no significant improvement of prognosis in chronic myeloid leukemia mouse models constructed by this cell line
Ba/F3-MIG-p210 cells carrying BCR::ABL1T315I+F486S mutations were treated with different concentrations of GMB-475 for 48 h, and cell viability was detected using the CCK8 assay. The results showed that GMB-475 exhibited a growth inhibition effect on Ba/F3-MIG-p210 cells carrying BCR::ABL1T315I+F486S mutations, and the half inhibitory concentration (IC50) was 4.49 µM (Figure 3A). Twelve 8-week-old Balb/c mice were randomly divided into two groups with six mice in each group: the control group and the GMB-475 administration group. Four to 6 hours after 3.8 Gy X-ray irradiation, each mouse was injected with 3 × 105 Ba/F3-MIG-p210-Luc cells carrying BCR::ABL1T315I+F486S mutations via the tail vein. The mice were administered drugs intraperitoneally after 72 h. The experimental group was treated with 5 mg/kg GMB-475 once every 2 days (from days 4 to 14), and the control group was injected with the corresponding volume of drug solvent. The tumor burden of mice was observed by luminescence imaging at day 9, and the survival of mice was recorded throughout the process. The results showed that although GMB-475 showed a trend of reducing the tumor burden (Figure 3C,D) and prolonging the survival of the CML mouse model (Figure 3B), its effect was limited and not statistically significant. In view of the results, we considered the combination of GMB-475 and TKIs to improve the antitumor effect.
[image: Figure 3]FIGURE 3 | GMB-475 exhibited a growth inhibition effect on Ba/F3-MIG-p210 cells carrying BCR::ABL1T315I+F486S mutations but no significant improvement of prognosis in the CML mouse model constructed by this cell line. (A) Ba/F3-MIG-p210 cells carrying BCR::ABL1T315I+F486S mutations were treated with different concentrations of GMB-475 for 48 h, and cell viability was detected using the CCK8 assay. (B) Survival curve of the CML mouse model for the control group and the GMB-475 administration group. (C) Fluorescence imaging of CML mouse model was implemented at day 9. (D) Quantitative analysis of the fluorescence signal was performed to measure the tumor burden in the CML mouse model. Abbreviations: CTR, control.
GMB-475 combined with tyrosine kinase inhibitors showed synergistic effects of growth inhibition on Ba/F3-MIG-p210 cells with BCR::ABL1 mutants
The distinct effects of growth inhibition between GMB-475 combined with TKIs and single agents on Ba/F3-MIG-p210 cells were detected using the CCK8 assay. We found that the overall combination index (CI) of GMB-475 and dasatinib in Ba/F3-MIG-p210 cells with BCR::ABL1WT was 6.96, and the two drugs showed no synergistic effect of growth inhibition on cells (Figures 4A,B). In Ba/F3-MIG-p210 cells with BCR::ABL1T315I or BCR::ABL1T315I+E255K mutations, the overall CIs of GMB-475 and dasatinib were 0.25 and 0.29, respectively, and the two drugs exhibited significant synergistic effects of growth inhibition on cells (Figures 4C–F). When the concentration of dasatinib was fixed at 2 µM and GMB-475 was set at different concentrations, the combination of the two drugs also showed significant synergistic effects of growth inhibition on Ba/F3-MIG-p210 cells with BCR::ABL1T315I+L387M or BCR::ABL1T315I+F486S mutations (the CIs of each concentration were less than 0.54, Figures 4G–J). Meanwhile, dasatinib significantly reduced the IC50 of GMB-475 in Ba/F3-MIG-p210 cells with BCR::ABL1T315I, BCR::ABL1T315I+E255K, BCR::ABL1T315I+L387M, and BCR::ABL1T315I+F486S mutations (Table 2). Moreover, we also found that GMB-475 combined with ponatinib also showed synergistic effects of growth inhibition on Ba/F3-MIG-p210 with BCR::ABL1T315I+E255K or BCR::ABL1T315I+F486S mutations; the overall CIs were 0.67 and 0.61, and the highest CIs at different concentrations were 0.98 and 1.02, respectively (Supplementary Figures S1A–D). The synergistic effect of GMB-475 combined with ponatinib was weaker than that with dasatinib.
[image: Figure 4]FIGURE 4 | GMB-475 combined with dasatinib (DAS) had synergistic effects on the growth inhibition of Ba/F3-MIG-p210 cells with BCR::ABL1 mutants but no synergistic effect on that with BCR::ABL1WT. (A,C,E,G,I) The viability of Ba/F3-MIG-p210 cells carrying BCR::ABL1WT, BCR::ABL1T315I, BCR::ABL1T315I+E255K, BCR::ABL1T315I+L387M, or BCR::ABL1 T315I+F486S mutations treated with different concentrations of GMB-475, dasatinib, or GMB-475 plus dasatinib for 48 h was detected using the CCK8 assay. The abscissa represents the concentrations of GMB-475, and the corresponding concentrations of dasatinib are marked below the abscissa; the ordinate is the cell survival rate. (B,D,F,H,G) The curve figures of combination indexes (CIs); the CIs of GMB-475 combined with dasatinib at ED50, ED75, ED90, and ED95, or the CIs for different concentrations of GMB-475 combined with 2-µM dasatinib are shown below the figures; the CI at ED50 was the overall CI.
TABLE 2 | The IC50 of GMB-475 in Ba/F3 cells with BCR::ABL1 mutants.
[image: Table 2]GMB-475 combined with tyrosine kinase inhibitors synergistically promoted the apoptosis of Ba/F3-MIG-p210 cells
The apoptosis of Ba/F3-MIG-p210 cells with BCR::ABL1 wild-type or mutants induced by GMB-475 combined with TKIs was detected by flow cytometry. The results showed that GMB-475 combined with dasatinib synergistically promoted the apoptosis of Ba/F3-MIG-p210 cells (Figure 5). Meanwhile, GMB-475 combined with ponatinib synergistically promoted the apoptosis of Ba/F3-MIG-p210 cells with BCR::ABL1T315I+E255K and BCR::ABL1T315I+F486S mutations (Supplementary Figure S2).
[image: Figure 5]FIGURE 5 | GMB-475 combined with dasatinib synergistically promoted the apoptosis of Ba/F3-MIG-p210 cells. The apoptosis of Ba/F3-MIG-p210 cells treated with control medium (CTR), GMB-475, dasatinib, or GMB-475 plus dasatinib for 48 h was detected via annexin V and 7-AAD double staining: (A) Ba/F3-MIG-p210 cells with BCR::ABL1WT were treated with CTR, dasatinib 5nM, GMB-475 1 µM, and GMB-475 1 µM plus dasatinib 5 nM. (B) Ba/F3-MIG-p210 cells carrying BCR::ABL1T315I were treated with CTR, dasatinib 2 µM, GMB-475 2 µM, and GMB-475 2 µM plus dasatinib 2 µM. (C) Ba/F3-MIG-p210 cells carrying BCR::ABL1T315I+E255K, BCR::ABL1T315I+L387M, or BCR::ABL1 T315I+F486S compound mutations were treated with CTR, dasatinib 2 µM, GMB-475 5 µM, and GMB-475 5 µM plus dasatinib 2 µM, respectively. **p < 0.01, ***p < 0.001, ****p < 0.0001.
GMB-475 combined with dasatinib exhibited a better synergistic effect on Ba/F3-MIG-p210 cells carrying BCR::ABL1T315I+F486S mutations compared with ABL001
Ba/F3-MIG-p210 cells were treated with different concentrations of ABL001 for 48 h, and cell viability was detected using the CCK8 assay. The IC50 of ABL001 was 9.487 µM (Figure 6A); in contrast, the IC50 of GMB-475 was 4.49 µM. The viability of Ba/F3-MIG-p210 cells treated with different agents for 24 h was detected using the CCK8 assay. The results showed that GMB-475 alone or in combination with dasatinib showed more significant growth inhibition on Ba/F3-MIG-p210 cells carrying BCR::ABL1T315I+F486S mutations than ABL001 alone or in combination with dasatinib, respectively (Figure 6B). The apoptosis of Ba/F3-MIG-p210 cells treated with different agents for 24 h was detected by annexin V and 7-AAD double staining. The results showed that there was no difference between GMB-475 and ABL001 in promoting apoptosis of cells; however, the apoptosis rate of cells treated with GMB-475 combined with dasatinib was significantly higher than that treated with ABL001 combined with dasatinib (Figure 6C). Ba/F3-MIG-p210 cells were treated with different agents for 24 h and continued to be cultured in a complete medium without drugs for 18 h; then the apoptosis of those cells was detected. The results showed that there was no difference between GMB-475 and ABL001 in promoting apoptosis of cells, and the apoptosis rate of cells treated with GMB-475 combined with dasatinib was higher than that treated with ABL001 combined with dasatinib (Figure 6D). GMB-475 combined with dasatinib exhibited a better synergistic effect compared with ABL001 combined with dasatinib.
[image: Figure 6]FIGURE 6 | GMB-475 combined with dasatinib exhibited a better synergistic effect on Ba/F3-MIG-p210 cells carrying BCR::ABL1T315I+F486S mutations compared with ABL001. (A) Ba/F3-MIG-p210 cells were treated with different concentrations of ABL001 for 48 h, and cell viability was detected using the CCK8 assay. (B) The viability of Ba/F3-MIG-p210 cells treated with dasatinib 2 µM, ABL001 5 µM, GMB-475 5 µM, ABL001 5 µM plus dasatinib 2 µM, and GMB-475 5 µM plus dasatinib 2 µM for 24 h was detected using the CCK8 assay. (C) The apoptosis of Ba/F3-MIG-p210 cells treated with control medium (CTR), dasatinib 2 µM, ABL001 5 µM, GMB-475 5 µM, ABL001 5 µM plus dasatinib 2 µM, and GMB-475 5 µM plus dasatinib 2 µM for 24 h was detected via annexin V and 7-AAD double staining. (D) Ba/F3-MIG-p210 cells were treated with CTR, dasatinib 2 µM, ABL001 5 µM, GMB-475 5 µM, ABL001 5 µM plus dasatinib 2 µM, and GMB-475 5 µM plus dasatinib 2 µM for 24 h and continued to be cultured in complete medium without drugs for 18 h; then the apoptosis of those cells was detected. nsp ≥ 0.05, *p < 0.05, **p < 0.01, ****p < 0.0001.
GMB-475 combined with dasatinib synergistically blocked the cell cycle of Ba/F3-MIG-p210 cells with BCR::ABL1 mutants
The effects of blocking the cell cycle for GMB-475 combined with dasatinib on Ba/F3-MIG-p210 cells with BCR::ABL1 mutants were detected by PI staining. The results showed that compared with single agents, the proportion of cells in the G0/G1 phase increased but that in the S phase (DNA synthesis phase) decreased under combination therapy; in other words, the effect of blocking the cell cycle of combination therapy was more obvious than that of single agents (Figure 7).
[image: Figure 7]FIGURE 7 | GMB-475 combined with dasatinib synergistically blocked the cell cycle of Ba/F3-MIG-p210 cells with BCR::ABL1 mutants. The cell cycle of Ba/F3-MIG-p210 cells treated with the control medium (CTR), GMB-475, dasatinib (DAS), or GMB-475 plus dasatinib for 48 h was detected by PI staining: (A–C) Ba/F3-MIG-p210 cells carrying BCR::ABL1T315I+F486S, BCR::ABL1T315I+E255K, or BCR::ABL1T315I+L387M compound mutations were treated with CTR, dasatinib 2 µM, GMB-475 2 µM, and GMB-475 2 µM plus dasatinib 2 µM, respectively. (D) Ba/F3-MIG-p210 cells carrying BCR::ABL1T315I were treated with CTR, dasatinib 1 µM, GMB-475 1 µM, and GMB-475 1 µM plus dasatinib 1 µM. (E–H) Statistical analysis results of the cell cycle. nsp ≥ 0.05, *p < 0.05, **p < 0.01.
GMB-475 combined with dasatinib synergistically downregulated the mRNA levels of the JAK-STAT axis, AKT, and mTOR in Ba/F3-MIG-p210 cells with BCR::ABL1 mutants
The distinct mRNA levels of genes induced by GMB-475 combined with dasatinib and single agents were detected by qPCR. Compared with the BCR::ABL1T315I single-point mutation, Ba/F3-MIG-p210 cells carrying compound mutations are more resistant to the agents. To observe the change in mRNA levels, the concentrations of the agents were increased when we treated Ba/F3-MIG-p210 cells carrying compound mutations. The results showed that combination therapy downregulated the expression of the JAK-STAT pathway in cells compared with the single drugs. In Ba/F3-MIG-p210 cells with the BCR::ABL1T315I mutation, the mRNA levels of JAK2, STAT5a, STAT3, MYC, and BCL2 of the JAK-STAT pathway, and AKT and mTOR that are downstream genes of JAK, were downregulated (Figure 8A). The mRNA levels of MYC and MYC plus BCL2 were also significantly downregulated in the two Ba/F3-MIG-p210 cell lines with BCR::ABL1T315I+F486S and BCR::ABL1T315I+L387M mutations, respectively. The changes in the mRNA levels of other genes were not statistically significant under the induction of combination therapy, including JAK2, STAT5a, STAT3, AKT, and mTOR (Figures 8B,C). However, in Ba/F3-MIG-p210 cells with BCR::ABL1T315I+E255K compound mutations, there was no significant distinction in the mRNA levels of genes induced by combination therapy and single drugs (Figure 8D).
[image: Figure 8]FIGURE 8 | GMB-475 combined with dasatinib synergistically downregulated the mRNA levels of the JAK-STAT axis, AKT, and mTOR in Ba/F3-MIG-p210 cells with BCR::ABL1 mutants. The mRNA levels of genes in Ba/F3-MIG-p210 cells treated with control medium (CTR), GMB-475, dasatinib (DAS), or GMB-475 plus dasatinib for 48 h were detected by qPCR: (A) Ba/F3-MIG-p210 cells carrying BCR::ABL1T315I mutation were treated with CTR, dasatinib 1 µM, GMB-475 2 µM, and GMB-475 2 µM plus dasatinib 1 µM. (B–D) Ba/F3-MIG-p210 cells carrying BCR::ABL1T315I+F486S, BCR::ABL1T315I+L387M, or BCR::ABL1T315I+E255K compound mutations were treated with CTR, dasatinib 2µM, GMB-475 3 µM, and GMB-475 3 µM plus dasatinib 2 µM, respectively. The types of BCR::ABL1 mutants carried by Ba/F3-MIG-p210 cells are marked at the top of the figures. nsp ≥ 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.
GMB-475 combined with dasatinib synergistically downregulated the levels of some proteins in the JAK-STAT axis or AKT in Ba/F3-MIG-p210 cells with BCR::ABL1 mutants
The levels of protein expression of genes in cells induced by agents were detected by WB. The results showed that GMB-475 combined with dasatinib downregulated the protein levels of the JAK-STAT pathway in cells compared with single agents. In Ba/F3-MIG-p210 cells with the BCR::ABL1T315I mutation, the levels of JAK2, p-JAK2, STAT5a, STAT3, and MYC decreased significantly under combination therapy compared with single agents (Figure 9A). In Ba/F3-MIG-p210 cells with BCR::ABL1T315I+F486S compound mutations, the levels of BCR::ABL1, p-STAT5a, STAT3, MYC, and Bcl2 decreased significantly, but JAK2 increased at 24 h under combination therapy compared with single agents (Figure 9B). Similarly, the levels of BCR::ABL1, JAK1, p-JAK2, p-STAT5a, STAT3, MYC, and Bcl2 decreased in Ba/F3-MIG-p210 cells with BCR::ABL1T315I+L387M compound mutations under combination therapy compared with single agents (Figure 9C). However, in Ba/F3-MIG-p210 cells with BCR::ABL1T315I+E255K compound mutations, the levels of BCR::ABL1, STAT3, STAT5, and p-STAT5a were upregulated, MYC and Bcl2 remained unchanged, but p-JAK2, pan AKT, and p-AKT decreased under combination therapy compared with single agents (Figure 9D).
[image: Figure 9]FIGURE 9 | GMB-475 combined with dasatinib synergistically downregulated the protein levels of the JAK-STAT axis or AKT in Ba/F3-MIG-p210 cells with BCR::ABL1 mutants. The protein levels of genes in Ba/F3-MIG-p210 cells treated with the control medium (CTR), GMB-475, dasatinib (DAS), or GMB-475 plus dasatinib were detected by western blot: (A) Ba/F3-MIG-p210 cells carrying BCR::ABL1T315I were treated with CTR, GMB-475 2 µM, dasatinib 2 µM, and GMB-475 2 µM plus dasatinib 2 µM for 48 h. (B,C) Ba/F3-MIG-p210 cells carrying BCR::ABL1 T315I+F486S and BCR::ABL1T315I+L387M compound mutations were treated with CTR, GMB-475 2.5 µM, dasatinib 2 µM, and GMB-475 2.5 µM plus dasatinib 2 µM for 48 h, respectively (Ba/F3-MIG-p210 cells with BCR::ABL1T315I+F486S were treated for 24 and 48 h). (D) Ba/F3-MIG-p210 cells carrying BCR::ABL1T315I+E255K were treated with CTR, GMB-475 5 µM, dasatinib 2 µM, and GMB-475 5 µM plus dasatinib 2 µM for 48 h. The types of BCR::ABL1 mutants carried by Ba/F3-MIG-p210 cells are marked at the top of the figures.
DISCUSSION
CML is characterized by the BCR::ABL1 fusion gene, which is formed by a genetic translocation between chromosome 9 and chromosome 22 (Rinke et al., 2020). ABL1 is a proto oncogene encoding tyrosine kinase protein that is involved in a variety of cellular processes in humans, including cell division, adhesion, differentiation, and stress response. Normally, the tyrosine kinase protein encoded by ABL1 is negatively regulated by its N-terminal myristoyl peptide (Radi et al., 2013), the sequence encoding which is deleted due to the fusion of BCR and ABL1 genes, resulting in the breaking of this self-inhibition balance and the continuous activation of tyrosine kinase. ATP-competitive inhibitors targeting ABL1 have greatly improved the prognosis of CML patients, but drug resistance (Devos et al., 2021), disease progression (Kakiuchi et al., 2021), or some serious adverse events occurring during treatment bring challenges to clinical practices (Castagnetti et al., 2021; Clapper et al., 2021), especially drug resistance caused by BCR::ABL1 mutations (Mian et al., 2021). In the construction of cell lines carrying BCR::ABL1 mutants, we selected 1–2 common mutant sites in four regions including the ATP-binding loop (248–256 amino acids), TKI-binding site, catalytic domain (350–363 amino acids), and activation loop, which are the E255, T315, F359, L387, F486, and including T315 compound mutations. Imatinib, dasatinib, and ponatinib showed the weakened effect of growth inhibition and promoted apoptosis in cells with BCR::ABL1 compound mutations, which further verified the limitations of existing ATP-competitive TKIs targeting ABL1 for the treatment of CML patients with BCR::ABL1 compound mutations. ABL001, also named asciminib, targets the myristoyl pocket of ABL1 in an allosteric manner and simulates the natural N-terminal myristoyl peptide of ABL1, which restores the self-inhibitory conformation of tyrosine kinase and realizes the treatment effect of CML (Jones et al., 2020). ABL001 is effective for the treatment of CML patients with BCR::ABL1 single mutations but has a limited effect on those with BCR::ABL1 compound mutations (Eide et al., 2019), which has been further verified at the cellular level in this study.
GMB-475 is composed of an ABL1-binding element, a ligand targeting the E3 ligase Von Hippel–Lindau (VHL), and an intermediate linker. The BCR::ABL1-binding element binds to the target protein BCR::ABL1; the ligand targeting VHL recruits the E3 ubiquitin ligase VHL, and the intermediate linker “pulls the BCR::ABL1 protein closer to the E3 ubiquitin ligase,” resulting in the degradation of the BCR::ABL1 protein realized by the ubiquitin–proteasome system (Burslem et al., 2019). GMB-475 has unique advantages even if its binding mode is similar to ABL001. ATP-competitive TKIs and ABL001 inhibit the target protein by occupying the key site of ABL1, that is, the occupancy-driven pharmacological mode of traditional small molecule inhibitors, while PROTAC molecules including GMB-475, adopt the event-driven mode that is relatively less stringent for drug-binding sites, have the opportunity to realize degradation as long as they can bind to the target protein briefly, so that they have better compatibility with the target protein carrying mutations (Pettersson and Crews 2019; Xia et al., 2019; Kastl et al., 2021). We found that the IC50 value of ABL001 to Ba/F3-MIG-p210 cells carrying BCR::ABL1T315I+F486S mutations was more than double that of GMB-475. GMB-475 can be recycled in theory after degrading BCR::ABL1, so its action time is longer than that of ABL1 inhibitors. However, GMB-475 showed significant effects of growth inhibition and promoted apoptosis in CML cell lines carrying BCR::ABL1 mutants only at high drug concentrations and performed a poor treatment effect on the CML mouse model. Combination therapy is an effective strategy for drug resistance. Afterward, we found that GMB-475 combined with dasatinib synergistically inhibited growth, promoted apoptosis, and blocked the cell cycle of Ba/F3 cells carrying BCR::ABL1 mutants, which reduced the effective concentration of the two drugs. For patients treated with dasatinib, the plasma concentration of dasatinib is relevant to efficacy and tolerability outcomes (García-Ferrer et al., 2019). It was recommended that the maximum plasma concentration of dasatinib was greater than 50 ng/ml to achieve clinical efficiency and that the plasma trough concentration was lower than 2.5 ng/ml to avoid adverse events such as pleural effusion (Miura 2015). The combination of GMB-475 and dasatinib can improve the therapeutic effect of dasatinib and may reduce its adverse effects. Due to the similar effects of ABL001 and GMB-475 on the ABL1 kinase and combination therapies of ABL001 with different TKIs being studied in the clinical setting already, we compared the synergistic effects between GMB-475 and ABL001 when in combination with dasatinib. The results indicated that GMB-475 combined with dasatinib showed more significant growth inhibition on Ba/F3-MIG-p210 cells than ABL001 combined with dasatinib, and the apoptosis rate of Ba/F3-MIG-p210 cells treated with GMB-475 plus dasatinib was higher than that treated with ABL001 plus dasatinib whether the drugs continued to act or were removed. GMB-475 combined with dasatinib exhibited a better synergistic effect compared with ABL001 combined with dasatinib. In addition to our study, there have been many studies concerning combination therapy to overcome TKI resistance, such as imatinib combined with farnesyl transferase inhibitors (Radujkovic et al., 2006) or mTOR inhibitors (Alves et al., 2019), dasatinib combined with decitabine (Abaza et al., 2020) or interferon-α2b (Hjorth-Hansen et al., 2016), and ABL001 combined with ponatinib (Gleixner et al., 2021), which is probably the one we are most interested in but did not provide a specific combination index, resulting in losing the opportunity to compare the synergistic effect with this study.
We detected the changes in intracellular signaling pathways induced by GMB-475, dasatinib, and GMB-475 plus dasatinib to explore the synergistic mechanism. Due to the inconsistent sensitivity of different BCR::ABL1 mutations to GMB-475 (the IC50 values of GMB-475 to Ba/F3-MIG-p210 cells with BCR::ABL1T315I, BCR::ABL1T315I+E255K, BCR::ABL1 T315I+L387M, and BCR::ABL1T315I+F486S at 48 h were 3.69, 8.29, 3.70, and 4.49 µM, respectively), we used distinct treatment concentrations for different mutations in order to avoid the influence of too many dead cells on the experimental results. GMB-475 and dasatinib synergistically downregulated the expression of BCR::ABL1 and some proteins of the JAK-STAT axis in Ba/F3 cells carrying BCR::ABL1 mutants, such as p-JAK2, p-STAT5a, STAT3, MYC, and Bcl2. The JAK-STAT pathway is widely involved in important biological processes, such as cell proliferation, differentiation, apoptosis, and immune regulation (Xin et al., 2020), and GMB-475 combined with dasatinib synergistically regulated the expression levels of some genes in this pathway, which may be the significant mechanism for the synergistic antitumor effect of the two drugs.
In conclusion, the combination of PROTAC molecules targeting ABL1 in an allosteric manner and ATP-competitive TKIs provides a novel idea for the treatment of CML patients with highly resistant BCR::ABL1 mutations in clinical practice. GMB-475 as a single therapy may have great limitations; however, combination therapy based on that has a potential treatment value for CML patients, but further clinical studies are needed for verification.
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Cancer drug resistance is a common, unpredictable phenomenon that develops in many types of tumors, resulting in the poor efficacy of current anticancer therapies. One of the most common, and yet the most complex causes of drug resistance is a mechanism related to dysregulation of tumor cell signaling. Abnormal signal transduction in a cancer cell is often stimulated by growth factors and their receptors, including fibroblast growth factors (FGFs) and FGF receptors (FGFRs). Here, we investigated the effect of FGF1 and FGFR1 activity on the action of drugs that disrupt tubulin polymerization (taltobulin, paclitaxel, vincristine) in FGFR1-positive cell lines, U2OS stably transfected with FGFR1 (U2OSR1) and DMS114 cells. We observed that U2OSR1 cells exhibited reduced sensitivity to the tubulin-targeting drugs, compared to U2OS cells expressing a negligible level of FGFRs. This effect was dependent on receptor activation, as inhibition of FGFR1 by a specific small-molecule inhibitor (PD173074) increased the cells’ sensitivity to these drugs. Expression of functional FGFR1 in U2OS cells resulted in increased AKT phosphorylation, with no change in total AKT level. U2OSR1 cells also exhibited an elevated MDR1 and blocking MDR1 activity with cyclosporin A increased the toxicity of paclitaxel and vincristine, but not taltobulin. Analysis of tubulin polymerization pattern using fluorescence microscopy revealed that FGF1 in U2OSR1 cells partially reverses the drug-altered phenotype in paclitaxel- and vincristine-treated cells, but not in taltobulin-treated cells. Furthermore, we showed that FGF1, through activation of FGFR1, reduces caspase 3/7 activity and PARP cleavage, preventing apoptosis induced by tubulin-targeting drugs. Next, using specific kinase inhibitors, we investigated which signaling pathways are responsible for the FGF1-mediated reduction of taltobulin cytotoxicity. We found that AKT kinase is a key factor in FGF1-induced cell protection against taltobulin in U2OSR1 and DMS114 cells. Interestingly, only direct inhibition of AKT or dual-inhibition of PI3K and mTOR abolished this effect for cells treated with taltobulin. This suggests that both canonical (PI3K-dependent) and alternative (PI3K-independent) AKT-activating pathways may regulate FGF1/FGFR1-driven cancer cell survival. Our findings may contribute to the development of more effective therapies and may facilitate the prevention of drug resistance in FGFR1-positive cancer cells.
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1 Introduction

Due to the complexity of both genetic and epigenetic factors underlying the initiation and progression of tumorigenesis, contemporary anticancer therapies are still not very effective (1). A common feature of cancer cells is their rapid and uncontrolled proliferation, often caused by overexpression of mitogenic proteins such as growth factors, or their receptors (2). Microtubules and their dynamics, involved in all phases of mitosis, are an important element in efficient cell division. Targeting tubulin, a single unit of microtubules, is one of the most common strategies used in anticancer treatment. There is a large group of drugs that act by inhibiting tubulin polymerization (e.g. vincristine) or by stabilizing the resulting microtubules and preventing their depolymerization (e.g. paclitaxel). In both cases, deregulation of tubulin polymerization leads to inhibition of cell division and tumor growth, and ultimately activates apoptosis leading to tumor cell death (3).

One of the most serious problems facing modern cancer-focused medicine is the development of drug resistance to current therapies. Mechanisms underlying chemoresistance include inhibition of apoptosis, drug inactivation, increased drug export, enhancement of DNA repair mechanisms and mutations at drug target sites (4, 5). The aforementioned growth factors, whose enhanced activity can lead to metabolic dysfunction and tumor formation, have also been implicated in the desensitization of cancer cells to drugs (6). Recently increasing attention is being paid to the fibroblast growth factors and their receptors, whose involvement in neoplasia has been demonstrated in many types of cancer (7).

The FGF family consists of 22 proteins that interact with four specific receptors (FGFR1-4) belonging to a group of receptor tyrosine kinases (RTKs). The interaction of FGFs with FGFRs leads to receptor dimerization and activation, which in turn activates signaling cascades, such as AKT/PI3K, MAPKs, PLCγ/PKC, and STATs (8). FGFR-dependent downstream signaling regulates cell differentiation, migration, apoptosis and the cell cycle, so dysregulation of the FGFR axis often leads to various systemic disorders, including cancers and the development of its drug resistance (9). The action of FGFs, particularly FGF1 and FGF2, has been correlated with chemoresistance in many types of cancer, but the exact mechanisms have not been fully described (10). Only a few studies have demonstrated an effect of FGF2 and FGFRs on paclitaxel resistance, but without clearly identifying the specific signaling pathway responsible for this phenomenon (11–13).

In the present study, by investigating the effect of drugs that interfere with tubulin polymerization in FGFR1-positive cell lines, we observed that FGF1 prevents drug-induced apoptosis. We determined that AKT kinase is a key factor in FGF1/FGFR1-dependent cell protection against tubulin-targeting drugs in U2OSR1 and DMS114 cells. This finding may be crucial in the development of more effective combination therapies for the treatment of FGFR1-positive cancers.



2 Materials and methods


2.1 Antibodies and reagents

Primary antibodies: anti-phospho-FGFR (Tyr653/Tyr654) (p-FGFR) (#06-1433) were from Merck (Darmstadt, Germany); anti-phospho-mTOR (Ser2448) (p-mTOR) (#2971), anti-FGFR1 (FGFR1) (#9740), anti-phospho-EGFR (Y1173) (p-EGFR) (#4407), anti-phospho-AKT (Ser473) (p-AKT p-S473) (#9271), anti-phospho-AKT (Thr308) (p-AKT p-T308) (#9275), anti-AKT1/2/3 (AKT) (#9272), anti-phospho-p44/42 (Thr202/Tyr204) MAP kinase (p-ERK1/2) (#9101), anti-p44/42 MAP kinase (ERK1/2) (#9102), anti-MDR1/ABCB1 (MDR1) (#12683), and anti-poly-[ADP-ribose] polymerase (PARP) (#9542) were from Cell Signaling Technology (Danvers, MA, USA); anti-mTOR (mTOR) (#T2949), anti-γ-tubulin (tubulin) (#T6557) and anti-acetylated-α-tubulin (ac-tubulin) (#T7451) were from Sigma Aldrich (St Louis, MO, USA). Horseradish peroxidase-conjugated secondary antibodies were from Jackson Immuno-Research Laboratories (Cambridge, UK) and a chemiluminescent substrate was used to visualize them in the ChemiDoc station (BioRad, Hercules, CA, USA). AlexaFluor®594-conjugated secondary antibodies were from Abcam (Cambridge, UK). NucBlue Live ReadyProbes Reagent was from Thermo Fisher (Waltham, MA, USA). Geneticin (G-418) was from BioShop (Puck, Poland). Penicillin-Streptomycin Solution was from Biowest (Nuaille, France). Heparin came from Sigma-Aldrich.



2.2 Anticancer drugs and inhibitors

Taltobulin (HTI-286) and Dactolisib (BEZ235) were from MedChem Express (Monmouth Junction, NJ, USA). Vincristine and API-2 came from Selleckchem (Houston, TX, USA). Paclitaxel, PD173074, Gefitinib, LY294002, and UO126 were purchased from Sigma-Aldrich. Torin-2 was from Cell Signaling Technology (Danvers, MA, USA), SB203580 from Calbiochem (San Diego, CA, USA), and Cyclosporin A from Carbosynth (Compton, UK).



2.3 Recombinant proteins

Recombinant FGF1 and FGF2 proteins were produced as previously described (14, 15). Recombinant EGF protein was obtained from M.C.Biotec.Inc (Nanjing, China).



2.4 Cell lines

The human osteosarcoma cell line (U2OS), and the small cell lung cancer (SCLC) cell line (DMS114) were obtained from the American Type Culture Collection (ATCC). The non-small lung cancer cell line (HCC15) was supplied by the Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures (DSMZ). U2OS cell lines stably transfected with pcDNA3.1 vector containing the sequence encoding the full-length FGFR1 (U2OSR1) or empty pcDNA3.1 vector (U2OS) were prepared as described previously (16). The U2OS cell line stably transfected with FGFR1-IIIc_K514R (U2OSR1-K514R) was kindly provided by Dr. Ellen M. Haugsten from the Department of Molecular Cell Biology, Institute for Cancer Research (Oslo University Hospital). U2OS, U2OSR1, and U2OSR1-K514R cells were cultured in DMEM (Biowest) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific) and antibiotics (100 U/ml penicillin, 100 μg/ml streptomycin and 1 mg/ml geneticin). DMS114 cells grew in Waymouth’s MB 752/1 medium (ATCC) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific) and antibiotics (100 U/mL penicillin, 100 µg/mL streptomycin). HCC15 cells were cultured in RPMI 1640 Medium (Biowest) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific) and antibiotics (100 U/mL penicillin, 100 µg/mL streptomycin). All cancer cell lines were kept at 37 °C in a 5% CO2 incubator.



2.5 Cell cytotoxicity assay

Cancer cells were seeded in 96-well plates at a density of 1×104 cells/well (U2OS, HCC15) or 4×104 (DMS114). When comparing all three U2OS sublines for response to cytotoxic drugs, cells were kept without the addition of geneticin during the experiments. After 24 h anticancer drugs were added in various concentration (0.5 - 10 nM taltobulin (TLT), 1 - 50 nM paclitaxel (PTX) or 1 - 50 nM vincristine (VCR)) in the presence or absence of 10 ng/mL of FGF1, FGF2 or EGF and 10 U/mL heparin. When chemical inhibitors were used, they were first added to the cells for 15 min (100 nM PD174074, 20 µM UO126, 20 μM LY294002, 5 μM SB203580, 1 μM API-2, 100 nM BEZ235, 10 μM Cyclosporin A) or 60 min (100 nM Torin-2), followed by administration of the indicated drugs and/or growth factors. After 48 h of incubation, alamarBlue Cell Viability Reagent (Thermo Fisher Scientific) was added to each well according to the manufacturer’s protocol. The emission of the fluorescent reduced form of the dye was recorded at 590 nm upon excitation at 560 nm using an Infinite M1000 PRO plate reader (Tecan). The cytotoxic effect of the drugs was normalized and expressed as a percentage of cell viability of untreated cells. All experiments were performed 3 times (n=3) with at least three replicates in each experiment.



2.6 FGFR1 activation and downstream signaling

For the comparison of protein level and protein phosphorylation in the selected cancer cell lines, cells were seeded in 6-well plates at the density of 2×105 cells/well for 24 h. Cells were lysed with sample buffer (8% SDS, 2% β-ME), and then cell lysates were sonicated, heated, and subjected to SDS-PAGE and western blotting.

For the examination of growth factors’ activity in receptor and downstream signaling activation, serum-starved (6 h) cancer cells were treated for 15 min with 100 ng/mL of FGF1, FGF2, or EGF in the presence of heparin (10 U/ml) with or without the indicated inhibitors. Inhibitors were added 15 min or 60 min (for Torin-2) before stimulation. Cells were then lysed with sample buffer (8% SDS, 2% β-ME), followed by sonication, heating, SDS-PAGE and western blotting.



2.7 Fluorescence microscopy

U2OSR1 cells were treated with indicated drugs with the presence or absence of 10 ng/mL FGF1 and 10 U/mL heparin for 24 h. Cells were then fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton in PBS, and blocked with blocking buffer (2% BSA, 0.1 M glycine in PBS). Primary antibodies (1:500) targeted against acetylated α-tubulin were added to the cells to visualize changes in tubulin polymerization under drug conditions. Next, secondary antibodies (1:500) conjugated with AlexaFluor594 were added, followed by staining of cell nuclei with NucBlue Live ReadyProbes Reagent. Fluorescence microscopy was performed using a Zeiss Axio Observer Z1 fluorescence microscope (Zeiss, Oberkochen, Germany).



2.8 Cell apoptosis assays


2.8.1 Caspase-3/7 activity

Cancer cells were seeded in 96-well plates at a cell density of 1×104 cells/well (U2OSR1) or 4×104 (DMS114). After 24 h cells were treated with indicated drugs (5 nM TLT, 20 nM PTX, or 10 nM VCR) in the presence or absence of 10 ng/mL of FGF1 and 10 U/mL heparin. 24 h later, caspases 3/7 activity was measured using the ApoLive-Glo Multiplex Assay (Promega, WI, USA) according to the manufacturer’s protocol. The ratio of caspase-3/7 activity to cell viability was normalized towards untreated cells and denoted as a relative caspase-3/7 activity. All experiments were performed three times (n=3) with at least three replicates in each experiment.



2.8.2 Flow cytometry

U2OSR1 cells were seeded in 12-well plates at a cell density of 1×105. After 24 h cells were treated with 5 nM TLT in the presence or absence of 10 ng/mL of FGF1 and 10 U/mL heparin. After 24 h of incubation, cells were harvested and washed with PBS. Drug-induced cell apoptosis was monitored using eBioscience™ Annexin V-FITC Apoptosis Kit (Thermo Fisher Scientific) according to the manufacturer’s protocol. Briefly, cells were first washed with binding buffer and then incubated sequentially with the indicated concentration of Annexin V-FITC and PI. Finally, all samples were analyzed using a NovoCyte 2060R Flow Cytometer (ACEA Biosciences, CA, USA), and 10,000 events were recorded for each analysis.




2.9 Statistical analysis

For statistical analysis, a one-tailed t-test was applied using GraphPad Prism 5 (GraphPad Software, CA, USA); p < 0.05 was considered statistically significant. The results are expressed as means ± SD.




3 Results


3.1 FGFR1 overexpression attenuates drug cytotoxicity in U2OS cells

To investigate whether overproduction of FGFR1 can make cancer cells less sensitive to drugs that interfere with tubulin polymerization, we measured the viability of cells in the U2OS sublines: a control cell line, transfected with empty pcDNA3.1 vector (U2OS), cells stably transfected with FGFR1 wild-type (U2OSR1) and the kinase-dead mutant of FGFR1 (U2OSR1-K514R) after 48 h of treatment with 5 nM taltobulin (TLT), 20 nM paclitaxel (PTX), and 10 nM vincristine (VCR), using the alamarBlue Cell Viability Reagent (Figure 1A). For all three drugs, U2OS cells overexpressing FGFR1 (U2OSR1) show a reduced response to drug toxicity compering to U2OS cells lacking FGFR1 (U2OS). For U2OS cells overexpressing the inactive (kinase-dead) mutant of FGFR1 (U2OSR1-K514R), PTX and VCR toxicity was similar to that in control U2OS cells, and even higher for TLT.




Figure 1 | Protective effect of FGFR1 activity against cytotoxicity of taltobulin (TLT), paclitaxel (PTX) and vincristine (VCR). (A) Comparison of cytotoxicity of 5 nM TLT, 20 nM PTX, and 10 nM VCR in U2OS sublines. (B) Western blotting analysis of protein level and activation in U2OS sublines performed using the indicated primary antibodies directed to major FGFR-dependent signaling proteins. Anti-tubulin antibody served as an equal loading control. (C) Effect of FGF1 stimulation (10 ng/mL) in U2OSR1 cells treated with different concentration of the indicated drugs. (D) Effect of FGF1, FGF2, and EGF stimulation (10 ng/mL) on drug cytotoxicity in U2OSR1 cells. Cell viability in all experiments was monitored using the alamarBlue assay. Results represent the mean ± SD of at least three independent experiments and are normalized to untreated cells; statistical significance: *p<0.05, **p<0.01, ***p<0.001, no significant differences are marked as ‘ns’.



We compared the levels and phosphorylation of major FGFR-dependent downstream signaling molecules between U2OS sublines. U2OSR1 cells showed increased phosphorylation of AKT at Ser473 and Thr308 residues without an increase in total AKT level compared to control cells or the U2OSR1-K514R line (Figure 1B). No differences in mTOR or ERKs activation were observed in all sublines of U2OS cells.

Next, to be able to verify the response of U2OSR1 cells treated with drugs targeting tubulin polymerization to different growth factors, we used a range of concentrations of taltobulin, paclitaxel and vincristine, estimating the drug doses at which the effect of FGF1 is most effective (Figure 1C). For selected concentrations (5 nM TLT, 20 nM PTX and 10 nM VCR), we analyzed the effect of stimulation of U2OSR1 cells by FGF1, FGF2 or EGF (10 ng/mL with 10 U/mL heparin). Both FGF1 and FGF2 reduced cells sensitivity to all drugs tested, while EGF stimulation had no effect on cell viability (Figure 1D). We observed that FGF1 protection was concentration-dependent (Supplementary Figure 1A). As a control, we used U2O2R1-K514R cells, in which FGF1 stimulation had no protective effect against all three drugs tested (Supplementary Figure 1B).



3.2 FGF1 and FGF2 stimulation reduces drug-induced cytotoxicity in DMS114 cancer cells

Next, we investigated the protective effect of FGF1 and FGF2 in other FGFR1-positive cancer cell lines, DMS114, and FGFR1-negative cell line, HCC15 (17, 18). Cells were treated with different concentration of the drugs (TLT, PTX and VCR) in the presence of 10 ng/mL FGF1 and 10 U/mL heparin, and cell viability was assessed after 48 h using alamarBlue assay. In DMS114 cells, the presence of FGF1 reduced the cytotoxicity of all three drugs (Figure 2A), while it had no in HCC15 cells (Figure 2B). Next, we tested the effect of FGF2 and EGF stimulation (10 ng/mL with 10 U/mL heparin) in DMS114 and HCC15 cells against the indicated drugs. FGF2 protected DMS114 cells in the same manner as FGF1 (Figure 2A), whereas it did not in HCC15 (Figure 2B). Furthermore, EGF had no effect on drugs cytotoxicity in both cancer cell lines, even in EGFR-positive HCC15 cells (Figures 2A, B). We also verified the short-term cell response to FGF1, FGF2 or EGF (10 ng/mL with 10 U/mL heparin) in DMS114 and HCC15 cells, by administering growth factors to serum-starved cells for 15 min and monitoring FGFR, EGFR, ERK1/2 and AKT activation by western blotting analysis (Figure 2C). Both FGF1 and FGF2, but not EGF, activate FGFR (upper band) in DMS114 cells. We observed a non-specific signal (lower band) detected by anti-phospho-FGFR in EGF-stimulated DMS114 cells (slightly stronger than in untreated cells) and in all HCC15 cell samples. To confirm that is not an effect of FGFR activation, we performed the experiment in both cell lines in the presence of a specific FGFR inhibitor, PD173074, and observed exactly the same pattern. However, after treatment with an EGFR inhibitor (Gefitinib), the signal was much weaker (Supplementary Figure 2), suggesting that the anti-phospho-FGFR antibody non-specifically recognizes some phosphorylation of EGFR. Due to the presence of both FGFR and EGFR in DMS114 cells for all growth factors, we observed ERKs phosphorylation. We observed only a slight increase in AKT phosphorylation, as even in untreated cells the level of phosphorylated AKT was relatively high. As expected, in HCC15 (FGFR-negative) cells, only EGF activated ERK1/2 and increased the level of phospho-AKT.




Figure 2 | Effect of FGF1, FGF2 and EGF in DMS114 and HCC15 cells treated with the indicated drugs. Viability of (A) DMS114 and (B) HCC15 cells treated with different concentrations of TLT in the presence of 10 ng/mL FGF1 for 48 h (left panels) and comparison of the effect of FGF1, FGF2 and EGF (10 ng/mL) in cells treated for 48 h with 5 nM TLT, 20 nM PTX and 10 nM VCR (right panels). Cell viability was monitored using the alamarBlue assay. Results represent the mean ± SD of at least three independent experiments and are normalized to untreated cells; statistical significance: *p<0.05, **p<0.01, ***p<0.001, no significant differences are marked as ‘ns’. (C) Western blotting analysis of FGF1, FGF2 and EGF (10 ng/mL) activity in DMS114 and HCC15 cells using anti-phospho-FGFR, anti-FGFR1, anti-phospho-EGFR, anti-phospho-AKT, anti-AKT, anti-phospho-ERK1/2 and anti-ERK1/2 antibodies. Anti-tubulin antibody served as an equal loading control.





3.3 Protection against taltobulin in FGFR1-positive cells does not depend on the activity of the drug efflux proteins

Drug resistance in cancer cells often depends on the activity of ABC transporters, which can reduce drug cytotoxicity by actively pumping toxic molecules out of the cell (2). U2OSR1 cells used in the study show high level of MDR1, one of the main efflux transporters involved in drug resistance (Figure 3A). To test the importance of MDR1 activity in FGFR1-dependent protection, U2OSR1 cells were treated for 1 h with cyclosporine A (CsA), an MDR1 inhibitor, and then with the indicated drugs. After 48 h, cell viability was measured in the alamarBlue assay. Figure 3B shows that U2OSR1 cells both untreated and treated with cyclosporine A, exhibit reduced taltobulin-induced cytotoxicity compared to U2OS control cells. However, cyclosporine A significantly lowered the protective effect of FGFR1 in U2OSR1 against paclitaxel and vincristine. We next investigated whether the FGF1 stimulation could reverse the drug-altered phenotype of tubulin polymerization in U2OSR1 cells treated with TLT, PTX or VCR. Cells were treated with the indicated drug for 24 h in the presence of 10 ng/mL FGF1 and 10 U/mL heparin. After incubation, cells were fixed and changes in tubulin polymerization were visualized with anti-acetylated-tubulin antibodies by fluorescence microscopy (Figure 3C). All tested drugs, according to their mechanism of action, induced changes in microtubule structure in U2OSR1 cells. However, FGF1 partially reversed the drug-altered phenotype in PTX- and VCR-treated cells, but not in TLT-treated cells. In addition, we analyzed changes in acetylated tubulin levels during incubation of U2OSR1 cells with taltobulin by western blotting. As expected, ac-tubulin levels decreased over time, but we did not observe differences due to the presence of FGF1 (Supplementary Figure 3). These data suggest that FGFR1-dependent signaling protects U2OSR1 cells from TLT independently of drug release from the cell, in contrast to cell protection from PTX and VCR, which is at least partially dependent on the activity of cell-membrane transporters, which may prevent drug-accumulation in cells.




Figure 3 | Effect of cell membrane transporters on the FGFR1-dependent protective effect against TLT, PTX and VCR. (A) MDR1 levels in U2OS and U2OS-R1 cells were analyzed by western blotting using anti-MDR1 antibody. (B) The effect of MDR1 inhibition with 10 µM cyclosporine A (CsA) on drug sensitivity in U2OSR1 cells was checked by monitoring cell viability 48 h after drug administration with the alamarBlue assay. Results represent the mean ± SD of at least three independent experiments and are normalized to untreated cells (w/o drug and CsA); statistical significance: **p<0.01, ***p<0.001, no significant differences are marked as ‘ns’. (C) Changes in microtubules structures after 24-h treatment with drugs (5 nM TLT, 20 nM PTX, 10 nM VCR) and the effect of FGF1 (10 ng/mL) on this process were visualized by fluorescence microscopy using antibodies against acetylated-tubulin. Scale bar represents 10 μm.





3.4 FGF1 inhibits drug-induced apoptosis via activation of FGFR1

We further investigated whether FGF1 stimulation could suppress drug-induced apoptosis in cancer cells expressing FGFR1. U2OSR1 cells were treated with 5 nM TLT, 10 ng/mL FGF1 and 10 U/mL heparin in the presence or absence of the potent FGFR1 inhibitor, 100 nM PD173074. After 24-h incubation, we monitored drug-induced apoptosis by measuring caspase 3/7 activity using ApoLive-Glo Multiplex Assay. FGF1 stimulation decreased relative caspase 3/7 activity in TLT-treated U2OSR1 (Figure 4A), and this effect was dependent on FGFR1 activation, as inhibition of the receptor kinase by PD173074 abolished it. To confirm our results, we compared the number of apoptotic and dead TLT-treated cells in the presence or absence of FGF1 by flow cytometry analysis using the eBioscience Annexin V-FITC Apoptosis Kit(Supplementary Figure 4A). For all three drugs (5 nM TLT, 20 nM PTX or 10 nM VCR), we also performed western blotting analysis with an anti-PARP antibody to detect PARP cleavage (Figure 4B). In all cases, we observed that FGF1 stimulation reduced PARP processing, demonstrating that FGF1 acts as an inhibitor of apoptosis in cancer cells treated with anticancer drugs targeting tubulin polymerization. We also confirmed the anti-apoptotic activity of FGF1 in DMS114 cells treated with TLT, PTX and VCR (Supplementary Figure 4B).




Figure 4 | Anti-apoptotic effect of FGF1 stimulation in U2OSR1 cells treated with drugs targeting tubulin polymerization. (A) Relative caspase 3/7 activity induced by 5 nM TLT in U2OSR1 cells was measured using ApoLive-Glo Multiplex Assay 24 h after drug administration in the presence or absence of 10 ng/mL FGF1 and 100 nM PD173074. Results represent the mean ± SD of at least three independent experiments and are normalized to untreated cells; statistical significance: **p<0.01, no significant difference is marked as ‘ns’. (B) Protective effect of FGF1 against drug-induced apoptosis in U2OSR1 cells assessed by PARP cleavage. Western blotting was performed with anti-PARP antibodies 24 h after administration of 5 nM TLT, 20 nM PTX or 10 nM VCR in the presence or absence of 10 ng/mL FGF1.





3.5 Only direct AKT inhibition abrogates the protective effect of FGF1

Following on from our previous results, in which we showed that cells resistant to the drugs tested had an elevated level of phosphorylated AKT, we investigated the effect of inhibiting AKT and other FGFR-dependent kinases on the protective effect of FGF1. U2OS-R1 and DMS114 cells were treated with specific chemical inhibitors that block major FGFR-dependent signaling pathways (PI3K/AKT and MAPKs) known to be the main culprits of drug resistance (19–21). Cells were then treated with 5 nM TLT in the presence of 10 ng/mL FGF1 and 10 U/mL heparin. After 48 h of incubation, cell viability was monitored with alamarBlue assay. Inhibition of PI3K (upstream activator of AKT) by LY294002 or MAPK kinases by UO126 (MEK/ERKs) or by SB203580 (p38) had no effect on FGF1 action in both U2OSR1 (Figure 5A) and DMS114 cells (Supplementary Figure 5A). In contrast, inhibition of mTOR by Torin-2 partially reduced the protective effect of FGF1, especially in DMS114 cells (Figure 5A, Supplementary Figure 5A).




Figure 5 | Effect of AKT inhibition on protective effect of FGF1 against TLT. Viability of U2OSR1 cells treated with 5 nM TLT and (A) different chemical inhibitors of major FGF-induced signaling pathways (20 µM LY294002 (PI3K), 20 µM UO126 (MEK1/2), 5 µM SB203580 (p38), 100 nM Torin-2 (mTOR)) or (B) FGFR inhibitor (100 nM PD173074), a direct AKT inhibitor (1 µM API-2), a dual mixture of PI3K and mTOR inhibitors (20 µM LY294002 + 100 nM Torin-2) or an inhibitor of both kinases, PI3K and mTOR (100 nM BEZ235) for 48 h in the presence or absence of 10 ng/mL FGF1, monitored by the alamarBlue assay. Results represent the mean ± SD of at least three independent experiments and are normalized to cells untreated with TLT; statistical significance: *p<0.05, **p<0.01, ***p<0.001, no significant differences are marked as ‘ns’.



We next examined whether direct AKT inhibition or simultaneous blockage of both PI3K and mTOR (as an alternative activator of AKT under stress conditions) could affect the effect of FGF1 in protecting against TLT, as direct inhibition of FGFR does. Again, we confirmed that the protective effect of FGF1 stimulation was dependent on FGFR1 activation, as FGF1 did not reduce the sensitivity to TLT when FGFR was inhibited by PD173074 (Figure 5B). Direct inhibition of AKT with API-2 inhibitor completely abolished the protective effect of FGF1 in both U2OSR1 and DMS114 cells (Figure 5B, Supplementary Figure 5B). Moreover, the combination of PI3K and mTOR inhibitors (LY294002 and Torin-2) or a dual inhibitor of both kinases (BEZ235) also fully inhibited FGF1-induced TLT resistance (Figure 5B, Supplementary Figure 5B). This result suggests that in drug-induced cellular stress AKT can also be activated via a PI3K-independent pathway. Taken together, our data demonstrate that the mechanism of FGFR1’s protective effect against taltobulin cytotoxicity is directly related to AKT activation.




4 Discussion

The acquisition of drug resistance by cancer cells, a consequence of the enormous diversity and complexity of the molecular processes occurring in the tumor-affected tissues, results in a significant reduction in the efficacy of current anticancer therapies (1). This phenomenon affects biological drugs (such as antibodies and antibody-drug conjugates) as well as cytotoxic drugs and small-molecule inhibitors, including protein kinase inhibitors (4, 22). The two main mechanisms involved are: (i) the development of alternative pathways that transmit mitogenic signals in tumor cells bypassing the blocked molecules (23) and (ii) the overexpression of specific membrane ABC- transporters (ATP-dependent drug efflux pumps) that actively pump drugs out of the cell before they affect cell function (24, 25).

The latter mechanism is commonly observed for drugs that disrupt microtubule function and ultimately inhibit cell division, such as vinca alkaloids and taxanes (3), often leading to multidrug resistance (MDR). Other mechanisms inducing chemoresistance to tubulin-targeting drugs include mutations in the drug-binding region of β-tubulin or alterations in actin regulations (26, 27). Current knowledge of the involvement of FGFs and FGFRs in the development of cancer cell resistance to this broad group of anticancer agents is limited to a few studies describing a correlation between FGF2/FGFR1 activity and the acquisition of insensitivity to paclitaxel (12, 28, 29), most likely through stimulation of the PI3K/AKT pathway (29). There are also reports showing that inhibition of FGFRs by chemical inhibitors (such as PD173074 or BGJ398) in cancer cells increased the cytotoxicity of paclitaxel or vincristine (30–32). Undoubtedly, the actions of FGFs/FGFRs leading to cancer cell resistance include avoidance of apoptosis, EMT, stimulation of angiogenesis, and excessive cell proliferation (10). However, despite increased research into chemoresistance, the exact mechanisms activated by FGF/FGFR complexes remain unclear.

Here, we demonstrate that overexpression of FGFR1 in U2OS cells leads to reduced cytotoxicity of paclitaxel, vincristine and taltobulin compered to U2OS cells with negligibly level of FGFR1. This effect was dependent on FGFR1 activation, as it was enhanced with additional FGF1 or FGF2 stimulation and inhibited in the presence of an FGFR inhibitor. A similar effect was observed in other FGFR1-positive cells, DMS114, the small cell lung cancer cell line. In contrast, as in U2OS cells, in HCC15, an FGFR1-negative non-small lung cancer cell line, FGF1 and FGF2 did not reduce drug toxicity. Interestingly, in HCC15 cells expressing the EGF receptor, its natural ligand, EGF, did not prevent drug-induced cytotoxicity.

U2OSR1 cells showed elevated level of MDR1 protein (multidrug resistance protein 1 or P-gp), one of the most common ABC transporters involved in multidrug resistance. Blockage of MDR1 by cyclosporine A (CsA) increased sensitivity to paclitaxel and vincristine in U2OSR1 cells to the level of U2OS cells. These data suggest that overexpression of FGFR1 may affect ABC transporter levels, which in turn leads to MDR. It has already been observed that FGF2 activity correlates with increased level of MDR1 in resistant tumors (12), but to our knowledge there have been no previous unequivocal reports that FGFRs may be involved. Only two studies to date have shown that an FGFR inhibitor reverses ABC transporter-mediated MDR and restores sensitivity to paclitaxel and vincristine (31, 33). We have also demonstrated that FGF1 partially reversed the PTX- and VCR-induced alternations in microtubules structure in U2OSR1 cells, which may confirm FGFR-induced drug efflux pumps activity and reduced drug accumulation inside the treated cells.

Surprisingly, completely different results were obtained for taltobulin, a drug that inhibits tubulin polymerase very effectively (at much lower concentrations than similar drugs (34)). Firstly, cyclosporin A did not significantly affect the sensitivity of U2OSR1 cells treated with taltobulin. This may be due to the fact that taltobulin has a low affinity for ABC transporters (35), a promising feature that has led to the use of taltobulin in clinical trials for the treatment of non-small-cell lung cancer (36). Unfortunately, the phase II clinical trial was suspended before completion, and the data from this study have not been published. It has been shown that tumors can develop resistance to taltobulin trough mutations in α- or β-tubulin and through reduced accumulation of the drug in the cell regardless of the presence of MDR1 (35, 37). In agreement with these studies, we observed no differences in TLT-induced changes in microtubule structure in FGF1-stimulated cells compared to unstimulated cells, as well as in acetylated α-tubulin levels. These data suggest that the action of the FGF1/FGFR1 axis protects U2OSR1 cells independently of drug accumulation in the cells and its effect on microtubule structure. Since one mechanism of chemoresistance is apoptosis avoidance, we investigated the effect of FGF1 on drug-dependent apoptosis in U2OSR1 cells. We observed reduced caspase 3/7 activity and PARP cleavage in the presence of FGF1 in TLT-treated cells. In addition, we confirmed that FGF1 reduces PARP cleavage in U2OSR1 cells treated with PTX and VCR in the same manner as TLT. There are two main mechanisms for the anti-apoptotic action of FGF1: (i) extracellular, through activation of the receptor and initiation of downstream signaling (7), and (ii) intracellular, while FGF1, independently of receptor activation, crosses the cell membrane and interacts with apoptosis-related proteins inside the cell (38). In the case of anticancer drug resistance, the vast majority of studies describe the first mechanism as the main cause of drug insensitivity (10). However, there are reports that FGF1 can also protect cells from the effects of cisplatin and etoposide action in a receptor activation-independent manner (39, 40). In our hands, for taltobulin, this effect was completely dependent on receptor activation, as PD173074 treatment fully inhibited the anti-apoptotic activity of FGF1.

Finally, we wanted to clarify which signaling pathway(s) is responsible for the protective effect of FGF1 in cancer cells treated with taltobulin. In the last two decades of cancer drug resistance research, it has been shown that, depending on the tumor as well as the drug, different signaling pathways activated by growth factors can be crucial for reducing the efficacy of anticancer drugs (41). Thus, for example, the MAPKs pathway is responsible for tamoxifen resistance in ER-positive breast cancer (42), and the AKT pathway plays role in desensitizing EGFR-overexpressing lung cancer to gefitinib (43). Some studies have also indicated the involvement of more than one pathway in the resistance of cancer cells to drugs, suggesting the acquisition of molecular cross-talks between them (44). We therefore performed experiments using specific inhibitors of FGF/FGFR-activated major kinases in U2OSR1 and DMS114 cells treated with taltobulin. After inhibition of each of the three major signaling pathways (PI3K/AKT, ERK1/2 and p38), we observed no significant changes in the protective effect of FGF1. Inhibition of mTOR only partially reduced this effect, especially in DMS114 cells. As a next step, we decided to block AKT kinase directly, using API-2 inhibitor. In both U2OSR1 and DMS114 cells, direct AKT inhibition completely abolished the protective effect of FGF1.

Since only direct AKT inhibition affected FGF1 action in TLT-treated cells, while inhibition of the activator of this kinase (PI3K) did not, we next tested dual inhibition of PI3K and mTOR. PI3K phosphorylates AKT on the T308 residue, but further phosphorylation by mTOR on the S473 residue is required for full AKT activation (45). Only after treatment with a mixture of PI3K and mTOR inhibitors (LY294002 and Torin-2) or a dual inhibitor of both kinases (BEZ235) did we observe abrogation of the protective effect of FGF1 in TLT-treated U2OSR1 and DMS114 cells. Our observation is consistent with previous reports by Sathe and colleagues, who indicated that only simultaneous inhibition of PI3K and mTOR inhibits bladder cancer cell proliferation (46).

Interestingly, the mechanism of dual AKT activation in taltobulin protection is entirely dependent on FGFR1. No EGF-induced protective effect was observed in DMS114 or HCC15 cells, although this factor is well described as an activator of the PI3K/AKT pathway (47) and MDR gene expression (48). We suggest that AKT activation by FGFR-dependent pathway(s) in cancer cells exposed to anticancer drugs may be more complex and requires further research to fully understand it.



Conclusions

We demonstrate for the first time that the protection of FGFR-positive cancer cells against drugs affecting tubulin polymerization is directly dependent on the action of AKT, which is activated by two alternative pathways. Only dual inhibition of PI3K and mTOR or direct blockade of AKT completely abolishes the protective effect of FGF1 against taltobulin. Our data may have important implications for understanding the mechanisms of chemoresistance and developing new combination therapy for drug-resistant tumors.
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The mitotic kinesin Eg5 has emerged as a potential anti-mitotic target for the purposes of cancer chemotherapy. Whether clinical resistance to these inhibitors can arise is unclear. We exploited HCT116 cancer cell line to select resistant clones to S-trityl-L-cysteine (STLC), an extensively studied Eg5 loop-L5 binding inhibitor. The STLC resistant clones differed in their resistance to other loop-L5 binding inhibitors but remained sensitive to the ATP class of competitive Eg5 specific inhibitors. Eg5 is still necessary for bipolar spindle formation in the resistant clones since the cells were sensitive to RNAi mediated depletion of Eg5. One clone expressing Eg5(T107N), a dominant point mutation in the P-loop of the ATP binding domain of the motor, appeared to be not only resistant but also dependent on the presence of STLC. Eg5(T107N) expression was associated also with resistance to the clinical relevant loop-L5 Eg5 inhibitors, Arry-520 and ispinesib. Ectopic expression of the Eg5(T107N) mutant in the absence of STLC was associated with strong non-exchangeable binding to microtubules causing them to bundle. Biochemical assays showed that in contrast to the wild type Eg5-STLC complex, the ATP binding site of the Eg5(T107N) is accessible for nucleotide exchange only when the inhibitor is present. We predict that resistance can be overcome by inhibitors that bind to other than the Eg5 loop-L5 binding site having different chemical scaffolds, and that allostery-dependent resistance to Eg5 inhibitors may also occur in cells and may have positive implications in chemotherapy since once diagnosed may be beneficial following cessation of the chemotherapeutic regimen.
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Introduction

Even though cancer therapy has improved significantly over the last decades, it often ultimately fails due to the development of drug resistance. The phenotypic plasticity associated with the inherent genomic instability of cancer cells serves as the primary cause of intrinsic or acquired therapy resistance and therapy failure allowing tumor relapse (1). Therefore, the discovery of new drugs and new targets in the already targeted pathways are urgently needed. To this goal, the kinesin motor protein Eg5 has been actively pursued in the last three decades for the development of inhibitors of mitosis (2) as putative alternative to anti-mitotic cancer chemotherapy based on agents targeting microtubules (3).

Eg5 is a homotetrameric kinesin motor protein arranged in two antiparallel dimers able to crosslink and slide antiparallel spindle microtubules (4), an activity which is necessary for the separation of the duplicated centrosomes in early mitosis and the formation of a bipolar spindle (5). Inhibition of Eg5 activity (6) or absence of Eg5 motor following RNAi depletion in cells (7) leads to mitotic failure with a characteristic monopolar spindle phenotype due to the inability of cells to slide antiparallel microtubules nucleated by the two unseparated centrosomes (8), forcing a cell cycle arrest in mitosis due to the activation of the mitotic spindle assembly checkpoint (9). The faith of the arrested cells appears to be cell type dependent (10, 11), but one thing is for sure, when Eg5 activity is absent or inhibited cells stop dividing normally.

Most, of the Eg5 inhibitors that entered clinical trials are allosteric in their mode of action (2). They bind to the helix α2/loop L5, and helix α3 pocket (12), which is approximately 10 Å away from the ATP binding site. Structural studies revealed that binding of a number of ligands to this pocket induces a rearrangement of loop L5, which allosterically transmits conformational changes in the ATP binding pocket, trapping the motor domain in an ATP like conformation, with ADP bound to it (13–20). As a consequence of the inhibitor binding to the α2/loop L5, and helix α3 pocket, the motor domain exhibits a low nucleotide exchange, and it can not reinitiate a new chemomechanical step. As a result, the motor activity remains inhibited as long as the inhibitor remains bound to the motor.

In the past, multiple efforts have been pursued to understand how acquired drug resistant may arise by the use of Eg5 inhibitors in cancer cells. First, the knowledge of the ligand-Eg5 motor binding pocket and extensive mutagenesis analysis in the helix α2/loop L5/helix α3 allosteric binding site of Eg5 has shown that certain amino acid substitutions can confer resistance to a variety of loop L5 inhibitors, including monastrol, S-trityl-L-cysteine (STLC), ispinesib and others (21–25). The identified amino acid substitutions in the inhibitor-binding pocket (including D130A; D130V; D133A and L214A, among others), although they do not alter appreciably the binding of monastrol or STLC to the motor domain (22), they can overcome inhibition by blocking the allosteric communication network to the ATP binding site. Furthermore, clonal selection of cells in the presence of Eg5 inhibitors such as ispinesib (26, 27), a loop L5 binding inhibitor, and BRD9647 that binds to the α4 and α6 helices (28), resulted in selection of resistant cells that express Eg5 mutants having amino acid substitutions in their respective inhibitor binding pockets. For example, the mutation D130V which is in the helix α2/loop L5/helix α3 allosteric binding site is associated with ispinesib resistance and the mutation Y104C, located in a distinct Eg5 allosteric binding site between the α4 and α6 helices associated with BRD9647 resistance.

In addition, clonal selection of cells in the presence of Eg5 inhibitors revealed another mode of resistance that was attributed to the functional plasticity of microtubule based motors substituting for loss of Eg5 function. For example, dynein and KIF15 have been shown to substitute for the loss of Eg5 function in the presence of STLC (29, 30).

In this report we used HCT116 cancer cell line to select clones that are capable of proliferating in the presence of STLC, a loop-L5 binding inhibitor of Eg5 (31). The STLC resistant clones remained sensitive to the ATP class of competitive Eg5 specific inhibitors (32) and were differentially resistant to other loop L5 binding inhibitors depending on the chemical scaffold of each inhibitor. Certain clones were not only resistant but also dependent on the presence of STLC as well as to the clinically relevant inhibitors, Arry-520 (33) and ispinesib (34–37). Dependency to STLC was associated with the expression of Eg5(T107N) mutant which when expressed in cells in the absence of the inhibitor caused strong microtubule bundling, due to a non-exchangeable association of the motor with the microtubules. Most importantly, and in contrast to the low exchange of the hydrolyzed nucleotide observed in the wild type Eg5-STLC complex, the mutant in the presence of the inhibitor retained the ability to exchange the ADP by ATP in vitro. We predict that resistance by dependence to allostery to Eg5 inhibitors may also occur in cells. We discuss the data in terms of their possible clinical significance.



Material and methods


Resistant colony isolation and colony formation assays

HCT116 p53+/+ cells were obtained from Dr. Vogelstein (Johns Hopkins University, Baltimore, MD) and were grown in McCoy medium supplemented with 10% FBS (Hyclone) and 1% L-glutamine and streptomycine/penicilline. For the selection purposes cells were plated in 15 cm plate and exposed to 10 μM STLC and the STLC (Novabiochem, Merck KGaA) containing medium was changed twice per week for 4 weeks. Following ring selection, positive clones were kept under continuous presence of STLC. Colony formation assays, flow cytometry and immunofluorescence, were performed essentially as described in (38). Dimethylenastron (EgIII), EgVI and GSK-1 (EgVII) were purchased from Santa Cruz Biotechnology Inc whereas K858, Arry-520 and ispinesib were purchased from TOCRIS Bioscience. Proliferation of HCT116 cells and cell from the selected clones was assessed using an MTT colorimetric assay (Cell Proliferation Kit I, Roche) according to the manufacture’s instructions. Cells were seeded at a concentration of 15,000 cells per well in 100 μl culture medium containing each inhibitor at the indicated concentration into 96 wells microplates (Falcon ref. 353072). Plates were incubated at 37°C and 5% CO2 for 72h. Plates were allowed to stand overnight in the incubator before measuring the spectrophotometrical absorbance at 570 nm and at the reference wavelength of 690 nm in a ClarioStar plate reader. The values of A570 nm–A690 nm were normalized relative to that obtained with vehicle (0.2% DMSO). Assays in the presence of STLC were carried our in 6 replicates and the assays in the presence of rest of the inhibitors were carried out in quadruplicates; data were subjected to a null hypothesis by student’s t-test to compare each clone to the wild type.



RNA interference

Endogenous KIF11 expression is silenced by transient transfection with two Eg5 siRNAs (Dharmacon) targeting two 3’UTR sequences NNUGAGCCUUGUGUAUAGAUU and NNUGAGCUUAACAUAGGUAAA. Transfections were carried out in 6 wells plates with 100 nM of siRNA mixed with Oligofectamine, according the manufacturer’s instructions. Following transfections of the cells, the transfection medium was replaced by fresh medium and the resistant cells were allowed to grow for two days in the presence of STLC. Naive cells in the absence of STLC were used as a control. Control and resistant cells were fixed for indirect immunofluorescence. Monopolar vs bipolar spindles were counted as described before and an unpaired samples t-test was performed to compare each clone to the untreated wild type.



Immunofluorescence microscopy

24h after the transfection, the coverslips were washed with PBS 1X, and then fixed with a solution of 2% paraformaldehyde in PBS 1X and incubated for 20 min at 37°C. After three washing steps with PBS 1X, they were permeabilized for 3 min with 0.2% triton and then washed 3 times with PBS 1X. Coverslips were placed in a humid chamber, incubated with a solution of primary antibodies: mouse monoclonal anti-tubulin clone TUB2.1 (Sigma: T4026) diluted at 1/450, human autoantibody against centromeres HCT-0100 (Immunovision) diluted at 1/450, mouse monoclonal anti-myc antibody (Covance, Berkeley, CA), rabbit polyclonal anti-TPX2 (Bethyl Laboratories, Motgomery, TX) diluted at 1/200 in antibody buffer (PBS 1X, sodium azide 0,02%, Tween 0,05%, and 3% (w/v) BSA) for 1 hour at 37°C. The coverslips were then washed 3 times for 5 min by immersion in PBS 1X. Coverslips were then incubated for 30 min at 37°C in a solution containing the corresponding Alexa fluo-488 and -568 conjugated goat anti-mouse, goat anti-rabbit and goat anti-human secondary antibodies (Invitrogen), diluted 1/400 in antibody buffer. Coverslips after washing 3 times in PBS 1X for 5 min, they were deposited onto a 5 μL of VECTASHIELD mounting media deposited on slides and sealed with nail polish. VECTASHIELD was used to protect samples from photobleaching and contains DAPI, a fluorescent molecule to stain DNA.

The cells are observed using Olympus microscope (IX 80), with an objective 60X equipped with a high-sensitivity camera. Excitation and emission filter wheels and signal processing were controlled by the Volocity software.



Purification and amplification of RNA from the resistant cells

Total RNA was isolated by using Trizol (Invitrogen) and the Nucleospin Kit® RNA II (Macherey-Nagel) according to the manufacturer’s protocol, and KIF11 cDNA from the different clones was amplified by using Superscript™ One-Step RT-PCR RT/Platinum® Taq (Invitrogen), using the following primers Eg5_372 forward 5’-GTGGTGAGATGCAGACCATTTA-3’ and Eg5_1228 reverse 5’-GGTGTTCTTTCTACAAGGGCAG-3’ and then sequenced. Site-directed mutagenesis was performed by the use of Phusion® High-Fidelity DNA Polymerase (New England Biolabs) with pcDNA Myc-Eg5 as template (Blangy et al) and the following primers: T107N forward 5’-CACTATCTTTGCGTATGGCCAAAATGGCACTGGAAA-3’; T107N reverse 5’-TTTCCAGTGCCATTTTGGCCATACGCAAAGATAGTG-3’. All resulting plasmids were sequence verified.



Construction of pGFP-C1-Eg5 WT and mutants

The resulting 3729 bp fragment, following EcoRI digestion of the RcCMV-Eg5 vector (generous gift of Anne Blangy, CRBM Montpellier France), was ligated to the EcoRI linearized pGFP-C1 vector. The correct orientation of the insert was verified by HindIII digestion and the presence of a 2800bp fragment, in the case of the correct orientation, as opposed to the 1000bp fragment in the opposite orientation. The selected plasmids were further verified for the correct orientation by sequencing. The pGFPC1-Eg5(WT) vector was used for in vitro mutagenesis to introduce the related mutations using the primers used above. All resulting plasmids were sequence verified.



Fluorescence recovery after photobleaching

48h after transfection, cells grown on glass coverslips were inverted with the cell face down in 2-well Labtek chambers and the medium was changed with DMEM/F-12 supplemented with 10% fetal bovine. Cells were then imaged in the M4D Cellular Imaging platform of IBS with a spinning disk confocal microscope (Olympus and Andor) configurated with a Nipkow wheel (Yogokawa CSU-X1) and 6 solid-state lasers for confocal imaging in real time. FRAP was achieved through the use of the photoconversion/photoactivation module. Areas of 1.5 μm2 area were bleached from at least six cells for each population were photobleached and analyzed and their fluorescence recovery was monitored and images were acquired with an EMCCD camera (Andor iXon ultra). Analysis of the intensity traces were carried out using the easyFRAP software (39) and corrected for photobleaching and normalized with pre-bleaching intensity.



Bacterial expression vectors

A STOP codon was introduced to the pET28-Eg5 using a forward 5’CCTGAAGTGAATCAGAAATGAACCAAAAAAGCTTTGATTAAGG-3’ and a reverse 5’-CCTTAATCAAAGCTTTTTTGGTTCATTTCTGATTCACTTCAGG-3’ primers. Following sequence verification, the NcoI-HindIII insert of the pET28 Eg5 (1-368) was ligated into the pETM11 NcoI-HindIII linearized vector. The pETM11 Eg5(1-368) was then in vitro mutagenized by PCR using Phusion DNA Polymerase using the same primers as above. All resulting plasmids were sequence verified.



Purification of pET11 Eg5 (1-368) WT and mutants of Eg5 motor domain

BL21(DE3) cells carrying the pETM11 Eg5 (1-368) WT and mutant Eg5 were induced for expression with IPTG (0.5mM) overnight at 18°C. Bacterial pellets were resuspended in cold Lysis Buffer (50mM Tris pH 6.8, 250mM KCl, 2mM MgCl2, 20mM imidazole) supplemented with 1⁄2 tablet of a mixture of protein inhibitors (Complete EDTA-free, Roche Applied Science), 2.5mg of lysozyme and 100µM phenylmethylsulfonyl fluoride (PMSF). Cells were lysed by sonication with 10 cycles of 30s of pulse and 60s of turn off at 50% amplitude in ice. Lysates were incubated with 1mM of DNAse and 10mM of MgCl2 during 30 min at 4°C to digest the DNA, centrifuged at 4°C for 30 min at 15000 rpm and the supernatants were collected and filtered (diameter of the filter = 0.2um) before being loaded onto a HisTrap HP 5mL column (GE Healthcare), equilibrated (using an AKTA design FPLC system) with buffer A (50mM Tris at pH 6.8, 250mM KCl, 20mM imidazole and 2mM MgCl2). The column was washed with 20 column volumes with buffer A. Finally, a gradient elution was performed over ten column volumes of buffer B (50mM Tris pH 6.8, 250mM KCl, 500mM imidazole, 2mM MgCl2) and 1.5mL fractions were collected. Based on the chromatogram fractions the interesting fractions were selected and run on 10% SDS-PAGE electrophoresis. Fractions containing the Eg5 motor domain were pooled together and then digested with 6-His-TEV protease, previously purified in the laboratory (1mg TEV/20 mg of substrate). Digestion was carried out for 1 hr at room temperature and then the protein solution was dialyzed overnight with 1L of Dialysis Buffer (50mM Pipes, pH7.3,50 mMNaCl), using a 10kDa MW cut-off dialysis membrane. TEV cleavage was confirmed by SDS-PAGE electrophoresis and the uncleaved motor as well as the His-TEV was removed by a second purification on HisTrap HP 5mL column. The cleaved motor was recovered from the HisTrap unbound fraction and was concentrated using spin concentrators (10kDa MW cut-off; Millipore). Protein samples were concentrated and frozen in small aliquots in liquid nitrogen and kept frozen at -80°C. Protein concentration was determined using the Bradford reagent at Abs595 using BSA as a protein standard.



Mant-ADP release assay par fluorescence

Bacterially expressed and then isolated motor domain of Eg5(WT) and Eg5(T107N) (1.5μM final) were injected in the cell compartment of the fluorimeter Bio-Logic MOS 250 that contained Mant-ADP (10μM final) and FRET was detected by measuring fluorescence emission at 395nm after excitation at 285nm. STLC (25μM final) was injected into the cell and Mant-ADP was chased with excess ATP (1mM final). Alternatively, Eg5(WT) and Eg5(T107N) motor domains (1.9um final) were incubated with Mant-ADP (10μM final) and STLC (18μM final) in 10mM MgCl2, 6% DMSO (control) and the loss of FRET following addition of excess ATP (1.2mM final) was measured in black 384-well plates (Greiner ref. 781076, Greiner Bio-One) on a Clariostar plate reader (BMG Labtech) using a 285nm filter excitation at 285nm filter and 395nm emission filter and a LP565 dichroic mirror.



Basal and microtubule stimulated ATPase assays

The enzymatic activity of kinesin Eg5 were carried out using the pyruvate kinase (PK)-lactate dehydrogenase (LDH) coupled assay in buffer A25 (40, 41). Experiments were performed in ATPase buffer A25 (25mM ACES/KOH (pH 6.9), 2mM magnesium acetate, 2mM potassium EGTA (SIGMA) (pH 8), 0.1mM potassium EDTA (SIGMA) (pH 8) and 1mM β-Mercaptoethanol) supplemented with 2mM PEP (SIGMA), 0.25mM NADH (SIGMA), 17.4 g/mL LDH (SIGMA) and 34ug/mL PK (SIGMA). Motor, microtubules, and ATP concentrations used were optimized. Kinetics were monitored in a TECAN-SUNRISE photometer using a 96-well plate (Greiner) by measuring the loss of NADH at OD340. Kcat rates were determined from the change in OD340 per second after steady state has been reached, typically after a few minutes. All experiments were performed in triplicate at room temperature. Data were analysed using GraphPad Prism 7.




Results


Isolation of STLC-resistant cell lines

To determine whether human cancer cells can develop resistance to Eg5 inhibitors, we treated HCT116 cells with a cytotoxic concentration of STLC, a selective Eg5 inhibitor (31). HCT116 cells offer the advantage since they are defective in their DNA mismatch repair pathway that are hypermutagenic (42) and they might contain larger numbers of variants for selection under the conditions of our selection. In addition, HCT116 cells have no detectable P-glycoprotein (43), reducing the possibility of resistance due to induction of drug pumps. When ∼5 × 106 cells were continuously exposed for 4 weeks at 10 μM STLC, colonies appeared from which following ring selection, we generated 5 cell lines, designated R1 through R5. Detection of spindle formation in the STLC-resistant clones by indirect immunofluorescence microscopy revealed that indeed the cells were capable of forming bipolar spindles in the continuous presence of the Eg5 inhibitor and cells in various mitotic phases, notably anaphases, were present (Figure 1A). Cells from the selected clones were then subjected in proliferation assays for 72h and the ratio of number of cells in the presence of STLC over the number of cells in the absence of the inhibitor was determined from each clone (Figure 1B). The calculated ratio from the unselected, naive wild-type HCT166 cells was as expected lower than one (0,38 ± 0,008) since cells stopped to proliferate due to a mitotic block imposed by the spindle assembly checkpoint. However, the ratios for the cells of clones R1 and R2 were significantly higher compared to the wild-type and were close to one- or very close to one-, indicating that the presence of the inhibitor did not interfere with cell proliferation. Interestingly, the ratios for the cells from clones R3, R4 and R5 were significantly higher than one, indicating that in the absence of the inhibitor the cells of each of the clones do not proliferate. The low proliferation of the cells from clones R3, R4 and R5 in the absence of STLC coincides with the inability of the cells to form bipolar spindles in the absence of the inhibitor (Figure 1A). The monopolar spindles in the cells of clones R3, R4 and R5 in culture media without STLC resemble the monopolar spindles of cells treated with Eg5 inhibitors. In accordance with the above observations, ∼1000 starting cells from the five clones, readily formed colonies at 10uM STLC after 14 days, whereas the naive unselected cells were potently inhibited; cells from clones R3, R4 and R5, were also not capable of growing in the absence of STLC (Figure 1C).




Figure 1 | Bipolar spindle formation and proliferation of STLC-resistant cancer cells in the presence of STLC. (A) Immunofluorescence microscopy images of mitotic cells from naive and selected STLC resistant cells in the presence STLC 10 μM (upper two rows) and in the absence of STLC (lower row of images). Spindle microtubules were detected with an anti-tubulin antibody (green); centromeres with an auto-immune antibody (red) and chromatin with DAPI (blue). In contrast to the unselected naive cells, all resistant clones appeared to have normal bipolar spindles and were capable of proceeding to anaphase. STLC resistant clones R3, R4 and R5 in the absence of STLC had monopolar spindles. (B) Proliferations assays with the selected clones in the presence and in the absence of STLC. Ratio of the number of cells in the presence of STLC divided by the number of cells in the absence of inhibitor for unselected HCT116 cells and cells from the STLC resistant clones R1, R2, R3, R4 and R5, after 72h. Asterisks indicate significance values; *** p < 0,0001. (C) Crystal violet-stained colonies of parental HCT116 cells and drug-resistant lines (resistant clones R1, R2, R3, R4 and R5) after 14 days of exposure to STLC (upper panel) and following wash-out of the STLC (lower panel).





Eg5 presence is required for bipolar spindle formation in the STLC resistant cells

We then asked the question whether or not the formation of bipolar spindles in the STLC-resistant cells was still dependent on the presence of Eg5. We therefore treated the resistant cells with siRNA targeting Eg5 expression. Phenotypic analysis, by monitoring spindle assembly in the siRNA treated cells in the continuous presence of the STLC, revealed that the cells depleted of Eg5 were not capable of forming bipolar spindles as in all clones more than 90% of the spindles were monopolar, as they were in the depleted naive and untreated cells (Figure 2). Therefore, the data suggested that in the STLC-resistant cells the presence of Eg5 is necessary for the formation of spindles even in the presence of the inhibitor.




Figure 2 | STLC resistant clones require the presence of Eg5 for growth in the presence of STLC. Immunofluorescence microscopy images of mitotic cells from unselected naive HCT116 cells and selected HCT116 STLC-resistant cells that were subjected to Eg5 siRNA mediated depletion of Eg5. Spindle microtubules were detected with an anti-tubulin antibody (green), centromeres with an auto-immune antibody (red) and chromatin with DAPI (blue). Scale bar in the images corresponds to 10 μm. The % of monopolar spindles following RNAi mediated Eg5 depletion in the presence of STLC was calculated for each the cell lines. Asterisks indicate significance values; *** p < 0,0001.





Differential resistance to Eg5 inhibitors of STLC-resistant clones

Since STLC belongs to the loop L5 binding class of Eg5 inhibitors, we tested if the STLC-resistant cell lines are also resistant to other loop L5 inhibitors with different chemical scaffolds such as K858 (44) and dimethylenastron (DME) (45), and to non-loop L5 inhibitors (ATP competitive inhibitors) EgVI and GSK-1 (32). Cells from the unselected wild type and the five selected STLC HCT116 resistant clones were analyzed in the presence and in the absence of each of the inhibitor in proliferation assays (Figure 3A) and the phenotype of the treated cells were analyzed by immuno-fluorescense microscopy (Figure 3B; Figure S1A). Following 72h exposure of the cells in the presence of the different Eg5 inhibitors, cells from all resistant clones were capable of proliferating in the presence of STLC, K858 and DME in contrast to the control whereas all cells were sensitive to the ATP competitive Eg5 inhibitors EgVI and GSK1. Microscopic analysis of the spindle phenotype of the treated cells revealed that for clones R1 and R2 the majority of the spindles were bipolar whereas in cells of clones R3, R4, and R5 were monopolar in the presence of the K858 and DME (Figure 3B; Figure S1A). All cells, however, were sensitive to the Eg5 ATP competitive inhibitors EgVI and GSK-1 (Figures 3A, B). We have also assessed the ability of the resistant clones their ability to form cell colonies by carrying out long term colony formation assays in the presence of the inhibitors (Figure S1B). In accordance to the 72h proliferation assays and mitotic spindle formation capability of the resistant cells, 21 days exposure of cells in the different Eg5 inhibitors showed in contrast to the wild type cells, cells from clones R1 and R2 were capable of colony formation and cells from clones R3, R4 and R5 to a limited extend. However, all cells were not able to form colonies in the presence of the ATP competitive Eg5 inhibitors EgVI and GSK1. The results suggest that all STLC resistant clones are sensitive to ATP competitive inhibitors and there is a variable resistance to the other loop L5 binding inhibitors, such as K858 and DME.




Figure 3 | STLC resistant clones exhibit variable resitance to other Eg5 inhibitors (A) Proliferations assays with the selected clones in the presence and in the absence of STLC. Ratio of the number of cells in the presence of STLC (10μM) or K858 (7.5μM) or DME (5μM) or EgVI (5μM) or GSK-1 (0.5μM) divided by the number of cells in the absence of inhibitor for unselected HCT116 cells and cells from the STLC resistant clones R1, R2, R3, R4 and R5, after 72h. (B) The % of monopolar spindles in the presence of the different Eg5 inhibitors was calculated for each the cell lines from immunofluorescence microscopy images of mitotic cells (Supplementary Figure S1). Asterisks indicate significance values; ns – non-significant; * p < 0,01, **p < 0,001, *** p < 0,0001.





Failure in mitosis in the absence of STLC in the STLC resistant and dependent cells

The cell cycle profile of the three cell clones that appeared to be STLC resistant and dependent were analyzed by flow cytometry and the ability of the cells to form bipolar spindles in a STLC concentration dependent manner. Cells from clones R3, R4, and R5 had a normal cell cycle profile in the presence of 10 μM STLC after 72h comparable to the naive untreated cells. However, in the absence of STLC as early as 24h after washing out the inhibitor, cells were enriched in G2/M (Figure 4A).




Figure 4 | STLC resistance and dependence is linked to expression of mutant Eg5 (A) Cell-cycle profiles of unselected wild type HCT116 cells and STLC-resistant and -dependent clones, R3, R4 and R5 exposed to STLC (10 μM) (upper panels) and 24h following wash-out of STLC (lower panels). (B) The % of bipolar spindles in cell lines R3, R4 and R5 increase with increasing STLC concentration. Asterisks indicate significance values; ns – non-significant; * p < 0,01, **± p < 0,001, *** p< 0,0001. (C) DNA sequences of Eg5 (KIF11) cDNAs in WT and STLC-resistant and -dependent clones, R4 and R5 and the identified corresponding missense mutations. Clone R3 expressed the same T107N mutant Eg5 as the one identified in clone R5.



The enrichment of cells in G2/M in the R3, R4, R5 HCT116-clones in the absence of STLC was correlated with the presence of aberrant monopolar spindles (Figure 4B). There was an inverse correlation between the presence of bipolar spindles and decreasing concentrations of the inhibitor. In the absence and submicromolar concentrations of STLC the majority of the spindles were monopolar whereas at 5 and 10μM STLC more than 50% of the spindles were bipolar. The presence of bipolar spindles in the presence of the STLC offers an explanation why the cells continue to proliferate in the presence of the inhibitor and the lack of bipolar spindles in the absence of the inhibitor explain the dependency of the cells on the inhibitor.



Identification of Eg5 Mutations in the STLC resistant and dependent cells

We then asked whether the drug-resistance in drug-dependent cell lines might be due to mutations in Kif11, the gene coding for Eg5 motor protein. Sequencing Kif11 cDNAs from the drug-resistant clones revealed that all 3 STLC-dependent lines carried point mutations in Kif11, yielding 2 amino acid substitutions, namely cells in clone R4 expressed Eg5(A103V) and clones R3 and R5 expressed Eg5(T107N) (Figure 4C). Therefore, we focused our attention to the Eg5(T107N) STLC resistant and dependent cell line since the mutation A103V was identified independently in a previous study (46) and was not further pursued.



Resistance and dependence to clinical relevant Eg5 inhibitors

Due to the interesting STLC-resistance and at the same time STLC-dependent phenotype of the Eg5(T107N) expressing cells, we tested if they were also resistant and dependent to the clinical relevant Eg5 inhibitors, Arry-520 (47) and ispinesib (48), two inhibitors that entered clinical phase II clinical trials. The Eg5(T107N) expressing cells of HCT116 clone R5 were able to proliferate (Figure 5A) and in long term colony formation assay to form colonies (Figure 5B) in contrast to the naive HCT116 cells that they were not able to neither proliferate nor form colonies in the presence of either Arry-520 or ispinesib. In agreement with the colony formation data, flow cytometric analysis of the treated cells after 72h showed normal cell cycle profiles in the presence of either Arry-520 or ispinesib as they did in the presence of STLC, whereas naive cells exposed to the either of the three inhibitors were absent since they could not proliferate (Figure 5C). Indirect immunofluorescence analysis of the treated cells also showed that the Eg5(T107N) expressing cells exhibited normal bipolar spindles and/or normal anaphase spindles in the presence of either of the three inhibitors whereas the naive cells after 72h were in either in interphase with an aberrant large nucleus, prominent centrosome, nucleated microtubules and/or monopolar spindles (Figure 5D).




Figure 5 | Response of the Eg5(T107) expressing cells to Arry-520 and ispinesib (A) Proliferation of STLC resistant and dependent cells in the presence and in the absence of STLC (10μM) or Arry-520 (10nM) or ispinesib (10nM). Ratio of the number of cells in the presence of STLC (10μM) or Arry-520 (10nM) or ispinesib (10nM) divided by the number of cells in the absence of the inhibitor for unselected HCT116 cells and cells from the STLC resistant clone R5, after 72h. Asterisks indicate significance values *** p < 0,0001;(B) Crystal violet-stained colonies of parental HCT116 cells and STLC-resistant and resistant clone R5 cells after 14 days exposed to either media or Eg5 inhibitors, Arry-520 (10nM) and ispinesib (10nM). (C) Cell-cycle progression of STLC-resistant and -dependent clone R5 exposed to STLC, Arry-520 and ispinesib for 72h. (D) Immunofluorescence microscopy images of mitotic cells from naive wild type (WT) and STLC -resistant and -dependent cell line clone R5, in the absence and in the presence of STLC, Arry-520 and ispinesib. Microtubules were detected with an anti-tubulin antibody (green) and chromatin with DAPI (blue). Scale bar in the images corresponds to 10 μm.





Ectopic expression of Eg5(T107N) mutant restores bipolar spindle formation in the presence of STLC

To test whether the Eg5(T107N) mutant is sufficient to cause drug resistance, we ectopically expressed as Myc-tagged either the wild type Eg5(WT) or the mutant Eg5(T107N) in U2-OS cells (Figure 6A). The Myc-Eg5(WT) either in the absence or the presence of STLC appeared to be diffused in the cytoplasm and in mitotic cells there was some decoration of the spindle particularly in the spindle poles (Figure 6A upper panels). Strikingly, the Myc-tagged Eg5(T107N) in the absence of STLC appeared to exhibit a strong microtubule bundling activity in interphase cells; in mitotic cells there were also bundled microtubules and no bipolar spindles were present (Figure 6A; lower left panels). In marked contrast, in the STLC treated cells, expression of Myc-Eg5(T107N) in interphase showed no microtubule bundles and in mitotic cells the spindles were bipolar (Figure 6A; lower right panels). The obtained data offer an explanation why the cells in STLC dependent and resistant clone R5 are capable of proliferating in the presence of STLC and not in the absence of STLC.




Figure 6 | STLC resistant Eg5(T107N) variant binds and bundles microtubules in the absence of STLC. (A) Myc-tagged Eg5(WT) and -Eg5(T107N) were transfected for expression in U-2OS cells. Immunofluorescence microscopy images of cells untreated or in the presence of STLC (10μM) 24h post transfection fixed and stained; Eg5 was detected by an anti-myc (green) and mitotic spindle microtubules were detected by an anti-TPX2 (red) and chromatin by DAPI (blue). (B) GFP-tagged Eg5(WT) and -Eg5(T107N) were transfected for expression in U-2OS cells for 24h and fixed and stained for indirect immunofluorescence microscopy. Scale bar corresponds to 10 μm.



Similar strong microtubule bundling after expression of Eg5(T107N) has been previously reported in cells expressing two other Eg5 mutants, Eg5(G268V) (49) and Eg5(T112N) (50). The microtubule bundling activity of Eg5(G268V) was previously attributed to the fact that since the mutation is in the switch II ATP binding domain it drives the motor to be at its rigor state and therefore leading the four motor domains of the Eg5 tetramer to bind tightly to the microtubules in a non-exchangeable manner and forcing the microtubules to bundle. Since the Thr107 amino acid is located in the P-loop of the ATP binding site we tested if the mutant T107N, like the G268V, drives the motor to bind in a non-exchangeable manner to microtubules. First we constructed GFP-Eg5(WT) and GFP-Eg5(T107N) mammalian expression vectors and determined if the GFP chimeras behave the same as the Myc-tagged Eg5. Similar to Myc-tagged constructs the GFP-Eg5(WT) was distributed in a diffuse manner in the cytoplasm of interphase cells and the GFP-Eg5(T107N) induce strong interphase bundles (Figure 6B).

Then, the dynamics of the microtubule binding properties of the GFP-Eg5(T107N) were compared with those of GFP-Eg5(WT) by FRAP analysis in living U2-OS cells. In GFP-Eg5(WT) expressing cells, where the distribution of GFP-Eg5 appears as diffused in the cytoplasm similar to endogenous Eg5, following bleaching in the region of interest (ROI), the fluorescent signal gradually increased during the recovery phase (25s) because of the inflow of unbleached GFP-Eg5 into the bleached area (Figure 7A). In contrast to the WT, the GFP-Eg5(T107N) decorated strongly microtubule bundles in the cytoplasm of interphase cells (Figure 7A). The GFP-Eg5(T107N) exhibited almost no recovery (mobility fraction = 0,06) in the bleached ROI confirming the strong almost irreversible binding of the rigor mutant of Eg5 to microtubules at the time scale of the observation (Figures 7B, C). Therefore, the FRAP data suggest that the microtubule binding and bundling observed in GFP-Eg5(T107N) expressing cells in the absence of the inhibitor is probably due to higher microtubule affinity properties of the mutant Eg5 compared to the control.




Figure 7 | STLC resistant Eg5(T107N) variant binds microtubules in a non-reversible manner in the absence of STLC. (A) GFP-tagged Eg5(WT) and -Eg5(T107N) were transfected for expression in U-2OS cells. Time lapse video microscopy images 48h following transfection before (-4 sec), immediately after FRAP (0 sec) and after FRAP (15 sec) are shown. Arrows indicate the site of the photobleaching. (B) Recovery of the fluorescence intensity after FRAP. (C) The measured mobile fraction and the half time represent the ability of GFP-Eg5 to actually replace the photobleached in cytoplasm of living cell during interphase.





In vitro Activity of Eg5(T107N) mutant

Previous studies have suggested that Eg5 inhibitors can be divided into two classes, the loop-L5 type of inhibitors that actually promote weak binding of the motor to microtubules (15, 31, 51, 52), and the rigor-like inhibitors that are ATP competitive inhibitors and induce Eg5 strong microtubule-binding state (32, 53, 54). Furthermore, the loop L5 binding inhibitors are able to allosterically inhibit the exchange of the bound ADP with ATP and therefore the ATPase activity of the motor is inhibited and the motor cannot efficiently engage with the microtubules. The ternary Eg5-ADP-STLC complex might be able to bind MTs in a low-friction mode without productive ATP hydrolysis and coupled conformational changes. The mutant Eg5(T107N) behaves like a motor that is in rigor state and that in the presence of the STLC the motor is able to complete the chemomechanical step. In order to test the ability of the motor domain to bind and exchange the nucleotide in the ATP binding pocket in the absence and in the presence of STLC we determined the ability of the motor domain to bind a fluorescent analogue of ATP, Mant-ADP (55). Addition of the wild type motor domain in a Mant-ADP containing solution leads to an exchange of the motor bound ADP with Mant-ADP and with a resulting increase in fluorescence (excited at 285 nm) due to FRET from the tryptophan and tyrosine of Eg5 (Figure 8A, left panel). However, when the Eg5(T107N) motor domain was added to Mant-ADP there was no increase in FRET detected unless STLC was added (Figure 7A, right panel). Bound Mant-ATP could be then chased out by excess amount of ATP in both the wild type and the mutant. The data show that in the absence of microtubules the nucleotide pocket of Eg5(T107N) is in a state that cannot be accessed by a free nucleotide unless there is some allosteric conformations that are transmitted to the nucleotide binding pocket following binding of STLC to the loop L5. Binding of the inhibitor opens the nucleotide binding pocket allowing the entry of the nucleotide.




Figure 8 | STLC dependent binding of ATP in the nucleotide pocket of Eg5(T107N) motor domain. (A) FRET of Mant-ADP is detected upon addition of the Eg5(WT) motor domain and is lost after been chased by the addition of cold ATP. In contrast, FRET of Mant-ADP is not detected upon addition of the Eg5(T107N) domain unless STLC is added. (B) Nucleotide exchange in the Eg5-STLC complex. Once STLC is bound to the Eg5(WT) pre-incubated with Mant-ADP the nucleotide is not exchangeable. Pre-incubation with DMSO allows the chase of Mant-ADP by ATP. In contrast, there is an exchange of the nucleotide in the Eg5(T107N)-STLC complex but not in the in the absence of STLC (DMSO control). (C) Kinetic parameters of the basal ATPAse activity of Eg5(WT) and Eg5(T107N) and the microtubule stimulated ATPase in the presence or the absence of STLC.



We then asked if in the continuous presence of STLC bound to the motor domain the bound Mant-ADP can be chased out by cold ATP. As expected for the wild type, in the presence of STLC there was no nucleotide exchange whereas the Mant-ATP was readily exchanged if the motor was pre-incubated with DMSO instead of STLC (Figure 8B left panel). However, in the case of the Eg5(T107N) motor domain pre-incubated with Mant-ADP in the presence or absence of STLC the Mant-ADP could be chased out by ATP only when STLC was present (Figure 8A right panel). The results suggest that in the Eg5(T107N), in contrast to the wild type-STLC complex, binding of STLC to loop-L5 permits the exchange of the bound ADP by ATP. Therefore, the next question we addressed was whether the mutant Eg5(T107N) can hydrolyze ATP in the presence of STLC.

The motor domain of the wild type Eg5, like all other kinesin motor proteins, is known to possess a basal ATPase activity (56) which is greatly stimulated in the presence of microtubules. We therefore measured the microtubule stimulated ATPase activity of wild type and that of Eg5(T107N) motor domains in vitro 5 (Figures 2SA, B). The mutant displayed similar a kcatvalue for basal ATPase activity (0,63fold increase) compared to the wild type Eg5 (Figure 8C). Furthermore, there was only a 10.9x increase in kcatvalue for the MT stimulated ATPase activity compared to the 71.8fold increase for the wild type. Although both wild type and mutant showed a dose response loss of activity in the presence of increasing concentrations of STLC, there was a 2,7fold increase in the IC50 for the mutant compared to the wild type (Figure 8C; Figures S2C, D). Therefore, the lower sensitivity (higher IC50) of the mutant to STLC, coupled with the ability of the mutant to exchange the nucleotide only in the presence of the inhibitor in contrast to the wild type, offers a likely explanation why the mutant Eg5 motor is still active in cells in the presence of STLC.




Discussion

Eg5 is a valid target for the development of novel generation of specific anti-mitotic targets as cancer chemotherapeutic agents with less secondary effects compared to those linked to microtubule targeting agents (57). One hindering caveat of selective inhibitors to a given target is the emergence of subclones of tumour cells, preexisting or not, having mutations in the target, rendering the target resistant (58) (59). Previous data from our group and others have shown that indeed certain mutations in the helix α2/loop L5/helix α3 allosteric binding site of Eg5 can confer resistance to loop L5 inhibitors (26, 28, 38, 60).

In this report following the selection of HCT116 cells in the presence of the Eg5 inhibitor STLC, we have isolated five STLC resistant clones, arbitrarily named as R1, R2, R3, R4, and R5, that proliferate in the presence of the inhibitor at concentrations that block cellular growth due to an imposed mitotic block. Interestingly, three of the identified resistant clones were also STLC-dependent, the cells could not proliferate in the absence of STLC. The failure of cell proliferation of the STLC -resistant and -dependent cells was attributed to that the cells in the absence of STLC could not build bipolar spindles and therefore remained blocked in mitosis with the characteristic monopolar spindles, a phenotype widely observed when the Eg5 activity is missing either due to enzymatic inhibition or absence due to depletion by RNAi. Therefore, the STLC-resistance and dependency on Eg5 could most likely be attributed to the intrinsic properties of the Eg5 motor expressed in the cells.

Sequencing of the Eg5 cDNAs isolated from the three STLC-resistant and -dependent clones, raised in this report, identified two amino acid substitutions at positions, A103V and T107N that could be possible candidates for the observed resistance. The failure to detect Eg5 mutations in the two other clones may be related to the fact that the primers used for RT-PCR amplification covered only the part of the motor domain that included the helix α2/loop L5/helix α3 allosteric binding site of Eg5 open reading frame and not all the motor domain of Eg5. An additional contributing factor might be the functional plasticity of mitotic kinesins substituting for loss of Eg5 function (29, 30, 49).

In the absence of STLC, expression of the Eg5(T107N) mutant in cells led to strong microtubule cross linking in interphase and mitotic cells leading to mitotic failure. However, in the presence of STLC the mutant Eg5 had a diffused intracellular distribution resembling that of the wild type protein. FRAP assays in STLC devoid Eg5(T107N) expressing cells showed that the mutant protein is bound to microtubules in a non-exchangeable manner suggesting that the mutant motor is bound most likely in its rigor state. Since Eg5 is a tetramer, composed of two antiparallel dimers (4), the rigor state of the mutant would most definitely lead to a tight crosslinking of microtubules. Previous screening for resistance to STLC have led to the identification of Eg5(G268V) as being also responsible for the observed STLC resistance (49). The Eg5 residue G268 is located in the switch II nucleotide binding area and like the T107N mutant, the G268V traps the motor in a microtubule binding state leading to a strong microtubule crosslinking. Therefore, both mutants convert Eg5 from a motile force generator to a static microtubule crosslinker. Interestingly both resistant clones, G268V and T107N, appear to be dependent on the presence of the motor since the cells of both clones depleted of the Eg5 by siRNA do not proliferate. In the case of Eg5(G268V) expressing cells, acquired resistance was linked to the functional plasticity of mitotic kinesins, like KIF15, substituting for loss of Eg5 wild type function. KIF15 is a dimeric kinesin and through its two N-terminal motors and two C-terminal nonmotor MT-binding sites, is able to crosslink and slide MTs (61). In the G268V resistant clone, the mitotic kinesin KIF15, which is normally restricted to kinetochore-MTs because of its preferential binding to MT bundles, in the presence of Eg5(G268V) induced crosslinking, changes its distribution and is enriched in the rest of spindle microtubules contributing to the formation of normal bipolar spindle (49). However, in the case of Eg5(T107N) expressing cells, microtubule crosslinking is present only in cells that are devoid of STLC. Therefore, the Eg5(T107N) acquired resistance appears not to be dependent on the plasticity of mitotic kinesins substituting for loss of Eg5 function. It appears to be due to intrinsic enzymatic properties of the mutant motor. Support for the need of Eg5 activity in the STLC-resistant and dependent cells is the fact that the resistant cells remain sensitive to Eg5 inhibition mediated by Eg5 inhibitors that are known to bind to a different binding site other than the helix α2/loop L5/helix α3 allosteric binding site and cause the inhibited motor domain to bind to microtubules.

The enzymatic data showed that the change of an invariant threonine (T) in the nucleotide-binding GQTGTGKT motif or P-loop of Eg5 by asparagine (N) is linked to cellular resistance to STLC, a loop L5 binding inhibitor. The presented nucleotide exchange data using Mant-ADP showed that nucleotide entry in the Eg5(T107N) is absolutely dependent on the binding of STLC in the inhibitor binding site, α2/loop5/α3 allosteric pocket, which is approximately 10 Å away from the ATP-binding site. In Eg5, P-loop Thr107 is involved in the positioning of the γ-phosphoryl oxygen of ATP (62). Furthermore, according to the two-water mechanism of hydrolysis of ATP by Eg5 (62), during the chemomechanical step there is an opening of the nucleotide pocket allowing the release of Pi, which is coupled with the reorientation of the side chain of Thr107 allowing its binding to Glu270, as observed in the Eg5(WT)-ADP structure. The substitution of Thr107 with an amino acid with bulkier side chain, like Asn, may make the binding of the ATP less favorable and the reorientation of the P-loop impossible. However, the allosteric conformational changes imposed by the binding of STLC may open the nucleotide pocket and allow the entry of ATP leading to its hydrolysis and completing the necessary chemomechanical reaction leading to stepping of the motor.

It has been proposed that homotetrameric Eg5 crosslinks antiparallel MTs in spindles the same way as myosin crosslinks actin filaments in thick filaments (63). In both cases independent myosin or Eg5 motor heads can exert forces causing actin or microtubule filament sliding, respectively. In the presence of the Eg5(T107N), and in the absence of the inhibitor all the motor heads of the tetramer remain bound to the microtubules in a rigor state. The rigor state of the motor then is the cause of the observed strong microtubule bundling in the Eg5(T107N) expressing cells. In the presence of the inhibitor and because of the allosteric modifications transmitted into the nucleotide binding pocket of the motor domain, new ATP can enter in the nucleotide pocket releasing the motors from the microtubules, microtubules bundles are resolved and a new chemomechanical step of the four motor domains of the Eg5 tetramer can be initiated. However, how would Eg5(T107N) exert its motility functions in the presence of the inhibitor?. Firstly, because of the lower sensitivity of the mutant (2,7x higher IC50 for STLC compared to the wild type) even if only a few motor heads can complete ATP hydrolysis in the presence of STLC there will be enough to exert force-generating events necessary for directional microtubule sliding. Secondly, in addition to the ATP-consuming directional motion, Eg5 exhibits also a diffusive component not requiring ATP hydrolysis (64). This diffusional mode was also reported in the presence of Eg5 inhibitor monastrol (65), the prototype of the loop-L5 binding class of inhibitors (6) and it can also occur at physiological ionic strength (64). In the presence of the STLC that binds to the loop-L5 binding site as monastrol, following the exchange of the nucleotide in the Eg5(T107N) and the release from microtubules, the mutant motor can exhibit a diffusive mode of motility and in combination with its directional mode of motility, the tetrameric Eg5(T107N)-STLC complex will possess crosslinking and motile activity enough to contribute to the formation of a bipolar spindle. Therefore, the allosteric modifications that follow STLC binding are needed for the observed resistance to STLC in the Eg5(T107N) expressing cells.

The resistance dependent on the presence of the bound allosteric inhibitor reported here is an additional manifestation of resistance by allostery (66). Previous studies have shown that residue A133 is necessary for transmitting a perturbation pathway through the protein to the nucleotide-binding site when binding the inhibitor; when mutated to D133 the allosteric transmissions provoked by SB743921, another loop-L5 class of Eg5 binding inhibitors, are blocked conferring thus resistance. In the case of the Eg5(T107N) mutant, the perturbations that follow the binding of the inhibitor not only allow but they appear to be necessary for the exchange of the nucleotide in the ATP binding pocket, a step that is necessary for the completion of the ATP hydrolysis cycle and stepping of the motor (67).

It is interesting to also note that the STLC dependent cells remain sensitive to the class of inhibitors that are considered as ATP competitive and bind to a different site other than the STLC binding site. Furthermore, the resistance of the Eg5(T107N) cells appear not to be limited to STLC because the cells remain relatively insensitive to other loop L5 inhibitors that have entered clinical trails such as Arry-520 and ispinesib. However, the resistance and dependency it is not universal for all loop-L5 inhibitors since K858 and DME appear to inhibit growth in the STLC resistant and dependent cells. It is interesting to note that although DME has a different chemical scaffold compared to STLC or Arry-520 or ispinesib, K858 is a smaller, pre-optimised version of Arry-520 that lacks the key substituents necessary for potent inhibition. The results are consistent with our recent observation that subtle differences in ligand binding and flexibility in both compound and protein may alter allosteric transmission from the loop L5 site that do not necessarily result in reduced inhibitory activity in mutated Eg5 structures. Thus, it appears that resistance to Eg5 inhibition may be chemical scaffold dependent and suggest that a chemotherapeutic combination therapy employing different inhibitors targeting the same target may limit acquired resistance. More recently it was shown that cells expressing either Eg5(D130A) or Eg5(L214A) are resistant to STLC and to Arry-520, a phase II clinical candidate. In contrast, the Eg5(L214A) expressing cells were sensitive to ispinesib an inhibitor that share the same binding site as STLC and Arry-520 (20). The data allow us to predict that resistance and dependence by allostery to Eg5 inhibitors may also occur in cells and once it is diagnosed it may be beneficial since cessation of the chemotherapeutic regimen may be beneficial to the patients because drug dependent tumor cells will cease to proliferate. The data also suggest that combining allosteric and orthosteric Eg5 inhibitors like the ATP competitive type of Eg5 inhibitors may be a good strategy to circumvent drug resistance.

The presented data bring attention to how different inhibitors to the same target could provoke different responses to treatment (due to their different biochemical structure) and mode of action, and how, in the case of Eg5 kinesin, a mutation in the motor ATP binding site could possibly make the difference. Within the context of personalized and precision medicine, the data also point out the need of carefully considering that missense mutations in specific hotspots on the target may impair the function of some drugs but possibly not all of them. Therefore, our work highlights not only the importance of detecting mutations responsible for intrinsic resistance before even the beginning of the targeted therapy, but also the requirement to follow, through biopsy, the response to treatment in order to detect mutations that would confer an acquired resistance.
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Supplementary Figure 1 | (A) Immunofluorescence microscopy images of mitotic cells from unselected naive HCT116 cells and selected HCT116 STLC-resistant cells that were exposed to Eg5 inhibitors, STLC (10μM) K858 (7.5μM), DME (5μM) EgVI (5μM) and GSK-1 (0.5μM) for 18h. Microtubules were detected with an anti-tubulin antibody (green) and chromatin with DAPI (blue). Scale bar in the images corresponds to 10 μm. (B) Crystal violet-stained colonies of parental HCT116 cells and STLC-resistant lines (resistant clones R1, R2, R3, R4 and R5) after 14 days exposed to either media or Eg5 inhibitors, STLC (10μM) K858 (7.5μM), DMEI (5μM) EgVI (5μM) and GSK-1 (0.5μM).

Supplementary Figure 2 | (A) Basal ATPase activity of Eg5(WT) and Eg5(T107N) (B) Determination of the optimal microtubule concentration for screening the inhibition of the microtubule-stimulated Eg5 ATPase activity. (C) Inhibition of microtubule activated Eg5 ATPase activity of WT-Eg5 (red) and Eg5(T107N) motor domain by STLC.
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The successful treatment of breast cancer is hampered by toxicity to normal cells, impaired drug accumulation at the tumor site, and multidrug resistance. We designed a novel multifunctional liposome, CUR-DTX-L, to co-deliver curcumin (CUR) and the chemotherapeutic drug docetaxel (DTX) for the treatment of breast cancer in order to address multidrug resistance (MDR) and the low efficacy of chemotherapy. The mean particle size, polydispersity index, zeta potential, and encapsulation efficiency of CUR-DTX-L were 208.53 ± 6.82 nm, 0.055 ± 0.001, −23.1 ± 2.1 mV, and 98.32 ± 2.37%, respectively. An in vitro release study and CCK-8 assays showed that CUR-DTX-L has better sustained release effects and antitumor efficacy than free drugs, the antitumor efficacy was verified by MCF-7 tumor-bearing mice, the CUR-DTX-L showed better antitumor efficacy than other groups, and the in vivo pharmacokinetic study indicated that the plasma concentration–time curve, mean residence time, and biological half-life time of CUR-DTX-L were significantly increased compared with free drugs, suggesting that it is a promising drug delivery system for the synergistic treatment of breast cancer.
Keywords: co-delivery, curcumin, docetaxel, breast cancer, liposomes
1 INTRODUCTION
Cancer remains the second leading cause of death worldwide, with breast cancer being the most commonly diagnosed malignancy and the leading cause of cancer-related deaths in women worldwide, despite the fact that extensive research is being conducted worldwide to combat this dreadful and lethal disease (GBD 2017 Causes of Death Collaborators, 2018; Schmidt et al., 2017). In addition, the incidence of breast cancer, which affects one in eight women, is rising. Traditional breast cancer treatments include surgery, radiation, and chemotherapy, with chemotherapy being the most prevalent. Docetaxel (DTX), an artificial semi-synthetic yew chemical generated from the needles of European yew, is one of the first-line medications for breast cancer treatment that inhibits the proliferation of cancer cells by interfering with their synthesis, migration, and division (Shi et al., 2015; Hua et al., 2017). However, the side effects caused by docetaxel have considerably overshadowed its clinical use. First, like most other classical chemotherapeutic drugs, DTX is distributed throughout the body in a non-specific manner, and second, due to the poor solubility of DTX in water, it can lead to adverse drug reactions (Persohn et al., 2005). In addition, multidrug resistance (MDR) has already been a major problem in clinical treatment that limits the efficacy of DTX; MDR can lead to rapid drug elimination and chemotherapy failure, and it may be associated with multiple mechanisms (Bukowski et al., 2020), among which drug efflux transporters are the main cause of MDR (Gote et al., 2021), which remove DTX from tumor cells and reduce the accumulation of drug-resistant cells. Therefore, in order to improve the antitumor efficacy and reduce side effects caused by the nonspecific delivery of DTX, it is imperative that the preparation and development of novel techniques be expedited (Kaushik et al., 2020).
In recent years, combination therapy of simultaneous administration of numerous medications has proven to be superior to the use of a single drug in clinical settings, thereby reducing the occurrence of MDR (Berríos-Caro et al., 2021). For instance, it is an effective strategy to alter the efficacy of anticancer agents by co-administration of reversal agents. Curcumin (CUR), a bioactive ingredient extracted from the rhizome of the herb turmeric, which has been recognized as a safe food additive by the FDA, is also being widely used in the prevention and treatment of a variety of cancers, including preclinical studies in breast cancer, colorectal cancer, stomach cancer, liver cancer, esophageal cancer, lung cancer, brain cancer, and leukemia (Chen et al., 2016; Hesari et al., 2019; Hong et al., 2019; Wong et al., 2019; Guo P. et al., 2020; Angeline et al., 2020; Schmidt et al., 2020). Furthermore, CUR is also well known to downregulate P-gp, MRP-1, and other components that contribute to MDR (Abouzeid et al., 2014). It has been demonstrated that the growth inhibitory and cell death-inducing effects of CUR and its analogs are not reduced by drug resistance in breast cancer MCF-7 cells (Labbozzetta et al., 2009). Growing interest has been focused on CUR-mediated combination of drug delivery systems. Studies have shown that the combination of CUR and chemotherapy drugs like paclitaxel and doxorubicin may improve treatment efficacy (Wang et al., 2019; Zhao et al., 2019). However, despite the promise of its pharmacological capabilities, the therapeutic application of CUR is now constrained by its insolubility in water and low bioavailability. If CUR is simply combined with other anti-cancer drugs to work directly on cancer cells, it will not achieve its full effect.
Nanoparticle drug delivery methods, such as liposomes, micelles, and nanoproducts, have gained increasing interest over the past decades due to their numerous advantages (Wang et al., 2011; Ran et al., 2014; Li et al., 2020). Among these, liposomes are considered to be a powerful drug delivery system due to their structural versatility, biocompatibility, biodegradability, non-toxicity, and non-immunogenicity (Mathiyazhakan et al., 2018). Liposomes are phospholipid vesicles formed by one or more concentric lipid bilayers surrounding discrete aqueous cavities. The liposome system has the unique ability to trap lipophilic and hydrophilic compounds, allowing a variety of drugs to be encapsulated by these vesicles (Sercombe et al., 2015). The process of medication release from liposomes is the disintegration of the phospholipid bilayer, and pharmaceuticals encapsulated in liposomes can be simultaneously released to exhibit their effectiveness (Yu et al., 2009).
In this report, we designed a CUR and DTX co-delivery strategy with liposomes as nanocarriers to synergistically induce apoptosis in human breast cancer. We formulated CUR-DTX-L by the ethanol injection method, which enabled the co-delivery of DTX and CUR in a single system. CUR-DTX-L was characterized in terms of particle size and zeta potential, and the in vivo pharmacokinetics of this liposome was investigated. Moreover, in vitro and in vivo pharmacodynamic studies of CUR-DTX-L were performed to evaluate its efficacy for antitumor activity in MCF-7 cells. This system is expected to achieve the stable and controlled release and active targeting of DTX and CUR to liposomes, improve synergistic anticancer effects, and reduce toxicity (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic diagram of the assembly of CUR-DTX-L and its in vitro and in vivo efficacy tests. CUR-DTX-L was prepared by ethanol injection. The in vitro efficacy of CUR-DTX-L was investigated in the MCF-7 cell line, and its in vivo efficacy was investigated with an MCF-7 nude mouse model.
2 MATERIALS AND METHODS
2.1 Materials
Docetaxel (DTX), curcumin (CUR), and cholesterol (Chol) of analytical grade were acquired from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The supplier of egg phospholipid was A.V.T. (Shanghai) Pharmaceutical Co., Ltd. Merck was contacted to acquire methanol and acetonitrile of HPLC quality (Darmstadt, Germany). The remaining reagents were all of analytical grade.
2.2 Cells and animals
MCF-7 cells (Cell Bank of Shanghai Institute of Cell Biology, China) were cultured in DMEM supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco), 4 ml glutamine, 4,500 mg/L glucose, 100 units/ml penicillin, and 100 units/ml streptomycin at 37°C in a humidified 5% CO2 environment (Zhang et al., 2017).
Anhui Medical University’s Experimental Animal Center supplied 220 ± 20 g of 5-week-old Sprague–Dawley (SD) rats and BALB/c nude female mice that were in good health (Hefei, China). All animals were housed in vented cages at a controlled temperature of 24°C–26°C and relative humidity of 55%–65%, and they were permitted to consume regular feed and drink water ad libitum (Wu et al., 2016). All protocols involving experimental animals were performed in accordance with the guidelines evaluated and approved by the Institutional Animal Ethics Committee of Anhui Medical University (Hefei, China).
2.3 Preparation of liposomes
The CUR-DTX liposomes (CUR-DTX-L) were prepared by the ethanol injection method (Du and Deng, 2006; Vitor et al., 2017). Using single-factor experiments, the formulation process was optimized, and the optimization procedure is given as follows. Briefly, CUR (2 mg), DTX (4 mg), cholesterol (30 mg), and soybean phospholipid (120 mg) were dissolved in ethanol (3 ml) to generate the organic phase, and the mixed organic solution was deposited in a 55°C water bath. The solution was then rapidly injected into the agitated aqueous phase (20 ml of double-distilled water, 800 rpm). The aqueous phase was then agitated for 3 h at 55°C using an electric magnetic stirrer (DF-1 Electric Stirrer, JinTan, China) to produce a homogenous emulsion.
Single CUR-loaded liposomes (CUR-L) were prepared using the same procedure as CUR-DTX-L but without the addition of DTX to the organic phase. The amount of soybean phospholipid and cholesterol was changed to 130 mg and 20 mg, respectively.
Single DTX-loaded liposomes (DTX-L) were prepared using the same method as CUR-DTX-L but without the addition of CUR to the organic phase. The amount of soybean phospholipid and cholesterol was changed to 130 mg and 20 mg, respectively.
2.4 Encapsulation efficiency
The encapsulation efficiency (EE) was determined by measuring the unencapsulated drug concentration and total drug concentration by the high-performance liquid chromatography (HPLC) method (Wang et al., 2020). The unencapsulated DTX and CUR were separated from liposomes by size exclusion chromatography using a Sephadex G-50 column (1.5 cm × 20.0 cm) with distilled water as the eluent. Briefly, the isolated CUR-DTX-L, DTX-L, and CUR-L were dissolved in methanol and determined by HPLC. The EE% could be calculated as follows:
[image: image]
where WE refers to the weight of CUR/DTX encapsulated in liposomes and WT refers to the weight of the total CUR/DTX in the formulation.
2.5 Characterization of liposomes
Mean particle size, zeta potential, and polydispersity index (PDI) of the liposomes were measured by dynamic light scattering (DLS) using a Zetasizer Nano ZS90 Malvern particle size analyzer (Malvern, United Kingdom) after dilution with distilled water. The instrument was calibrated using standard latex liposomes. All particle size measurements were carried out after the liposomes were diluted 20-fold in distilled water. The zeta potential measurements of the prepared liposomes can be performed without dilution. The experimental data represented the mean of three distinct outcomes (Wu et al., 2020).
2.6 In vitro release of liposomes
In combination with the chemical properties of DTX and CUR, PBS (pH = 7.4) was selected as the release medium, and the solubility of DTX and CUR was enhanced by the addition of 0.5% Tween 80 to achieve the condition of tank leakage in order to observe the release characteristics of liposomes in vitro. In this experiment, samples containing 0.5 mg of drugs were placed in dialysis membrane bags (21 mm, MVCO 8000-14400 Da), tied, and submerged in a beaker containing 100 ml of the release medium at (37 ± 1)°C. Separate samples were taken at regular intervals, and an equal volume of the release medium was added to ensure sedimentation conditions. After passing the samples through a 0.22-μm filter membrane, the amount of DTX and CUR was determined using the HPLC technique (Ji et al., 2006).
2.7 Pharmacokinetic studies
In this investigation, male and female rats were randomly separated into six equal groups, and formulations were injected intravenously through the tail vein (n = 6 per group). Before administration, DTX-L, CUR-L, and CUR-DTX-L were freshly prepared. Each group was injected with free CUR, free DTX, free DTX-CUR, CUR-L, DTX-L, and CUR-DTX-L, and the CUR and DTX doses were 1.0 mg/kg and 2.0 mg/kg, respectively. Approximately, 0.3 ml of blood was taken in heparinized microcentrifuge tubes via the retro-orbital under isoflurane anesthesia immediately following a pre-determined post-injection time point (3, 10, 30, 60, 120, 240, 360, 480, 600, and 720 min). After the blood samples were centrifuged at 3,000 rpm for 10 min, plasma (150 L) was extracted and kept at −20°C until further HPLC analysis (Sun et al., 2018). The pharmacokinetic parameters of DTX and CUR were estimated using the software program DAS 2.0 (Shanghai Bojin Medical Technology Co., Ltd., Shanghai, China).
2.8 Cell viability assays
To examine cell viability, the Cell Counting Kit-8 (CCK-8) approach was chosen (Zhang et al., 2020). MCF-7 breast cancer cells were cultured at a density of 5,000 cells per well in 96-well plates and cultured at 37°C in a humidified room with 5% CO2. After 24 h of culture, DTX-CUR-L, DTX-L, CUR-L, free DTX, and free CUR were applied to the adherent cells. Due to its limited water solubility, DMSO dissolves free DTX and CUR rapidly (final concentration of DMSO in medium ≤ 0.1%). The concentration gradients of DTX given to adherent cells were 25, 50, 75, 100, 120, 150, and 200 g/ml. The respective concentration gradients of CUR were 12.5, 25, 37.5, 50, 60, 75, and 100 g/ml. After 24 h of incubation at 37°C and 5% CO2, the culture media were withdrawn from each well, and the cells were washed twice with PBS. Each well received 10 μl of CCK-8 solution (it should be noted not to develop air bubbles during the addition process), and the culture plate was incubated for an additional hour. At 490 nm, absorbance values were measured using an enzyme-linked immunosorbent assay reader (BioTek elx800 microplate reader, United States). Cell viability was calculated as the percentage of absorbance in the wells of treated cells relative to that of untreated cells. Assuming 100% survival of untreated cells, the percentage of viable cells can be calculated (Tian et al., 2018). In this study, all treatments were evaluated in triplicate, and the results are expressed as the mean standard deviation. The sample’s half-maximal inhibitory concentration (IC50) value was calculated.
2.9 In vivo antitumor study
2.9.1 Modeling and administration
MCF-7 cells were grown in DMEM media supplemented with 10% fetal bovine serum (FBS). When the cells reached the exponential growth phase, they are digested with 0.25% trypsin and spun at 1,200 rpm for 5 min. The serum from the cell precipitation was removed by rinsing it twice with PBS and resuspending the cells in PBS. Cells were counted under a microscope and diluted to 1×107 cells/ml. Afterward, 106 MCF-7 cells were implanted into the mammary fat pad close to the left axilla (Wang et al., 2015). After 10 days, the tumor-bearing mice were randomly divided into seven groups of three mice each: the saline group, CUR group, DTX group, CUR/DTX group, CUR-L group, DTX-L group, and CUR-DTX-L group. The groups received tail vein injections of corresponding medicines every third day four times, and the CUR and DTX doses were 0.1 mg/kg and 0.2 mg/kg, respectively. During therapy, each mouse was weighed, and the highest (D) and minimum 4) tumor diameters were measured with a caliper every other day. After the final injection, the mice were watched for a total of two treatment cycles. On day 14, all animals were sacrificed by cervical dislocation. Tumors and organs were removed, weighed, photographed, and then preserved in paraformaldehyde at 4% for subsequent studies.
2.9.2 The analysis of tumor growth inhibition and weight
Using a caliper, the maximum (D) and minimum (d) diameters of the tumors were determined. The volume (V) of the tumor was computed using the formula: V = Dd2/2 (Gao et al., 2013). The tumor growth inhibition curves for the different groups are depicted using time as the horizontal axis and tumor volume as the vertical axis. Photographs of excised mouse tumors can directly indicate the efficacy of the drug. The weight of the tumor is a statistical measure of anticancer activity. Taking the tumor weight as the ordinate and the number of experimental groups as the abscissa, the differences in tumor weight between the groups were examined. According to the equation,
[image: image]
the tumor inhibition rate of each prescription drug was calculated, and its antitumor efficacy was evaluated.
2.9.3 Histological examination and analysis
After washing the removed tumor with normal saline, it was fixed with 4% paraformaldehyde for more than 24 h, embedded in paraffin, stained with hematoxylin and eosin (H and E), and observed and examined at ×200 magnification using a microscope (He et al., 2010). The apoptosis of tumor cells was assessed by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) stain labeling. The counterstain utilized was diaminobenzidine (DAB). In the TUNEL experiment, the apoptotic cell nuclei were stained brown. Tissue samples were routinely fixed with 4% paraformaldehyde, embedded in paraffin, stained with TUNEL, and sectioned (Nassir et al., 2019). Under a microscope, the sections were examined and photographed. The positive expression rates of apoptotic cells in the images of each group were compared.
2.10 Assessment of toxicity in MCF-7 tumor-bearing nude mice
Safety is mostly determined by observing the weight change of mice with tumors and the toxicity of drug-loaded micelles on the organs of mice by HE staining. The weight change curve is obtained by weighing and recording the weight of shaved mice every 2 days, and then, the time–weight curve is plotted. After removing the mouse’s heart, liver, spleen, lung, and kidney, the removed organs were washed with normal saline, fixed with 4% paraformaldehyde, embedded in paraffin, stained with HE, and examined and studied at ×200 magnification using a microscope.
2.11 Statistical analysis
All data are provided as the mean ± SD. T-tests were used to compare two groups, while one-way analyses of variance (ANOVA) were utilized to compare multiple groups. p-values of 0.05 were statistically significant. Using SPSS 18.0 software, statistical analysis was performed.
3 RESULTS
3.1 Characterization of liposomes
The properties of the drugs encapsulated in liposomes were analyzed. In this study, a nanoscale drug delivery system was used to encapsulate DTX and CUR, both of which are poorly water-soluble anticancer drugs (Frank et al., 2019). Drugs with strong lipid solubility and water solubility are typically loaded passively into liposomes. The injection method and thin-film ultrasonic dispersion method are the primary preparation methods. According to preliminary experiments, although the thin-film dispersion method could complete the preparation of liposomes in a short amount of time, the system was cloudy, the particle size distribution was uneven, the stability was poor, and the amount of residual organic solvents exceeded the standard. Injection-prepared liposomes with a high EE percentage, tiny particle size, uniform dispersion, and good stability met the parameters for liposome preparation. According to Table 1, the EE values of CUR-DTX-L, DTX-L, and CUR-L synthesized using this approach were 98.32 ± 2.37%, 95.63 ± 3.65%, and 92.78 ± 3.07%, respectively.
TABLE 1 | Characterization of different formulations (n = 3).
[image: Table 1]The mean particle size and PDI of liposomes have a substantial influence on the EE percentage, stability, half-life in vivo, and targeted selectivity. Consequently, determining the average particle size is crucial for assessing the quality of liposomes. PDI is an index for determining particle size distribution uniformity (Guo D. et al., 2020). The lower the PDI number, the more homogeneous the particle size distribution will be. The average particle size of DTX-CUR-L, DTX-L, and CUR-L, as shown in Table 1, is 208.53 ± 6.82 nm, 239.32 ± 4.95 nm, and 212.95 ± 4.57 nm, respectively. The combination of DTX-L and CUR-L did not significantly alter the dimensions of either material. Moreover, the formulations showed PDI values of approximately 0.055 ± 0.001, 0.134 ± 0.005, and 0.200 ± 0.012, indicating that the particle size distribution in these three formulations is narrow and the particle size is relatively uniform.
The zeta potential formed by the double electric layer on the liposome particle’s surface is an additional essential component influencing its stability and action in vivo. It is generally believed that the bigger the absolute value of the zeta potential, the greater will be the electrostatic repulsion force between liposome particles, which can prevent the agglomeration and sedimentation of each particle in the dispersion system, and the physical stability is good (Alvebratt et al., 2020). Table 1 shows that all liposomes are negatively charged (−23.1 ± 2.1 mV for CUR-DTX-L, −20.5 ± 1.8 mV for DTX-L, and −19.4 ± 1.8 mV for CUR-L), indicating that the repulsive force prevents particles from aggregating, resulting in greater stability.
3.2 In vitro release kinetics
Due to the preliminary laboratory foundation, this experiment followed the preliminary experiment in the selection of a preparation method and the research of fundamental prescription, and on this basis, liposomes with a relatively high encapsulation rate and stability were obtained (Yu et al., 2017). The rate of drug release from the liposome is proportional to its permeability. In vitro release study circumstances can be utilized to imitate the physiological environment in the body, and the permeability and release rate of the medication can be initially understood, providing a firm foundation for future pharmacokinetics research. In PBS (pH = 7.4) without an additional surfactant, the solubility of DTX and CUR is exceedingly low, and it is challenging to achieve sink conditions. In this experiment, therefore, PBS containing 0.5% Tween 80 was selected as the release medium.
We studied the rate of DTX and CUR release from liposomes and free drug solutions for up to 48 h in order to determine the release profile of the formulations and free medication. Figure 2 shows that liposomes have a slow-release feature. The results revealed that, compared to the free DTX and CUR solution, liposome preparations can delay the release of DTX and CUR in vitro and retain higher concentrations for a longer period of time. As shown in Figure 2A, nearly 100% of the free DTX was measured within the first 24 h; however, only 59.27% DTX and 68.74% DTX were released from DTX-L and CUR-DTX-L, respectively. Figure 2B shows that almost all of the free CUR are measured within the first 12 h, whereas CUR in the formulation is not completely released until 48 h. Moreover, compared with the rapid release of the free drug group, in vitro release studies have shown that liposome formulations exhibit slow drug release characteristics without initial bursts, which may be due to the fact that affinity of the drug held by small fragments of the liposome membrane lipid properties, as well as drugs encapsulated in lipid membranes, is mainly released by dissolution and diffusion of the lipid bilayer (Cheng et al., 2019). In addition, the encapsulation of liposomes changed the in vitro release rate of DTX and CUR, suggesting the possibility of the sustained release of the preparation in vivo, and this sustained-release mode may be beneficial in that the drug is not released during normal vascular circulation, and most of the embedded drugs can be delivered directly to the tumor site.
[image: Figure 2]FIGURE 2 | (A) Release profiles of DTX from DTX, DTX-L, and CUR-DTX-L in PBS (pH 7.4) at 37°C (n = 6). (B) Release profiles of CUR from CUR, CUR-L, and CUR-DTX-L in PBS (pH 7.4) at 37°C (n = 6).
3.3 Pharmacokinetic studies
Pharmacokinetics is mainly a quantitative study of the process (absorption, distribution, metabolism, and excretion) of drugs in the body and uses mathematical principles and methods to elaborate the dynamic laws of drugs in the body (Cheng et al., 2019). In this work, rats were given intraperitoneal dosages of 2.0 mg/kg (DTX) and 1.0 mg/kg (CUR). In vivo pharmacokinetic investigations were performed on CUR-L, DTX-L, and CUR-DTX-L, with free DTX and free CUR solutions serving as controls. The principal pharmacokinetic characteristics of the experiment are given in Tables 2, 3, and the plasma drug concentration–time curves are shown in Figure 3. As shown in Table 2, it can be clearly observed that compared to free DTX, the DTX-L and CUR-DTX-L formulations exhibit significantly higher T1/2 (106.6 ± 12.2, 188.1 ± 25.1, and 214.8 ± 24 min, respectively), AUC (1750.7 ± 159.3, 4565.1 ± 335.1, and 5050.9 ± 401 min·μg/ml, respectively), and MRT (147.2 ± 5.0, 287.4 ± 19.5, and 322.5 ± 17.0 min, respectively), which indicated that the DTX-L and CUR-DTX-L formulations can significantly improve the relative bioavailability of DTX. Similar results were observed with CUR (Table 3), where the main pharmacokinetic parameters were significantly increased in formulation groups compared to free CUR. In addition, the pharmacokinetic characteristics and concentration–time curves of DTX and CUR indicate that CUR-DTX-L had superior pharmacokinetic performance in rats than DTX-L or CUR-L. This may be due to the interaction between CUR and DTX in rats, resulting in a delayed metabolism of both compounds in vivo (Rao et al., 2020). In addition, the longer circulation period of liposomes could limit the absorption of proteins and the uptake of RES, hence preventing the nanoparticles from being rapidly eliminated (Sun et al., 2017).
TABLE 2 | Pharmacokinetic parameters of CUR in formulations and free drugs (n = 6).
[image: Table 2]TABLE 3 | Pharmacokinetic parameters of DTX in formulations and free drugs (n = 6).
[image: Table 3][image: Figure 3]FIGURE 3 | (A) Plasma concentrations vs. time curves of DTX in SD rats after intravenous injection of DTX, DTX-L, and CUR-DTX-L (n = 6). (B) Plasma concentrations vs. time curves of CUR in SD rats after intravenous injection of CUR, CUR-L, and CUR-DTX-L (n = 6).
3.4 In vitro cytotoxicity studies
CCK-8 assay was used to investigate the in vitro cytotoxicity of CUR-DTX-L, DTX-L, CUR-L, and free medicines on MCF-7 cells. Figure 4 shows the cell viability curves, from which it can be seen that free DTX and drug-loaded formulations inhibited cell proliferation dose-dependently in both cell types. In drug-loaded formulations, the vitality of MCF-7 cells was much lower than that of free DTX. After 24 h of incubation, seven distinct drug concentrations (DTX: 25, 50, 75, 100, 120, 150, and 200 g/ml; CUR: 12.5, 25, 37.5, 50, 60, 75, and 100 g/ml) exhibited significant differences in cell viability when compared to free drugs. In addition, the results demonstrated that CUR-DTX-L inhibited the proliferation of MCF-7 cells more effectively than DTX-L. The IC50 data (Table 4) demonstrated that CUR-DTX-L has the highest cytotoxicity compared to the other groups. On the one hand, liposomes can enhance the toxicity of medications, and on the other hand, CUR can reverse cell resistance and enhance the cytotoxicity of the treatment (Rejinold et al., 2018). Therefore, CUR-DTX-L may provide a novel insight into breast cancer treatment and palliation.
[image: Figure 4]FIGURE 4 | (A) MCF-7 cell viability vs. CUR concentration of CUR, CUR-L, and CUR-DTX-L (n = 3). (B) MCF-7 cell viability vs. DTX concentration of DTX, DTX-L, and CUR-DTX-L (n = 3).
TABLE 4 | IC50 values of formulations and free drugs in MCF-7 cells measured by the CCK-8 assay (n = 3).
[image: Table 4]The IC50 values of various formulations are summarized in Table 4. It is obvious that CUR-DTX-L showed lower IC50 values (for DTX: 45.71 ± 3.15 μg/ml and for CUR: 22.86 ± 1.58 μg/ml) than DTX-L (57.81 ± 4.06 μg/ml), CUR-L (36.24 ± 3.16 μg/ml), and free drugs (for DTX: 125.03 ± 5.27 μg/ml and for CUR: 53.26 ± 4.22 μg/ml). These results indicate that CUR enhances DTX-mediated apoptosis in MCF-7 cells.
3.5 In vivo pharmacodynamic studies
3.5.1 Assessment of efficacy in MCF-7 tumor-bearing nude mice
The anticancer efficacy of CUR-DTX-L was investigated using MCF-7 tumor-bearing nude mice, which can simulate human breast cancer’s proliferation and spread (Salem et al., 2020). As shown in Figure 5, the mean tumor volume in the saline-treated group increased more than 10-fold during the experiment. The results demonstrated that the tumor volume of mice treated with CUR was not significantly reduced compared to the saline group, whereas the tumor volume of mice treated with DTX was marginally reduced (Figures 5A,B). However, CUR-L, DTX-L, CUR-DTX, and CUR-DTX-L exhibit substantial antitumor actions and inhibit tumor growth significantly. Among them, the tumor volume and tumor weight of the CUR-DTX-L group were less than those treated with other medications (Figure 5C), and in Table 5, the IRT of the CUR-DTX-L group was the most significant at 66.23%, indicating that CUR-DTX-L inhibits tumor growth efficiently. Importantly, no substantial weight loss was detected in mice treated with CUR-DTX-L after the ninth day, in contrast to animals treated with other groups (Figure 5D), suggesting that CUR-DTX-L can mitigate the negative effects of CUR-L and DTX-L.
[image: Figure 5]FIGURE 5 | In vivo antitumor effect of tumor-bearing mice treated with saline, CUR, DTX, CUR-L, DTX-L, CUR-DTX, and CUR-DTX-L; *p < 0.05, **p < 0.01, and n = 3. (A) Tumor images of the different groups; (B) tumor volume curves; (C) weight of excised tumor tissues; (D) body weight changes of different groups during the whole therapy.
TABLE 5 | Anti-tumor efficacy of tumor-bearing mice with saline, CUR, DTX, CUR-L, DTX-L, CUR-DTX, and CUR-DTX-L treatment (n = 3).
[image: Table 5]3.5.2 Histological examination and analysis
At the histology level, the anticancer effect of liposomes was studied using pathological sections. The top row in Figure 6 shows HE-stained tumor tissue from all seven groups. The treated group displayed a degree of necrosis. In the CUR-DTX-L group, tumor necrosis was the most severe. In contrast to the saline group, tumor necrosis was indicated by a lighter color in the other treatment groups. TUNEL staining revealed substantial differences as well. Rarely, tumors in the saline group exhibited immunoreactivity (brown). The single-drug-free group demonstrated incomplete positive spots (Shaik et al., 2004). Positive spots were observed in the CUR-DTX, CUR-L, and DTX-L groups. In contrast, the CUR-DTX-L group displayed several positive puncta in the form of dots. The cell death in tumor tissues can be efficiently reflected by TUNEL labeling. These results revealed that therapy with CUR-DTX-L could limit the growth of the tumor in a synergistic manner (Cai et al., 2021), which was consistent with the CCK-8 results.
[image: Figure 6]FIGURE 6 | HE analysis and TUNEL immunohistochemical staining of tumor tissues (magnification ×200).
3.6 Assessment of toxicity in nude mice
The safety test was evaluated by HE staining of vital organs including the heart, liver, spleen, lung, and kidney, as shown in Figure 7. After treatment, there were only a few inflammatory cells infiltrated in the pulmonary alveoli, and interstation in DTX groups was consistent with previously reported results (Abbasi et al., 2015), with even attenuation in the combination treatment group. In addition, regardless of the control group, monotherapy group, or combination therapy group, there were no notable pathological alterations in other organs. HE staining demonstrated that CUR-DTX-L caused the most damage to tumor tissue, and no damage to the heart, liver, spleen, lung, or kidney was observed. In addition, Figure 5D shows that after 9 days, nude mice in the CUR-DTX-L group did not experience any substantial weight loss, in stark contrast to the weight loss reported in the other treatment groups. Consequently, CUR-DTX-L not only significantly enhanced the antitumor effect but also reduced their exposure in non-targeted tissues, therefore diminishing the overall toxicity in vivo.
[image: Figure 7]FIGURE 7 | H and E staining images of the heart, liver, spleen, lung, liver, and kidney (magnification ×200).
4 DISCUSSION
The combination of chemotherapy has been broadly studied in recent years, and combination therapy shows great potential in enhancing the antitumor efficiency, especially in MDR (Assaraf et al., 2019; Xu et al., 2019). Furthermore, because chemotherapeutic drugs are usually non-specific small molecules that have poor pharmacokinetics, they are only distributed in a non-targeted manner throughout the body, resulting in their reduced effectiveness at the actual target site. Therefore, the development of a delivery system that modifies the in vivo distribution of chemotherapeutic drugs enhances their deposition at the tumor site and reduces their side effects, which is a requirement for cancer-specific therapy (Wang et al., 2019).
In this work, DTX and CUR were co-encapsulated and delivered by the liposomes for the treatment of breast cancer. The physicochemical properties showed that the liposomes have the ideal size and zeta potential, which provided the benign passive accumulation of liposomes in the tumor site. Furthermore, for an ideal drug delivery system, the speed of drug release is critical. Over 95% of DTX was released from the free DTX group in 10 h and about 60% of DTX was released from the DTX-L and DTX-CUR-L groups after using a dialysis system after 48 h; although DTX cannot be dissolved in the water, about 60% of DTX in the liposomes was released after 48 h, indicating that DTX could diffuse through the dialysis membrane. This may be due to the crystallization of free DTX as the phase separates inside the liposomes and leads to the sustained release, and this kind of release could reduce the damage of organs responsible for the drug and lessen side effects (Pawar et al., 2018). In addition, the pharmacokinetics assays demonstrated that free DTX was rapidly metabolized and cleared in vivo, and the liposomes provided a foundation for long-term therapy of breast cancer and retention of drugs. The pharmacokinetic parameters of T1/2, AUC, and MRT also laid the groundwork for the accumulation and retention of drugs in vivo (He et al., 2019). These results are also consistent with those of other studies on DTX or co-delivery systems (Bowerman et al., 2017; Wang et al., 2019), which indicated that liposomes attenuated the rapid phagocytosis of the bloodstream by macrophages and prolonged the retention time of DTX and CUR in the body circulation.
The results of the CCK-8 assay showed that the liposomes could achieve better inhibition of cell growth in MCF-7 cells in vitro than the two free drugs alone and the liposomes encapsulated with CUR and DTX. Moreover, in order to assess the efficacy of CUR-DTX-L in vivo, we investigated the efficacy of the liposomes in MCF-7 breast cancer model nude mice. As shown in Figures 4, 5, the combination of CUR and DTX resulted in stronger anticancer efficacy than the two drugs alone. The results of the synergistic study of CUR with DTX were similar to those of previous reports (Hu et al., 2020; Tanaudommongkon et al., 2020), which may be attributed to the reversal of the MDR effect of DTX by CUR. At the same time, co-delivery allows for a reduced number of carriers with synergistic effects and relatively easy preparation compared to the respective encapsulated CUR and DTX. The synergistic anti-tumor effect of CUR in combination with DTX has been documented through the reversal of MDR by CUR [(Hu et al., 2020), (Sahu et al., 2016)]. But further studies are still needed to confirm whether CUR in CUR-DTX-L exerts synergistic anti-tumor effects by reversing MDR and, if so, what the mechanism for reversing MDR is.
Any drug has a dual nature, being both beneficial and detrimental to the body. To investigate whether CUR-DTX-L has an effect on normal organs, the differences in body weight and HE staining between tissues were used to evaluate the side effect. The results showed that the mice treated with DTX-CUR-L had no significant pathological changes, indicating that DTX-CUR-L not only has better anti-tumor effects but also has lower side effects. These results could further confirm the reduced toxicity and enhanced efficiency effects of liposomes.
5 CONCLUSION
In this study, nanosized liposomes called CUR-DTX-L were created for the simultaneous administration of DTX and CUR to breast cancer. The preparation method is straightforward and reproducible. Systematically, the particle size, PDI, and EE were evaluated.
Then, we evaluated the in vitro and in vivo behaviors of CUR-DTX-L. DTX and CUR were able to sustain release from liposomes compared to free drugs, and in vivo investigations revealed that liposomes may lengthen the drug’s retention period. The in vivo trial confirmed that the sustained release of medicine not only reduces side effects but also increases the drug’s anticancer activity. CCK-8 experiments demonstrated that CUR-DTX-L was able to reverse MDR and improve DTX-induced cytotoxicity and apoptosis. In the mice of the MCF-7 tumor model, CUR-DTX-L generated much larger tumor volume reductions and less systemic toxicity than other groups. On the other hand, CUR could reverse the drug resistance of DTX, and the liposomes may enhance the therapeutic efficacy of combination medications. Therefore, we believe that CUR-DTX-L can be a potential treatment for breast cancer.
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2. Increased cytidine deaminase (CDA)

expression

1. Down-regulation of ALKBHS Increased resistance to gemditabine

2. Regulation of Wnt inhibitory factor 1 and
Wt pathway
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Dixon et al. (2014)
Yang et al. (2014)
Larraufie et al. (2015)
Hu et al. (2020)

Yang et al. (2014)
Cramer et al. (2017)
Li Yang et al. (2020)
Shimada et al. (2016)
Yang Liu et al. (2021b)
Gaschler et al. (2018)
Vuckovi¢ et al. (2020)
Eaton et al. (2020)
Shin et al. (2018)
Eaton et al. (2020)
Eaton et al. (2020)
Stockwell and Jiang, (2020)
Li et al. (2019)

Abbreviation. SLC7A11, Solute Carrier Family 7 Member 11; GSH, glutathione; GPX4, glutathione peroxidase 4; PE, piperazine erastin; IKE, imidazole ketone Erastin; A%¥m, mitochondrial

ficaloens oleatiah

GCL, glutamate cysteine ligase; BSO, butl

dine sullimsde: PAPT, palladinin sysithions comiles: RELA, RAS. salective Jethal small molicale 3.
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Compounds
Bufotalin
Sanguinarine

Sinapine

Solasonine

Ophiopogonin B

Red ginseng polysaccharide
Atractylodin

Heteronemin

Alloimperatorin
Tetrandrine citrate

Dihydroisotanshinone

Saponin formosanin C
Lycium barbarum
polysaccharide

6-Thioguanine

Tanshinone 1A

Jiyuan oridonin A
derivative a2
Talaroconvolutin A

Resibufogenin
Drugs
Orlistat

Ketamine

Sulfasalazine

Metformin

Actinidia chinensis Planch

Cisplatin

Mechanism

inhibit the expression of GPX4; facilitate the ubiquitination and
degradation of GPX4

Decrease the protein stability of GPX4 through E3 ligase STUBI-
mediated ubiquitination and degradation of endogenous GPX4

Increase intracellular Fe®", lipid peroxidation, and ROS; upregulate
transferrin and transferrin receptor; downregulate the SLC7AI1 in a
P53 dependent way

Suppress the expression of SLC711 and GPX4; affects mitochondrial
function

reduce the expression of GPX4 and SLC7A11

suppress the expression of GPX4

inhibit the expression of GPX4 and FTL proteins, and upregulate the
expression of ACSL4 and TERI proteins

reduce the expression of GPX4

promote the accumulation of Fe**, ROS and MDA, and reduce mRNA
and protein expression levels of SLC7A11 and GPX4

suppress GPX4 expression and activate NCOA4-mediated
ferritinophagy

repress the protein expression of GPX4

Inhibit SLC7A11 and GPX4
Inhibit SLC7A11 and GPX4
inactivate System X", block the generation of GSH, downregulate the

expression of GPX4, increase the level of lipid ROS
upregulate p53 expression and downregulate SLC7A11 expression

Decrease GPX4 expression
Increase ROS, downregulate SLC7A11 and upregulate arachidonate

lipoxygenase 3
Inactive GPX4

reduce the expression of GPX4 and induce lipid peroxidation

Decrease the expression of GPX4

Increase ROS and decrease GPX4 and System X,

reduce the protein stability of SLC7A11 by inhibiting its UFMylation
process; downregulate GPX4 by targeting the miR-324-3p/GPX4 axis

inhibit the GPx4 and SLC7A11 proteins
Reduce GSH and inactive GPX4

Cancer Cell Lines

A549
A549 and H3122

A549, SK, H661 and H460
Calu-1 and A549

HepG2 and HepRG.

PANC-1 and CFPAC-1
AGS and NCI-N87

A549 and MDA-MB-231
Huh7 and Heem

HA22T and HAS9T
MCF-10A, MDA-MB-231 and MCF-7

MCF7 and MDA-MB-231

MCEF-7 and MDA-MB-231
MDA-MB-231 and MCF-7

MDA-MB-231 and MCF-7

MGC-803 and AGS

BGC-823, NCI-H87 and BGC-823

HCT116, SW480, and SW620

HT29 and SW480

H1299 and A549

HepG2 and Huh7 MCF-7 and T47D

MDA-MB-231 and T47D cells

MCE-7, T47D, HCC 1937, Beap37, NHFB
and HBL-100 MDA-MB-231

HGC-27
A549 and HCT116
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Liyi Zhang et al.
(2022)
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Guan-Nan He et al.
(2021)

Chang et al. (2021)

Liyi Zhang et al.
(2022)
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(2022)
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(2022)
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Ying Liu et al. (2021)

Xia et al. (2020)
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Wenjing Zhou et al.
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Nanoparticles

mPEG-b-P (DPA-
r-GC)

AMSNs/DOX

MMSNs@SO

FaPEG-
MnMSN@SFB

MIL-101(Fe)@sor

AAAF@Cur

RSL3@02-ICG NBs

Erastin@FA-exo

CSO-55-Cy7-Hex/
SPION/Stfn

CSO-BHQ-IR780-
Hex/MIONPs/Sor

SRF@HDb-Ce6

FPBC@SN

HMTBF

Cu-TCPP(Fe) MOF

CDC@SRF

Loaded
Drugs

RSL3

Doxorubicin

Sorafenib

sorafenib

sorafenib

Curcumin

RSL3

Erastin

sorafenib

sorafenib

sorafenib

sorafenib and
NLG919

Bleomycin
and ML210

RSL3

sorafenib

Delivery Systems

intracellular-acidity-ionizable
poly (ethylene glycol)-block-
poly (2- (diisopropylamino)
ethyl methacrylate) diblock
copolymer and acid-liable
phenylboronate ester dynamic
covalent bonds

biocompatible arginine-rich
manganese silicate
nanobubbles

manganese doped mesoporous
silica nanoparticles

manganese doped silica
nanoparticle modified with
folate grafted PEG

Fe-metal organic framework
[MIL-101 (Fe)]

the hydrophilic end astragalus
polysaccharides connect the
ferrocene with azobenzene
linker to construct the
amphiphilic a hypoxia-
responsive liver targeting
carrier material AA/ASP-
AZO-Fc (AAAF)

a 2-in-1 nanoplatform
connected with nanobubbles
(NBs) and sonosensitizer
Indocyanine green

exosomes labeled with folate

Mitochondrial membrane
anchored oxidation/reduction
response and Fenton-
Reaction-Accelerable
‘magnetic nanophotosensitizer
complex self-assemblies

Black Hole Quencher-cyanine
conjugates based fluorescence
“off-on” NIR
nanophotosensitizer self-
assembly chitosan with loaded
magnetic iron oxide
nanoparticles

a 2-in-1 nanoplatform
connected with hemoglobin,
the photosensitizer chlorin

¢6 and the amphiphilic matrix
metalloproteinases 2-
responsive peptide

The benzimidazole-
cyclodextrin-switch-
containing polymer vehicle

the metal-phenolic network
formed by tannic acid,
bleomycin, and Fe* with
GPX4 inhibitor (MI210)
loaded hollow mesoporous
Prussian blue (HMPB)
nanocubes

Cu-tetra(4-carboxyphenyl)
porphyrin chloride metal
organic framework-based
nanosystem modified with
polyethylene glycol and iRGD

lipid-like dimersomes
fabricated by cinnamaldehyde
dimers

Mechanism of
Drug Release

At neutral pH of 7.4, the
nanoparticles can stably
encapsulate RSL-3 inside the
hydrophobic PDPA core via
-t stacking interaction with
the phenylboronate ester
groups; pH = 5.8-6.2,

RSL3 release through acid-
triggered cleavage of the
phenylboronate ester
dynamic covalent bonds and
protonation of the
hydrophabic core

The positively charged drug
binds to the negatively
charged nanocarrier by
electrostatic interaction, while
the N atoms in the drug bind
to the Mn atoms in the carrier
by covalent bonding, At high
GSH concentrations and low
PH values, drug release is
accelerated

Manganese-oxidation bonds
of nanocarrier could break in
high GSH concentration, on-
demand drug release is
achieved due to the
degradation of nanocarriers

-Mn-O- bond in nanocarrier
is sensitive to acidic and
reductive environments and
GSH can reduce the -Mn-O-
bonds to Mn*"

sorafenib gradually release in
a time- and pH-dependent
manner without an obvious
burst-release effect. Drug
release reached
approximately 35% at

PH 5.5 and only 10% at

pH 7.4 after 60 h

‘The azobenzene linker can be
easily broken relying on the
reduction reaction in a low
oxygen environment, and
then triggers the release of the
drug

NBs could be used as
cavitation nuclei, which may
expand, compress and
destroy under ultrasound
stimulation. In cavitation,
destruction generates
microjets that create shear
stress on cells and leads to
reversible pore formation in
the cell membranes, which
could enhance cell membrane
permeability transiently
without deterring the cell
viability and promote the
drug into cells

Exosomes interact with
cellular membranes and
deliver drugs to cells

The nano-device enrich the
tumor sites by magnetic
targeting of enhanced
permeability and retention
effects, which were
disassembled by the redox
response under high levels of
ROS and GSH in ferroptosis
therapy cells.
Superparamagnetic iron
oxide nanoparticles released
Fe** and Fe in the acidic
environment of lysosomes,
and the NIR photosensitizer
Cy7-Hex anchored to the
mitochondrial membrane,
combined sorafenib leading
to lipid peroxidation burst

Black Hole Quencher and
IR780 are covalent binding
via an ether bond, which is
reduced by GSH.
Subsequently, the IR780-Hex
anchored the mitochondrial
membrane nanoparticles and
produce a large amount of
ROS under a near-infrared
laser. magnetic iron oxide
nanoparticles release Fe®*
under an acid environment

Drug release is generally
caused by matrix
metalloproteinases 2-
triggered cleavage,
degradation, and/or
dissociation of the
nanomaterials

In weakly acidic solutions
suchas tumor cells,
protonated benzimidazole
was transferred from
hydrophobicity to
hydrophilicity, and escaped
from benzimidazole
chambers to lead to
nanoparticles disassembly

The nanoparticles degrade
intracellularly to release drugs

The nanosheet system release
the supramolecular attached
RSL3 in the acidic lysosomes

After reaching the tumor, the
nanoparticles quickly
underwent breakage in the
cytosol owing to the
conjugation of hydrophilic
GSH on cinnamaldehyde
dimers by Michael addition,
which not only triggered the
drug release

Mechanism of
Action

Deplete system X.

Deplete GSH and inactive
GPX4; release Mn ions and
loaded drugs, resulting in
enhanced T1-weighted
magnetic resonance imaging
contrast

consume intracellular GSH
and inhibit system X,

consume intracellular GSH
and inhibit system X,

consume GSH, decrease
GPX4 levels, enhance lipid
peroxidation generation, and
simultancously supply iron
ions

inhibit GSH content

consume GSH, inhibit
GPX4 and cause ROS
accumulation

deplete GSH over generate
ROS, suppress expression of
GPX4 and upregulate
expression of cysteine
dioxygenase

deplete GSH over generate
ROS, suppress system X, and
enhance Fenton reaction

suppress the SLC7A11,
GPX4 system and lead to lipid
peroxidation burst

Reduce the expression of
SLC7A11 and SLC3A2;
downregulate GPX4

upregulate nuclear receptor
coactivator 4, promote
ferritinophagy, enhance
Fenton reaction and
immunotherapy, block
glutathione synthesis and
downregulate GPX4

Inactive GPX4, enhance
Fenton reaction and apoptosis

lead to the simultaneous
inhibition of the GPX4/GSH
and FSP1/

CoQI0H2 pathways

deplete intracellular GSH and
inhibit system X,

Cancer
Cell
Lines

B16-F10
and 4T1

Huh7 and L02

HepG2 and
102

L02, HUVEC,
HepG2,
A549 and 4T1

HepG2

HepG2

HepG2 and
Huh7

MDA-MB-231

4T1, MCF-7,
and MDA-
MB-231

4T1 and
MCE-7

4T1,
HepG2 and
A549

4T1

4Tl

4T1

4T1

Reference

Song et al.
(2021)

Wang et al.
(2018)

Tang et al.
(2019)

Tang et al
(2020)

Xianchuang
Liu et al
(2021)

Xue Liu et al.
(2022)

Yichi Chen
et al. (2022b)

Mengyu Yu
et al. (2019)

Sang et al.
(2019b)

Sang et al.
(20192)

Xu et al.
(2020)

Zuo et al.
(2021)

Lulu Zhou
et al. (2021)

Ke Li et al.
(2022)

Zhou et al.
(2022)
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1) PD-L1 expressionlevel ( -

2) TMB and MSI

Suitable predictors

Serum microRNAs: miR-1233-5p, miR-6885-5p, etc

3) Non-coding RNAs

4) Immune features 1) TAMs

- 2) TCR repertoire
Overcome resistance
to PD-1/PD-L1
Inhibitors

3) Distribution of immune cells

1) Chemotherapy Pembrolizumab plus 5-fluorouracil and cisplatin

2) Radiotherapy Pembrolizumab / tislelizumab plus chemoradiotherapy

Combine Strategy

3) Targeted therapy Camrelizumab plus apatinib

4) Other ICIs Durvalumab plus tremelimumab after chemoradiotherapy
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Aberrant PD-Llexpression

Aberrant neoantigen expression

Aberrant neoantigen presentation

Suppressive microenvironment

Common causes

JAK1/2-inactivating mutations
Down-regulation of PD-L1 expression
Methylation of PD-L1 promoter

low TMB, low MSI, MMR

Decreased expression of B2M
Loss of functional f2M

Immunosuppressive chemokines and cytokines
Immune cells: Tregs, TAMs, etc

EC specific

Alteration of c-Myc expression
PD-L1 expression altered by various microenvironment

MHC regulated by miRNAs
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1C50(uM) RF Cso(uM) 1Cs0(uM) RF
MCF-7  MCE-7/ADR A549  A549/DDP HepG2  HepG2/DDP

A011 3.79¢+ 535+ 141 4.59% 7.74% 1.69 407+ 829+ 204
0.13 0.42 0.35 0.32 0.25 0.04

ADR 0.61% 27.19+ 4457 0.21% 0.20+ 0.95 0.13% 4831 371.61
0.02 0.28 0.01 0.06 0.12 310

-:isplaiin 8.26+ 45.83 535 1155 72.67+ 6.29 1165+ 52,90+ 454
0.40 1.58 0.36 293 0.60 0.63

paclitaxel 0.75% 18.85% 2513 042+ 23.04% 54.86 0.55% 20.86% 37.92
0.03 045 0.05 0.92 0.09 043

Resistant Fold (RF)
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Group MCEF-7

MCEF-7/ADR

ICs0 (M)
ADR 061 +0.02
AO011 (1.25 pM)+ADR 055 +0.08
AO11 (2.5 uM)+ADR 048 +0.07
verapamil (5 uM)+ADR 053 +0.07
KO143 (5 uM)+ADR 051 +0.10
cisplatin 8.26 + 0.40
AO11 (1.25 pM)-+cisplatin 8.38 £ 0.56
AO11 (2.5 uM)+cisplatin 7.57 +0.39
verapamil (5 uM)+cisplatin 595 £ 0.55
KO143 (5 pM)+cisplatin 7.16 £ 0.29
paclitaxel 075 £ 0.026

AO11 (125 pM)+paclitaxel 070  0.01
AO11 (2.5 pM)+paclitaxel 059 +0.02
verapamil (5 uM)+paclitaxel  0.63 + 0.01
KO143 (5 pM)+paclitaxel 058 + 0.03

FR

1.00
L1l
127
L15
119
1.00
0.99
1.09
139
115
1.00
1.07
127
119
129

ICso(nM)

2719 028
2.89 + 040
118 £ 0.26
4.87 £ 0.61
1823 £ 1.20
4583 + 1.58
34.17 +2.57
1757 + 158
21.80 + 221
3542 + 386
18.85 + 045
411 £027
091 +0.13
1.79 + 045
221+022

FR

1.00
941
23047
558
149
1.00
134
261
210
129
1.00
459
2071
10.53
853

Reversal Fold (FR) = ICs sonotherapy/ICs0 Compinston thea
control group, *p < 0.05, **p < 0.01, vs. Verapamil group, *p < 001, vs. KO143 group.

. Verapamil as positive
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Group
Expression

UBA2
GLO1
STATH
TUFT

mRNA

up
up
down

up

Avs. C
miRNA related to mRNA

up
down
up
up.

Protein

up
up
down

up

mRNA

up
up
up
down

Bvs. C
miRNA related to mRNA

up
down
up
up

Protein

up
up
up
up

(up), overexpression in comparison with the control; (down), downregulation in comparison with the control; (A) ovarian cancer patients treated with surgery and chemotherapy; (B)
ovarian cancer patients treated with surgery; (C) control group.

UBA2, ubiquiti

ike modifier-activating enzyme 2; GLOI, glyoxalase I; STATH, statherin, TUFT1, tuftelin 1.
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Ca-125 vs.

HE4
mRNA

Protein

Ca-125 vs.

Chemotherapy resistance

Ca-125 vs.

Chemotherapy resistance
HE4 vs.

A n=36 (36.7)
mRNA

Protein

HE4 vs.

Chemotherapy resistance

HE4 vs.

Chemotherapy resistance

mRNA vs.

Protein

UBA2
GLO1
STATH
TUFT1
UBA2
GLO1
STATH
TUFT1

Bn=12 (12.2)
UBA2

GLO1

STATH

TUFT1

UBA2 [ng/mL]
GLOI [pg/mL]
STATH [pg/mL]
TUFT1 [pg/mL]

UBA2
GLO1
STATH
TUFT1

Total N=98 (100)

0.84 p<0.001
022 p=02
0.44 p=0.007
-0.07 p=0.71
051 p=0.001
0.76 p<0.0001
0.83 p<0.0001
-0.49 p<0.0001
0.8 p<0.0001
mRNA-UBA2
-0.08 p=0.75
-0.29 p=0.49
Protein-UBA2
047 p=0.05
034 p=0.42
Total N=98 (100)
C n=50 (51.0)
0,13 p=0,38
0,19 p=0,21
023 p=0,13
0,42 p=0,004
0,72 p<0.0001
0,74 p<0.0001
-0,52 p<0.0001
0,7 p<0.0001
MRNA-UBA2
-0.28 p=0.19
0.29 p=0.35
Protein-UBA2
0.14 p=0.53
-0.02 p=0.94
mRNA-UBA2 +
032 p=0.03
0.46 p<0.0001
-0.56 p<0.0001
0.57 p<0.0001

A n=36 (36.7)

045 p=0.02
0.1 p=0.61
0.03 p=0.89
0.03 p=0.89
0.13 p=0.54
029 p=0.14
-0.09 p=0.65
-0.26 p=0.2
-0.13 p=0.52
mRNA-GLOI1
-0.12 p=0.63
0.4 p=0.32
Protein -GLO1
027 p=0.28
-0.69 p=0.06
Test

-0,12 p=0,48
-0,14 p=0,43
0,34 p=0,04
0,24 p=0,15
0,09 p=0,58
-0,15 p=0,37
0,05 p=0,77
-0,08 p=0,65
MRNA-GLO1
-0.12 p=0.59
-0.29 p=0.35
Protein -GLO1
017 p=0.43
-0.14 p=0.66
mRNA-GLOI +
0.57 p<0.0001
0.61 p<0.0001
-0.58 p<0.0001
0.63 p<0.0001

Test

B n=12 (12.2)

0.72 p=0.02
0.19 p=0.6

0.15 p=0.68

049 p=0.15

044 p=0.2

0.07 p=0.85

0.76 p=0.01
-0.05 p=0.88

02 p=0.58
mRNA-STATH
0.3 p=023

0.69 p=0.06
Protein -STATH
-0.24 p=0.33
0.3 p=047

0,6 p=0,07
0,27 p=0,45
0,72 p=0,02

0,26 p=047

0,11 p=0,76

0,76 p=0,01

-0,08 p=0,83

021 p=0,56
MRNA-STATH
0.24 p=0.26

0.57 p=0.05
Protein STATH
-0.04 p=0.85
0.33 p=029
mRNA-STATH -
-0.35 p=0.01
-0.43 p=0.002
0.39 p=0.01

-0.14 p=0.35

(A) ovarian cancer patients treated with surgery and chemotherapy; (B) ovarian cancer patients treated with surgery; (C) control group.
UBA2, ubiquitin-like modifier-activating enzyme 2; GLOL, glyoxalase I; STATH, statherin, TYFT1, tuftelin 1.
The results of the analyses are presented as values of Spearman’s R coefficients together with the result of the significance test (p-value).

Control
C n=50 (51.0)

0.34 p=0.055
-021 p=022
021 p=022
-0.16 p=036
-0.0008 p=0.996
mRNA-TUFT1
-0.09 p=0.74
038 p=035
Protein -TUFT1
-0.37 p=0.13
0.17 p=0.69

Control

-0,08 p=0,65
0,04 p=0,79
-0,04 p=0,82
-0,24 p=0,15
MRNA-TUFT1
028 p=0.19
0.15 p=0.63
Protein TUFT1
-0.18 p=04
0.09 p=0.78
mRNA-TUFT1 +
0.42 p=0.003
0.5 p<0.0001
-0.49 p<0.0001
0.49 p<0.0001
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mRNA Primer sequence (Forward, reverse)

UBA2 Forward 5-AAAAAGGGTGTGACCGAGTG-3’
Reverse 5-GCATCTTCTTCCCCAAACAA-3’
GLOI Forward 5-GCGTAGTGTGTGACTCCT-3’
Reverse 5-TCACTCGTAGCATGGTCTGC-3
STATH Forward 5-TTTGCCTTCATCTTGGCTCT-3
Reverse 5-TGTGGTTGGTATGGTTTGG-3’
TUFTI Forward 5-TCAGTCATGGCAACTTCAGC-3’

Reverse 5-GGGACAGTCAGGAAGTCAA-3’

UBA2, ubiquitin-like modifier-activating enzyme 2; GLOI, glyoxalase I; STATH,
statherin; TUFT1, tuftelin 1; RT-qPCR, reverse-transcription-polymerase chain reaction.





OPS/images/fonc.2022.954008/table3.jpg
Group

CA-125

HE4

Indicators
Chemo-therapy resistance
Group A

p-value

Indicators

Total

p-value

Chemo-therapy resistance

Group A

p-value

Total N=98 (100)

5.3 (0.6-144.9)
72 (44-439)

Yes
No

Yes

Test

A n=36 (36.7) B n=12 (12.2)

320 (65-751.2)

439 (243-772.5)
Ca-125

563.8 (166.7-1545.2)
75.5 (27.5-320)

21.4 (7.9-79)
83.1 (61.9-302)

0.04"

Before menopause Menopause
0.9 (0.4-3) 79 (7-588.2)
p<0.0001"

50.6 (44-397)
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(A) ovarian cancer patients treated with surgery and chemotherapy; (B) ovarian cancer patients treated with surgery; (C) control group; ANOVA, analysis of variance
Measurable data are presented as mean + standard deviation or as median with quartiles (Q1-Q3) depending on the form of distribution; p-value for groups - significance level with U
Mann-Whitney'/Kruskal-Wallis® test; p-value in 2-factor analysis - significance level with Scheirer-Ray-Hare® test; * p < 0.05 determined by the post hoc test; p < 0.01 determined by the

post hoc test.
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(A) ovarian cancer patients treated with surgery and chemotherapy; (B) ovarian cancer patients treated with surgery; (C) control group; ANOVA, analysis of variance; RT-qPCR, reverse-

transcription-polymerase chain reaction

UBA2, ubiquitin-like modifier-activating enzyme 2; GLO1, glyoxalase I; STATH, statherin, TUFT1, tuftelin 1; (+), overexpression in comparison with the control; (-), downregulation in

comparison with the control group.

Measurable data are presented as mean + standard deviation and median with quartiles (Q1-Q3) depending on the form of distribution; p-value for groups - significance level with t-
Student'/U Mann Whitney? test; p-value in 2-factor analysis - significance level with Scheirer-Ray-Hare® test
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(A) ovarian cancer patients treated with surgery and chemotherapy; (B) ovarian cancer patients treated with surgery; (C) control group.
ELISA, enzyme-linked immunosorbent assay; UBA2, ubiquitin-like modifier-activating enzyme 2; GLO1, glyoxalase I; STATH, statherin, TUFT1, tuftelin 1

Measurable data are presented as mean + standard deviation or as median with quartiles (Q1-Q3) depending on the form of distribution; p-value for groups - significance level with
Student’s t-test'/U Mann-Whitney”/Kruskal-Wallis® test; p-value in 2-factor analysis - significance level with Scheirer-Ray-Hare" test; * p < 0.05 determined by the post hoc test; ** p < 0.01
determined by the post hoc test; *** p < 0.001 determined by the post hoc test.
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(A) ovarian cancer patients treated with surgery and chemotherapy; (B) ovarian cancer patients treated with surgery; (C) control group; BMI, body mass Index
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Measurable data are presented as mean + standard deviation or as media- with quartiles (Q1-Q3) depending on the form of distribution; p-value for groups - significance level with
ANOVA'/Kruskal-Wallis” test; p-value for repeated measures - significance level with Student’s t-test/ ANOVA* For repeated measures. Non-measurable data are presented a’ number and

percentage. p-value for groups -

onificance level with Chi-2°/Fisher’s exact test®; ** p < 0.01 determined by the post hoc test; *** p < 0.001 determined by the post hoc test.
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Potential values

Low levels of miR-138-5p, miR-182-5p, LINC01508 and circRNA_0000735 predict poor response to
chemotherapy.

High levels of miR-205-5p, IncRNA CHRF and exosomal circFoxpl predict poor response to
chemotherapy.

Low levels of miR-378a-3p, miR-513a-3p and LINC00515 predict poor prognosis.

High levels of miR-98-5p, IncRNA HOTAIR and circTNPO3 predict poor prognosis.

Low levels of miR-124-3p, IncRNA CASC2, hsa_circ_0000520 predict poor response to chemotherapy.

High levels of exosomal miR-223, IncRNA MALATI, circ_0026359 predict poor response to
chemotherapy.

Low levels of miR-34a and hsa_circ_0001546 predict poor prognosis.

High levels of miR-15a-5p, LncRNA EIF3]-DT and circ_0026359 predict poor prognosis.

Low expression level of miR-519d-3p correlates with a decreased responsiveness to gefitinib.

High level of exosomal miR-136-5p and IncRNA HOST2 predict poor response to chemotherapy.

Low levels of miR-133a-3p and IncRNA RHPN1-AS1 predict poor prognosis.

High levels of IncRNA EGFR-AS1 and circ_0005909 predict poor prognosis.
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Low levels of miR-302a and IncRNA HAND2-AS1 predict poor prognosis.
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High levels of miR-24-3p and LINC00160 predict poor response to chemotherapy.

High levels of IncRNA CBR3-AS1 and circWAC predict poor prognosis.

High levels of LINC00680 and circRNA-SORE predict poor response to chemotherapy.

High serum level of circRNA_101237 is related to a poor survival of patients (P<0.001).
MiR-20a-5p level can serve as a predictor of gemcitabine resistance with an AUC of 89% (P<0.0001),
for its downregulation correlates with poor response to gemcitabine.

High levels of microRNA-296-5p and IncRNA HCP5 predict poor prognosis.

Overexpression of miR-1246 predict a low OS in high grade glioma patients.

Upregulated expression of circulating exosomal circMYC correlates with decreased sensitivity to
bortezomib.
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