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Editorial on the Research Topic 
Novel Small-Molecule Agents in Overcoming Multidrug Resistance in Cancers

Multidrug resistance (MDR) is a term describing the phenomenon that cancer cells show resistant properties to various anticancer drugs of structurally and mechanistically different, accounting for approximate 90% of cancer treatment failures (Chaffer and Weinberg, 2011; Pluchino et al., 2012; Gao et al., 2020; Wang et al., 2021). It is worth noting that even the cutting-edge immunotherapy, is only 10%–20% effective, encountering resistance as well in certain patients (Sabbatino et al., 2018; Bai et al., 2020; Imbert et al., 2020; Bashash et al., 2022). Thus, MDR appears to be one of the major challenges in cancer treatment, which significantly undermines patients’ survival and quality of life (Zugazagoitia et al., 2016). The causes of MDR are usually multi-facet (Assaraf et al., 2019; Vasan et al., 2019), rendering it an even tougher challenge to tackle. Therefore, in the current Research Topic “Novel Small-Molecule Agents in Overcoming Multidrug Resistance in Cancers,” we attempted to collect the most-recent progress made in identifying new targets and agents in the treatment of drug-resistant cancers. In total, after being peer-reviewed, 20 manuscripts, composed with 13 research articles and seven review articles authored by 187 researchers worldwide, were successfully accepted for publication.
Natural products-derived drug discovery remains a practical and feasible strategy in the term of efficiently finding new hit/lead compounds that can undergo structural modification (Munos, 2009; Newman and Cragg, 2020). Guo et al. reviewed the latest progress of using eight classes of natural products in cancers. In their review, compounds of alkaloids, terpenoids, naturally occurring inorganic salt, phenylpropanoids, flavonoids, quinonoids, saponin and polysaccharides, their derivatives, as well as their research in cancer treatment, and the associated action modes were summarized and discussed. Specially, a separate review by Sun et al. from the same group above focused on matrine, a quinolizidine alkaloid isolated from Sophora flavescentis. Pharmacological effects including anticancer of matrine and its derivatives were summarized. In addition, critical structure-activity relationship (SAR) was also presented and discussed. Ji et al. conducted an interesting comparison of the flavones apigenin and genistein, two isomers that show similar yet different activities and mechanisms in prostate cancer. Importantly, genistein has been extensively studied in lab and in clinical trials for many diseases including cancers (Russo et al., 2016; Yu et al., 2021), and it has been used as nutritional supplement on market for decades. Genistein appears to be a more promising drug candidate and lead compound than its counterpart apigenin, since much more combinational regimens were developed and evaluated using genistein as a chemo-sensitizer. Deng et al. presented a systematic review of the recent progress of using natural diterpenoids in drug-resistant cancers cells overexpressing ATP-binding cassette (ABC) transporter. Jatrophanes, lathyranes, clerodanes, pimaranes, ingenanes, briaranes, segetane, jatropholane, pseudolaric acid, taxanes and euphoractine were thoroughly reviewed for their bioactivities in killing drug resistant cancer cells, and sensitizing certain chemotherapeutics.
Drug repurposing is another efficient strategy in identifying novel agents by defining new indications (Parvathaneni et al., 2019; Berdigaliyev and Aljofan, 2020; Dinić et al., 2020). Xu et al. summarized the anticancer activity of local anesthetic ropivacaine. Ropivacaine, at either clinic-relevant dose/concentrations or much higher concentrations, could suppress the proliferation, migration of certain drug-resistant cancer cells, including leukemia stem cells, triple-negative breast cancer MDA-MB-231 cells, and it sensitized 1) 5-fluorouracil (5-FU) in breast cancer MDA-MB-468 and SkBr cells, and 2) tumor necrosis factor α (TNFα) in human hepatoma HepG2 cells, human colon cancer HT-29 cells and human leukemic monocyte THP-1 cells. Chen et al. found that non-steroidal anti-inflammatory drug (NSAID) meclofenamic acid was a potential dual inhibitor of breast cancer resistance protein (BCRP) and multidrug resistance protein-7 (MRP-7), two important ABC transporters. Meclofenamic acid and its combination with gefitinib down-regulated the expression of both BCRP and MRP-7 in gefitinib-resistant non-small cell lung cancer (NSCLC) PC9-GR and H292-GR cell, mediated by FTO/m6A-demethylation/c-Myc axis. Meclofenamic acid could increase the intracellular concentration of gefitinib, leading to its re-sensitization.
Several compounds were found to show inhibitory effects toward drug resistant cancer cells, and synergistic effects were achieved when combined with certain chemotherapeutics. Ji et al. reported the recent progress of their novel phosphatidylinositide 3-kinase (PI3K) inhibitor XH30 in the treatment of temozolomide-resistant glioblastoma. XH30 was not only highly toxic toward temozolomide-resistant U251/TMZ and T98G cells in vitro and in vivo, but also was able to sensitize temozolomide in the U251/TMZ xenograft model, probably mediated by the negative regulation of transcription factor GLI1. In addition to its ability in suppressing brain metastasis (Ji et al., 2022), XH30 represents a promising drug candidate in combating drug resistance in glioblastoma. Liu et al. reported that the dual PI3K/mTOR inhibitor, DHW-221 could act as an inhibitor of P-gp (one of the most important ABC transporters which cause MDR) in resistant NSCLC A549/Taxol cells. DHW-221 was predicted to bind and inhibit P-gp, leading to down-regulated P-gp expression and enhanced cytotoxicity of taxol (a substrate of P-gp) in A549/Taxol cells. DHW-221 appeared to preferably target A549/Taxol cells over sensitive A549 cells, inducing cell death mediated by cell arrest, mitochondrial apoptosis pathway and mitogen-activated protein kinase (MAPK) pathway. More importantly, DHW-221 was able to suppress the migration and invasion of A549/Taxol cells, and it reduced tumor growth in A549/Taxol xenograft model, suggesting its great promise as a chemo-sensitizer and drug candidate. Anlotinib, a vascular endothelial growth factor receptor 2 (VEGFR2) inhibitor, is an approved anticancer drug in China for the treatment of locally advanced or metastatic NSCLC. Wang et al. further validated that it could act as a P-gp inhibitor. Anlotinib inhibited the efflux function of P-gp without altering its expression level and localization, leading to increased accumulation of chemotherapeutics that are P-gp substrates, thereby sensitizing doxorubicin, paclitaxel and vincristine in P-pg overexpressing osteosarcoma cells. In KHOSR2 xenograft model, the combination of anlotinib and docorubicin showed higher inhibitory effects as compared to mono-therapy, and no significant toxic effects were observed. Another drug ribociclib, a CDK4/6 inhibitor, was identified as a P-pg inhibitor by Zhang et al. Different with anlotinib, ribociclib could down-regulate the translation and transcription levels of P-gp, leading to increased concentration of colchicine and doxorubicin in P-gp overexpressing human epidermoid carcinoma KB-C2 cells. Both ribociclib and anlotinib could stimulate the ATPase of P-gp. Huang et al. reported the therapeutic effects of PI3K inhibitor LY294002 in Fms-like tyrosine kinase 3-internal tandem duplication (FLT3-ITD) mutant acute myeloid leukemia (AML) cells that show sorafenib-resistant property. LY294002 inhibited the glycolysis of sorafenib-resistant cells which rely heavily on glycolysis for ATP production, leading to cell apoptosis. Liu et al. designed and evaluated a series of dual c-Met/VEGFR-2 inhibitors based on the core structure triazolopyrazine. Their study yielded a highly potent compound 17l that can suppress the enzymatic activities of c-Met and VEGFR-2, and inhibit the proliferation of A549 cells. Cao et al. found that SAHA, a histone deacetylase inhibitor, when combined with gefitinib or osimertinib, showed synergistic effects in the corresponding resistant NSCLC PC-9/AB2 and H1975OR cells in vitro and in animal models (SAHA plus gefitinib), which was mediated by increased enhancer of zeste homolog 2 (EZH2) and decreased autophagy. Heat shock protein 90 (HSP90) inhibitor, NVP-AUY922 was terminated in phase II clinical trials, despite its favorable results in overcoming drug resistance NSCLC cells. He et al. obtained the co-crystallization of NVP-AUY922 with HSP90, which showed detailed binding information that further directed the further drug design. Wu et al. designed and synthesized a novel murine double minute 2 (MDM2) inhibitor, XR-2 that was able to disturb the MDM2-p53 interaction, induce cell cycle arrest and apoptosis of wild-type p53 castration-resistant prostate cancer (CRPC) cell lines. In the enzalutamide-resistant CRPC xenograft model, XR-2 showed a strong synergistic effect with enzalutamide, resulting in a nearly complete inhibition of tumor growth while without showing any toxic effects.
In addition, several potential druggable targets causing drug resistance were also highlighted. Fu et al. found that the overexpression of P-gp can cause resistance of approved drug CDK 4/6 inhibitor palbociclib, whereas the inhibition of the efflux of P-gp by verapamil could restore its sensitivity. Similar phenomenon was also observed by Dong et al. on ARS-1620, a KRAS-G12C inhibitor that is now under clinical trials. Furthermore, Li et al. reported the involvement of high mobility group box protein 1 (HMGB1) in doxorubicin resistance, and its inhibitor ethyl pyruvate that can significantly enhance the sensitivity of doxorubicin in HMGB1 overexpressing hepatocellular carcinoma BEL7402 and SMMC7721 cells. Yu et al. summarized the druggability of mitochondrial DNA-directed RNA polymerase (POLRMT) and its inhibitors in overcoming drug resistance. Liu et al. systematically reviewed circular RNAs (circRNAs) and their roles in inducing drug resistance.
In conclusion, the identified novel small-molecule agents can serve as drug candidates and/or leading compounds that can be further structurally modified. Furthermore, rational designed combinations using these agents should be evaluated in the future to combat drug resistance.
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