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Abstract

:

Resistomycin is a natural antibiotic related to quinone that has been shown to exhibit robust antitumor activity. To further characterize the mechanistic basis for such activity, human colorectal cancer (CRC) cells were selected as a model to explore the role of Wnt/β-catenin signaling in the ability of resistomycin to induce apoptotic cell death. These analyses revealed that resistomycin was able to suppress β-catenin, TCF4, and GSK-3β expression, together with that of the downstream targets c-Myc and survivin. This coincided with elevated cleaved caspase-3 and Bax protein levels and a decline in Bcl-2 content. When β-catenin was silenced, this further enhanced the ability of resistomycin to induce apoptotic CRC cell death, whereas this apoptotic process was partially ablated when cells were treated using lithium chloride to activate Wnt/β-catenin signaling. Overall, these results support a model wherein resistomycin inhibits Wnt/β-catenin signaling within CRC cells, thereby inducing apoptotic death. Further research may be warranted to better clarify the potential utility of this compound as a candidate drug for use in the treatment of patients suffering from this form of cancer.
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1. Introduction


Colorectal cancer (CRC) remains the third deadliest form of cancer, and it is particularly common in highly developed nations owing to societal lifestyle and dietary changes in these regions [1,2,3]. CRC often tends to develop at a relatively young age and in a sporadic manner as a consequence of these modern lifestyle practices [4,5,6,7]. Surgery with adjuvant radiotherapy and/or chemotherapy is widely used when treating early-stage CRC patients [8]. Despite advances in the ability to detect this cancer and to treat it with the use of immunotherapeutic agents [9,10], CRC is a highly heterogeneous disease, such that drug resistance is common and many patients face recurrence and consequent treatment failure [11,12]. It is thus vital that new strategies for safely and effectively treating CRC and prolonging the survival of affected patients be identified.



Canonical Wnt/β-catenin signaling is believed to play a central role in CRC oncogenesis [13,14,15]. β-catenin is a transcription factor that plays an essential role in this signaling pathway. Under normal physiological conditions, β-catenin is degraded by a complex that is composed of APC, the scaffold protein Axin, GSK3β, and CK I, with GSK3β and CK I promoting β-catenin phosphorylation, followed by its recognition by E3 ubiquitin ligase (β-TrCP), resulting in its degradation [16,17,18]. Wnt signaling pathway activation can occur upon the binding of secreted Wnt ligands to the Frizzled (FZD) receptors and the co-receptors LRP5/6 [19], the latter of which recruit and disrupt the complex responsible for β-catenin protein degradation, such that it can accumulate within the cytosol [20]. After it accumulates, β-catenin can translocate into the nucleus, wherein it facilitates the transactivation of survivin, c-Myc, and other relevant target genes via interactions with TCF4 [21].



Apoptotic death is a complex process that is modulated by several signaling pathways [22]. Dysregulated apoptosis is a hallmark of a range of diseases, with the suppression of this process, for example, contributing to the aberrant proliferative activity characteristic of cancer development and progression [23]. As such, there is a pressing need to identify compounds capable of modulating apoptotic induction in tumor cells in an effort to overcome therapeutic resistance in cancer patients [24]. Prior studies have explored the link between Wnt/β-catenin signaling and apoptotic activity under particular cellular conditions, targeting this relationship to modulate apoptotic activation using targets such as the Fas and TRAIL receptors, responsible for triggering extrinsic death pathway activity, and Bcl-2/Bax, which are responsible for triggering death via the mitochondrial pathway [25]. Ginkgolide C is reportedly capable of suppressing the proliferation of CRC cells and inducing their apoptotic death via suppressing Wnt/β-catenin pathway activity [26].



Resistomycin (Rec) (Figure 1) is a natural antibiotic related to quinone that has been isolated from bioactive Streptomyces species in marine sediment samples collected in the Wehai region of China. Prior reports have demonstrated the robust broad-spectrum antibiotic and antitumor activity of resistomycin in vivo and in vitro [27,28]. Mechanistically, resistomycin has been shown to inhibit the E3 ligase Pellino-1 in triple-negative breast cancer to suppress epithelial–mesenchymal transition (EMT) activity [29], while also inducing HepG2 cell G2/M phase arrest and apoptotic death via the modulation of p38 MAPK signaling activity [30]. The present study was designed to further explore the antitumor effects of resistomycin on CRC cells, ultimately revealing that this novel candidate therapeutic agent may inhibit Wnt/β-catenin pathway activity, suggesting that it may offer utility as a new option for CRC patient treatment.




2. Results


2.1. Resistomycin Suppresses the Viability of CRC Cells


Initially, the cytotoxic effects of resistomycin were investigated by using it to treat a range of human CRC cell lines (SW620, HCT-116, HT-29, SW480) and control QSG-7701 liver cells and performing an MTT analysis. This approach revealed that resistomycin strongly inhibited CRC cell proliferation, with a particularly strong impact on the SW480 and HCT-116 cells, while its effects on the normal control cells were less pronounced. Following a 48 h treatment period, the respective resistomycin IC50 values for the HT-29, HCT-116, SW620, SW480, and QSG-7701 cell lines were calculated at 3.31 ± 0.41 μmol/L, 1.36 ± 0.26μmol/L, 5.62 ± 0.74 μmol/L, 1.05 ± 0.57 μmol/L, and 15.23 ± 1.44 μmol/L (Table 1). Strikingly, resistomycin was capable of suppressing the proliferation of SW480 and HCT-116 cells in a dose- and time-dependent fashion (Figure 2A), such that these cell lines were selected for further experimental use (the IC50 values for HCT-116 and SW480 at 24 h were, respectively, 2.37 ± 0.06 uM and 2.83 ± 0.17 uM).



MTT assays were used to assess resistomycin’s and doxorubicin’s cytotoxic effects on the HT-29, SW480, HCT-116, SW620, and QSG-7701 cells after treatment with various concentrations of these compounds for 48 h. DMSO served as a vehicle control, and the IC50 values were calculated. Data are means ± SD (standard deviation) from three independent experiments.




2.2. Resistomycin Induces the Apoptotic Death of CRC Cells


Apoptosis is central to the pathogenesis and treatment of cancer, prompting experiments aimed at clarifying whether treatment with resistomycin influences CRC cell apoptotic death. Following treatment with a range of resistomycin concentrations for 24 h, the nuclear morphology was examined via staining with DAPI, revealing pronounced nuclear condensation at lower resistomycin doses (0.25–0.5 μM), whereas fragmentation of the nuclei and apoptotic body formation was observed at 1 μM concentrations (Figure 2B).



Annexin V-FITC and propidium iodide (PI) staining was further employed to gauge the frequency of apoptotic cell death following resistomycin treatment, with cells in quadrants 2 and 3 of the resultant flow cytometry plots being regarded as apoptotic. The frequencies of apoptotic SW480 rose in a dose-dependent manner following resistomycin treatment, (1.53%, 1.77%, 23.31%, 54%) with similar dose-dependent HCT-116 cell death (11.49%, 18.6%, 32.07%, 54.4%) (Figure 2C). These findings provided clear evidence for the ability of resistomycin to induce apoptotic death in both of these CRC cell lines.



To examine the protein level changes underlying resistomycin-induced apoptosis, Western immunoblotting was performed to quantify the cleaved caspase-3, Bax, and Bcl-2 levels. As compared to the control cells, resistomycin promoted Bax and cleaved caspase-3 upregulation, together with Bcl-2 downregulation (Figure 2D). This indicates that resistomycin is capable of triggering the apoptosis of both tested CRC cell lines via the intrinsic death pathway.




2.3. Resistomycin Suppresses Wnt/β-Catenin Pathway Activity


Given that CRC is a highly metastatic form of cancer that often recurs, major barriers to effective treatment remain despite recent therapeutic advances, highlighting a need to clarify how resistomycin impacts metastasis and tumor development. Several reports have highlighted the central role that dysregulated Wnt/β-catenin signaling plays in all aspects of CRC progression. As such, the potential impact of resistomycin on Wnt/β-catenin signaling was next examined by measuring the levels of the β-catenin, GSK-3β, and TCF4 proteins using Western immunoblotting while also assessing the downstream survivin and c-Myc protein targets of this pathway. Resistomycin was found to reduce the β-catenin, GSK-3β, and TCF4 expression in both tested CRC cell lines. Meanwhile, the survivin and c-Myc protein content was correspondingly reduced, which is due to these two proteins acting as downstream of the Wnt/β-catenin pathway and transcription depending on β-catenin translocation into the nucleus, where it interacts with TCF4 (Figure 3A).



β-catenin is an integral component of the Wnt/β-catenin pathway responsible for inducing the expression of downstream target genes, with a tight regulatory relationship between GSK3β and β-catenin having been documented previously. When Wnt signaling is dysregulated, the APC/Axin/GSK-3β complex becomes disrupted such that β-catenin is no longer effectively degraded as a result of LRP5/6 phosphorylation having provided PPPsPxS-motif-binding sites for Axin and GSK-3β [13]. The consequent nuclear accumulation of β-catenin contributes to the upregulation of several oncogenes. Accordingly, immunofluorescent staining and Western immunoblotting were used to assess the localization of β-catenin and GSK-3β in the SW480 and HCT-116 cells following treatment with resistomycin for 24 h, revealing the dose-dependent suppression of nuclear β-catenin accumulation, together with cytosolic GSK-3β expression (Figure 3B). Together, these results suggest that resistomycin is capable of inducing the apoptotic death of CRC cells in vitro by interfering with the Wnt/β-catenin pathway and disrupting the accumulation of β-catenin in the nucleus.




2.4. Resistomycin Inhibits Wnt/β-Catenin Signaling to Induce CRC Cell Apoptosis


The suppression of Wnt/β-catenin signaling has previously been reported to contribute to the induction of apoptotic death in CRC cells. For example, Ginkgolide C (GGC) has previously been shown to target this Wnt/β-catenin axis to promote CRC cell apoptosis [26]. Polydatin inhibition of the Wnt/β-catenin pathway in human osteosarcoma cells has been linked to a reduction in the Bax/Bcl-2 ratio, contributing to apoptotic death [31]. Accordingly, the mechanistic link between resistomycin-mediated Wnt/β-catenin pathway inhibition and apoptosis was next tested by utilizing LiCl. The LiCl noncompetitively inhibits GSK3β, then activates Wnt/β-catenin signaling, and disrupts the “APC/Axin/GSK3β/CKI” complex, which leads to the accumulation of β-catenin in the cytoplasm, subsequently causing nuclear translocation [32]. The HCT-116 cells were treated with LiCl (20 mM), resistomycin, or a combination of the two. The β-catenin and c-Myc levels with a combination of resistomycin and LiCl (20 mM) were higher than with resistomycin alone (Figure 4B,C). And, Figure 4D showed that LiCl could reverse the decreased intranuclear and extranuclear β-catenin caused by resistomycin, which accords with the change in the transcription of the downstream target genes of Wnt/β-catenin. Consequently, LiCl reversed the decreases in the β-catenin and c-Myc levels caused by resistomycin, which suggested that resistomycin inhibited HCT-116 cells via the Wnt/β-catenin pathway.



A flow cytometry approach was also used to assess HCT-116 cell treatment with resistomycin and apoptotic death following LiCl treatment. LiCl alone failed to induce apoptosis, while the frequencies of apoptotic death in the resistomycin and combination treatment groups were 70.8% and 28.86%, respectively (Figure 4A). The total numbers of apoptotic cells altered by LiCl and resistomycin treatment as compared to the group that was only treated with resistomycin were lower. This suggests that LiCl was able to partially reverse the apoptosis effects of resistomycin induced in the HCT-116 cells. Moreover, LiCl reversed the decreases in the β-catenin and c-Myc levels caused by resistomycin. Therefore, these data further supported the role of Wnt/β-catenin pathway regulation in the resistomycin-mediated apoptotic death of HCT-116 cells.




2.5. β-Catenin Knockdown Inhibits Downstream Signaling and Promotes Apoptotic Death


To better confirm the role of Wnt/β-catenin pathway signaling activity in the resistomycin-mediated induction of apoptotic death, siRNA-mediated β-catenin silencing was next performed. Western immunoblotting confirmed that the β-catenin and c-Myc levels in cells treated with β-catenin siRNA and resistomycin were significantly lower than those in cells that were only treated with resistomycin (Figure 5B,C). The apoptosis rates were also elevated in the resistomycin + siRNA group as compared to the resistomycin-only group (54.84% vs. 40.87%) (Figure 5A), with more cells at both the early and late stages of apoptosis relative to the control treatment, consistent with β-catenin silencing having contributed to the enhancement of resistomycin-induced apoptotic death.





3. Discussion


Apoptosis is the programmed cell death which maintains the healthy survival/death balance in metazoan cells [33]. Cell death via apoptosis also plays a major role in cancer treatment, serving as the main effector function of many anti-cancer therapies [34]. A wide range of antitumor therapeutics have been developed that exert their therapeutic benefits via the targeting of apoptotic-death-related pathways [35,36]. As a quinone-associated antibiotic derived from marine species [37,38,39], resistomycin has been shown to exhibit potent antitumor and antibacterial activity [40,41]. By directly binding to the E3 ligase Pellino-1 in tumor cells, resistomycin has previously been shown to modulate mitochondrial dysfunction, thus impairing the viability of breast cancer and HepG2 cells. Accordingly, resistomycin was herein assessed for its impact on CRC cells, supporting its utility as a potent anti-cancer drug candidate that caused more significant cytotoxic cell death for CRC cell lines as compared to control QSG-7701 hepatocytes, highlighting a potential therapeutic window for this drug. DAPI staining and flow cytometry additionally revealed the ability of resistomycin to induce the dose-dependent apoptotic death of HCT-116 and SW480 cells, while Western immunoblotting revealed a higher pro-apoptotic Bax content in resistomycin-exposed cells, together with a drop in anti-apoptotic Bcl-2 content. Resistomycin can thus promote the apoptosis of CRC cells, with corresponding increases in cleaved caspase-3 levels within both HCT-116 and SW480 cells.



Signaling via the Wnt/β-catenin pathway is integral to the development of many cancers, and is closely tied to the progression of CRC and associated patient prognostic outcomes [42,43], suggesting that efforts to inhibit this pathway may represent a viable antitumor treatment strategy. In the present study, the Western blotting results showed that treatment with resistomycin was sufficient to reduce the protein levels of β-catenin, GSK-3β, TCF4, c-Myc, and survivin within CRC cells. In addition, immunofluorescent staining and Western blotting demonstrated that treatment with resistomycin reduced the levels of GSK-3β and β-catenin in the nucleus and cytoplasm.



Prior studies have demonstrated that Wnt/β-catenin pathway activity can induce or suppress apoptotic activity in particular cellular contexts [44,45,46,47,48]. The alkaloid homoharringtonine can promote HCT-116 cell apoptotic death via the inhibition of Wnt/β-catenin signaling [46], prompting a similar analysis of whether resistomycin was capable of suppressing this pathway and thereby inducing this form of programmed cell death. To test this possibility, LiCl was utilized in the next experiments. LiCl, a GSK-3β inhibitor, destroys the APC/Axin/GSK-3β complex, resulting in the release of β-catenin, which is then free to translocate to the nucleus and initiate the expression of target genes [32]. Western blot results revealed that LiCl treatment reversed the effect of resistomycin inhibition, the β-catenin level both in the total protein, cytoplasm, and nuclear protein, and the Wnt/β-catenin signaling downstream protein c-Myc levels. Moreover, LiCl prominently reversed the resistomycin-induced increase in apoptotic CRC cell death, as assessed using flow cytometry. This thus suggested that resistomycin is capable of driving the apoptosis of CRC cells at least in part via Wnt/β-catenin signaling. In addition, siRNA-mediated β-catenin knockdown prominently intensified the resistomycin-induced apoptosis of CRC cells and inhibition of β-catenin and downstream c-Myc protein levels. These data indicated the resistomycin-induced apoptotic death in CRC cells was caused by the inhibition of the Wnt/β-catenin pathway.




4. Materials and Methods


4.1. Chemicals and Reagents


DMSO was used to prepare a stock solution of resistomycin (>98% pure) at 1 mmol/L. The antibodies specific to β-catenin, GSK-3β, and TCF-4 were from Cell Signaling Technology (CST, Beverly, MA, USA). The antibodies specific to E-cadherin, N-cadherin, Vimentin, Bcl-2, Bax, cleaved caspase-3, c-Myc, survivin, GAPDH, PCNA, and β-actin and the Nuclear and Cytoplasmic Protein Extraction Kit were from Wanlei Biotechnology (Shenyang, China). The Annexin V-FITC apoptotic detection kit, RNAiMax, and DAPI staining solution were from the Beyotime Institute of Biotechnology (Shanghai, China). The LiCl was from Macklin Biochemical Co., Ltd. (Shanghai, China). The control and β-catenin-specific siRNAs were from Generay Biotech Co., Ltd. (Shanghai, China). All chemicals used herein were of commercial reagent grade.




4.2. Cell Culture


The human SW480, HCT-116, and SW620 CRC cell lines and the control liver QSG-7701 cell line were obtained from the Beyotime Institute of Biotechnology (Shanghai, China). The human HT-29 cell line was obtained from Zhong Qiao Xin Zhou Biotechnology Co., Ltd. (Shanghai, China). All the cells were cultured in 37 °C 5% CO2 incubators in RPMI-1640 (SW620, HCT-116) or high-glucose DMEM (SW480, HT-29, QSG-7701) (Living Biotechnology Co., Ltd., Beijing, China) containing 10% fetal bovine serum (Gibco, Carlsbad, CA, USA).




4.3. MTT Assay


To determine how resistomycin impacts cellular growth, the cells were allowed to adhere to 96-well plates and then treated for 24, 48, or 72 h with various resistomycin compounds, with DMSO (0.1%) being used to treat the control cells. Then, 15 μL of the MTT reagent (5 g/L; Sigma-Aldrich, St. Louis, MO, USA) was incubated for 4 h, followed by the removal of media from each well and the addition of 150 μL DMSO. The absorbance (OD) at 570 nm was then quantified using a microplate reader, and the results were analyzed as follows: (1 − [OD of drug-treated − OD of blank]/[OD of control − OD of blank]) × 100%. The samples were separately analyzed three times, and the IC50 values were computed using GraphPad Prism 9.0 (GraphPad, San Diego, CA, USA).




4.4. DAPI Staining


The cells were plated on glass coverslips in 24-well plates and allowed to adhere, followed by treatment with varying resistomycin concentrations for 24 h. After rinsing with PBS, these cells were fixed using 4% paraformaldehyde for 15 min, permeabilized using 0.1% Triton X-100 for 20 min, and stained using 4 μg/mL DAPI (Beyotime Biotech, Shanghai, China) for 10 min. After washing them with cold PBS, the coverslips were affixed to the slides using Antifade Mounting Medium, imaged using a fluorescent microscope (Carl Zeiss, Oberkochen, Germany), and processed using the ZEN 3.0 (blue edition) software.




4.5. Flow Cytometry


The cells were allowed to adhere to 6-well plates, followed by treatment with various resistomycin treatments for 24 h. The cells were digested using trypsin (Solarbio, Beijing, China) then harvested and centrifuged for 5 min. The supernatant was discarded, rinsed using PBS, and stained using an Annexin V-FITC cell apoptosis detection kit (Bestbio, Shanghai, China) as per the provided directions, followed by analysis using a BD Accuri™ C6 Plus flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).




4.6. Immunofluorescence


The cells were plated on glass coverslips in 24-well plates and allowed to adhere, followed by treatment with varying resistomycin concentrations for 24 h. After rinsing them with PBS, these cells were fixed using 4% paraformaldehyde for 15 min, permeabilized using 0.1% Triton X-100 for 20 min, blocked for 1 h with 5% BSA, and probed overnight with anti-β-catenin or anti-GSK-3β at 4 °C. After rinsing them with PBS, the cells were treated as per the directions of the Immunol Fluorescence Staining Kit (Wanlei Biotechnology, Shenyang, China). Then, 4 μg/mL of DAPI was applied for 10 min to counterstain the nuclei, and the cell images were captured using an inversed fluorescent microscope (Carl Zeiss, Oberkochen, Germany) and processed using the ZEN 3.0 (blue edition) software.




4.7. β-Catenin Silencing


The β-catenin siRNA was validated by Generay Biotech Co, Ltd. (Shanghai, China). A β-catenin-specific siRNA construct was obtained with the following sequences: sense 5′-GAAUACAAUGAUGUAGAATT-3′, antisense 5′-UUCUACAUCAUUUGUAUUCTT-3′. This siRNA (50 nM) or a corresponding negative control construct were transfected into the HCT-116 cells with the 10 uL RNAiMAX transfection reagent per the provided directions, and experimental follow-up was conducted at 24 h post-transfection.




4.8. Western Blot Analysis


The cells were allowed to adhere to 6-well plates, followed by treatment with various resistomycin treatments for 24 h. RIPA (Beyotime Biotech, Shanghai, China) was then used to lyse the cells, and the protein content in the harvested lysates was quantified using BCA assay (Beyotime Biotech, Shanghai, China). The intranuclear and extranuclear protein in the HCT-116 and SW480 cells after treatment for 24 h was extracted using the Nuclear and Cytoplasmic Protein Extraction Kit. For each sample, ~30 μg of protein was separated via 8–12% SDS-PAGE and transferred onto PVDF membranes, which were subsequently blocked for 2 h using 5% non-fat milk at 37 °C, rinsed with TBST, and probed overnight with primary antibodies recognizing GAPDH, Bcl-2, Bax, cleaved caspase-3, GSK-3β, β-catenin, survivin, c-Myc, and TCF4 at 4 °C. Secondary anti-mouse IgG or anti-rabbit IgG secondary antibodies (CST, MA, USA) were then used to probe the blots for 1 h at room temperature, followed by protein band detection using an ECL detection kit (ECL®, Amersham Biosciences, Little Chalfont, UK).




4.9. Statistical Analysis


Data are means ± SEM, and were compared using one-way ANOVA in GraphPad Prism 9.0 (GraphPad, CA, USA). Analyses were performed in triplicate. p < 0.05 was selected as the threshold to define significance.





5. Conclusions


In conclusion, the present data highlight the ability of resistomycin to induce the in vitro apoptotic death of CRC cells via the suppression of Wnt/β-catenin pathway signaling, suggesting that it may represent a promising novel drug candidate with potential utility for the treatment of patients with CRC. While even low doses of resistomycin were associated with potent antitumor activity in the present study, additional animal model analyses will be essential to clarify the toxicity and specificity of this drug while exploring its potential for drug resistance and combination with other therapeutic agents. Further studies will also be required to better clarify how resistomycin ultimately inhibits Wnt/β-catenin signaling activity at the molecular level. A large number of studies in recent years have focused on clarifying the molecular links between the regulation of Wnt/β-catenin and apoptotic signaling, but the association between these two pathways remains complex owing to the range of receptors and cellular conditions that can shape the related physiological and pathological processes. Given the present data, it appears that resistomycin is capable of suppressing Wnt/β-catenin signaling and caspase-dependent apoptosis. This novel link between resistomycin, apoptosis, and the Wnt/β-catenin axis may provide a novel avenue to the design of new therapeutic agents capable of treating CRC and other devastating forms of cancer.







Author Contributions


Conceptualization, X.L.; formal analysis, Y.Z., E.Z., C.S., H.G., M.Y., M.M., Y.L. and X.Z.; funding acquisition, X.L.; investigation, Y.Z.; methodology, E.Z. and C.S.; software: M.M.; resources, X.L.; writing—original draft, Y.Z.; writing—review and editing, Y.Z., H.G. and X.L. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by grants from the National Natural Science Foundation of China (nos. 82273992 and 82073870).




Institutional Review Board Statement


Not applicable.




Data Availability Statement


The data presented in this study are available from the corresponding author upon request.




Acknowledgments


The authors thank Weidong Xie (Shandong University, Weihai, China) for providing the resistomycin.




Conflicts of Interest


Author Xia Li has received research grants from Shandong Kelun Pharmaceutical Co., Ltd. The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




References


	



Xi, Y.; Xu, P. Global Colorectal Cancer Burden in 2020 and Projections to 2040. Transl. Oncol. 2021, 14, 101174. [Google Scholar] [CrossRef]

	



Xia, C.; Dong, X.; Li, H.; Cao, M.; Sun, D.; He, S.; Yang, F.; Yan, X.; Zhang, S.; Li, N.; et al. Cancer Statistics in China and United States, 2022: Profiles, Trends, and Determinants. Chin. Med. J. 2022, 135, 584–590. [Google Scholar] [CrossRef] [PubMed]

	



Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [Google Scholar] [CrossRef] [PubMed]

	



Sawicki, T.; Ruszkowska, M.; Danielewicz, A.; Niedźwiedzka, E.; Arłukowicz, T.; Przybyłowicz, K.E. A Review of Colorectal Cancer in Terms of Epidemiology, Risk Factors, Development, Symptoms and Diagnosis. Cancers 2021, 13, 2025. [Google Scholar] [CrossRef] [PubMed]

	



Rothwell, J.A.; Murphy, N.; Bešević, J.; Kliemann, N.; Jenab, M.; Ferrari, P.; Achaintre, D.; Gicquiau, A.; Vozar, B.; Scalbert, A.; et al. Metabolic Signatures of Healthy Lifestyle Patterns and Colorectal Cancer Risk in a European Cohort. Clin. Gastroenterol. Hepatol. 2022, 20, e1061–e1082. [Google Scholar] [CrossRef]

	



Patel, S.G.; Karlitz, J.J.; Yen, T.; Lieu, C.H.; Boland, C.R. The Rising Tide of Early-Onset Colorectal Cancer: A Comprehensive Review of Epidemiology, Clinical Features, Biology, Risk Factors, Prevention, and Early Detection. Lancet Gastroenterol. Hepatol. 2022, 7, 262–274. [Google Scholar] [CrossRef]

	



Stoffel, E.M.; Murphy, C.C. Epidemiology and Mechanisms of the Increasing Incidence of Colon and Rectal Cancers in Young Adults. Gastroenterology 2020, 158, 341–353. [Google Scholar] [CrossRef] [PubMed]

	



Hossain, M.S.; Karuniawati, H.; Jairoun, A.A.; Urbi, Z.; Ooi, D.J.; John, A.; Lim, Y.C.; Kibria, K.M.K.; Mohiuddin, A.K.M.; Ming, L.C.; et al. Colorectal Cancer: A Review of Carcinogenesis, Global Epidemiology, Current Challenges, Risk Factors, Preventive and Treatment Strategies. Cancers 2022, 14, 1732. [Google Scholar] [CrossRef]

	



Plundrich, D.; Chikhladze, S.; Fichtner-Feigl, S.; Feuerstein, R.; Briquez, P.S. Molecular Mechanisms of Tumor Immunomodulation in the Microenvironment of Colorectal Cancer. Int. J. Mol. Sci. 2022, 23, 2782. [Google Scholar] [CrossRef]

	



Kishore, C.; Bhadra, P. Current Advancements and Future Perspectives of Immunotherapy in Colorectal Cancer Research. Eur. J. Pharmacol. 2021, 893, 173819. [Google Scholar] [CrossRef]

	



Punt, C.J.A.; Koopman, M.; Vermeulen, L. From Tumour Heterogeneity to Advances in Precision Treatment of Colorectal Cancer. Nat. Rev. Clin. Oncol. 2017, 14, 235–246. [Google Scholar] [CrossRef] [PubMed]

	



Van der Jeught, K.; Xu, H.-C.; Li, Y.-J.; Lu, X.-B.; Ji, G. Drug Resistance and New Therapies in Colorectal Cancer. World J. Gastroenterol. 2018, 24, 3834–3848. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Wang, X. Targeting the Wnt/Beta-Catenin Signaling Pathway in Cancer. J. Hematol. Oncol. 2020, 13, 165. [Google Scholar] [CrossRef] [PubMed]

	



Steinhart, Z.; Angers, S. Wnt Signaling in Development and Tissue Homeostasis. Development 2018, 145, dev146589. [Google Scholar] [CrossRef] [PubMed]

	



You, Z.; Saims, D.; Chen, S.; Zhang, Z.; Guttridge, D.C.; Guan, K.; MacDougald, O.A.; Brown, A.M.C.; Evan, G.; Kitajewski, J.; et al. Correction: Wnt Signaling Promotes Oncogenic Transformation by Inhibiting c-Myc–Induced Apoptosis. J. Cell Biol. 2021, 220, jcb.20020111004052021c. [Google Scholar] [CrossRef] [PubMed]

	



Li, V.S.W.; Ng, S.S.; Boersema, P.J.; Low, T.Y.; Karthaus, W.R.; Gerlach, J.P.; Mohammed, S.; Heck, A.J.R.; Maurice, M.M.; Mahmoudi, T.; et al. Wnt Signaling through Inhibition of Beta-Catenin Degradation in an Intact Axin1 Complex. Cell 2012, 149, 1245–1256. [Google Scholar] [CrossRef] [PubMed]

	



Kim, N.-G.; Xu, C.; Gumbiner, B.M. Identification of Targets of the Wnt Pathway Destruction Complex in Addition to Beta-Catenin. Proc. Natl. Acad. Sci. USA 2009, 106, 5165–5170. [Google Scholar] [CrossRef]

	



Latres, E.; Chiaur, D.S.; Pagano, M. The Human F Box Protein Beta-Trcp Associates with the Cul1/Skp1 Complex and Regulates the Stability of Beta-Catenin. Oncogene 1999, 18, 849–854. [Google Scholar] [CrossRef]

	



Bilic, J.; Huang, Y.-L.; Davidson, G.; Zimmermann, T.; Cruciat, C.-M.; Bienz, M.; Niehrs, C. Wnt Induces LRP6 Signalosomes and Promotes Dishevelled-Dependent LRP6 Phosphorylation. Science 2007, 316, 1619–1622. [Google Scholar] [CrossRef]

	



Kishida, S.; Yamamoto, H.; Hino, S.; Ikeda, S.; Kishida, M.; Kikuchi, A. DIX Domains of Dvl and Axin Are Necessary for Protein Interactions and Their Ability to Regulate β-Catenin Stability. Mol. Cell. Biol. 1999, 19, 4414. [Google Scholar] [CrossRef]

	



Cadigan, K.M.; Waterman, M.L. TCF/LEFs and Wnt Signaling in the Nucleus. Cold Spring Harb. Perspect. Biol. 2012, 4, a007906. [Google Scholar] [CrossRef]

	



Fuchs, Y.; Steller, H. Programmed Cell Death in Animal Development and Disease. Cell 2011, 147, 742–758. [Google Scholar] [CrossRef]

	



Pfeffer, C.M.; Singh, A.T.K. Apoptosis: A Target for Anticancer Therapy. Int. J. Mol. Sci. 2018, 19, 448. [Google Scholar] [CrossRef]

	



Carneiro, B.A.; El-Deiry, W.S. Targeting Apoptosis in Cancer Therapy. Nat. Rev. Clin. Oncol. 2020, 17, 395–417. [Google Scholar] [CrossRef] [PubMed]

	



Pecina-Slaus, N. Wnt Signal Transduction Pathway and Apoptosis: A Review. Cancer Cell Int. 2010, 10, 22. [Google Scholar] [CrossRef] [PubMed]

	



Yang, M.H.; Ha, I.J.; Lee, S.-G.; Lee, J.; Um, J.-Y.; Ahn, K.S. Ginkgolide C Promotes Apoptosis and Abrogates Metastasis of Colorectal Carcinoma Cells by Targeting Wnt/Beta-Catenin Signaling Pathway. IUBMB Life 2021, 73, 1222–1234. [Google Scholar] [CrossRef]

	



Arora, S.K. Molecular Structure of Heliomycin, an Inhibitor of RNA Synthesis. J. Antibiot. 1985, 38, 113–115. [Google Scholar] [CrossRef] [PubMed]

	



Vijayabharathi, R.; Bruheim, P.; Andreassen, T.; Raja, D.S.; Devi, P.B.; Sathyabama, S.; Priyadarisini, V.B. Assessment of Resistomycin, as an Anticancer Compound Isolated and Characterized from Streptomyces Aurantiacus AAA5. J. Microbiol. 2011, 49, 920–926. [Google Scholar] [CrossRef]

	



Liu, S.-S.; Qi, J.; Teng, Z.-D.; Tian, F.-T.; Lv, X.-X.; Li, K.; Song, Y.-J.; Xie, W.-D.; Hu, Z.-W.; Li, X. Resistomycin Attenuates Triple-Negative Breast Cancer Progression by Inhibiting E3 Ligase Pellino-1 and Inducing SNAIL/SLUG Degradation. Signal Transduct. Target. Ther. 2020, 5, 133. [Google Scholar] [CrossRef]

	



Han, Z.; Zhao, X.; Zhang, E.; Ma, J.; Zhang, H.; Li, J.; Xie, W.; Li, X. Resistomycin Induced Apoptosis and Cycle Arrest in Human Hepatocellular Carcinoma Cells by Activating P38 MAPK Pathway In Vitro and In Vivo. Pharmaceuticals 2021, 14, 958. [Google Scholar] [CrossRef]

	



Xu, G.; Kuang, G.; Jiang, W.; Jiang, R.; Jiang, D. Polydatin Promotes Apoptosis through Upregulation the Ratio of Bax/Bcl-2 and Inhibits Proliferation by Attenuating the β-Catenin Signaling in Human Osteosarcoma Cells. Am. J. Transl. Res. 2016, 8, 922–931. [Google Scholar] [PubMed]

	



Du, W.J.; Li, J.K.; Du, W.J.; Li, J.K.; Wang, Q.Y.; Hou, J.B.; Yu, B. Lithium Chloride Regulates Connexin43 in Skeletal Myoblasts In Vitro: Possible Involvement in Wnt/β-Catenin Signaling. Cell Commun. Adhes. 2008, 15, 261–271. [Google Scholar] [CrossRef] [PubMed]

	



Wang, B.; Kohli, J.; Demaria, M. Senescent Cells in Cancer Therapy: Friends or Foes? Trends Cancer 2020, 6, 838–857. [Google Scholar] [CrossRef] [PubMed]

	



Basu, A. The Interplay between Apoptosis and Cellular Senescence: Bcl-2 Family Proteins as Targets for Cancer Therapy. Pharmacol. Ther. 2022, 230, 107943. [Google Scholar] [CrossRef] [PubMed]

	



Singh, P.; Lim, B. Targeting Apoptosis in Cancer. Curr. Oncol. Rep. 2022, 24, 273–284. [Google Scholar] [CrossRef]

	



Atay, I.N.G. The Importance of Apoptosis in Cancer Development and Treatment. Turk. J. Oncol. 2021, 36, 381–388. [Google Scholar] [CrossRef]

	



Kock, I.; Maskey, R.P.; Biabani, M.a.F.; Helmke, E.; Laatsch, H. 1-Hydroxy-1-Norresistomycin and Resistoflavin Methyl Ether: New Antibiotics from Marine-Derived Streptomycetes. J. Antibiot. 2005, 58, 530–534. [Google Scholar] [CrossRef]

	



Adinarayana, G.; Venkateshan, M.R.; Bapiraju, V.V.S.N.K.; Sujatha, P.; Premkumar, J.; Ellaiah, P.; Zeeck, A. Cytotoxic Compounds from the Marine Actinobacterium Streptomyces corchorusii AUBN(1)/7. Russ. J. Bioorg. Chem. 2006, 32, 295–300. [Google Scholar] [CrossRef]

	



Gorajana, A.; Kurada, B.; Peela, S.; Jangam, P.; Vinjamuri, S.; Poluri, E.; Zeeck, A. 1-Hydroxy-1-Norresistomycin, a New Cytotoxic Compound from a Marine Actinomycete, Streptomyces chibaensis AUBN(1)/7. J. Antibiot. 2005, 58, 526–529. [Google Scholar] [CrossRef]

	



Elmallah, M.I.Y.; Cogo, S.; Constantinescu, A.A.; Elifio-Esposito, S.; Abdelfattah, M.S.; Micheau, O. Marine Actinomycetes-Derived Secondary Metabolites Overcome TRAIL-Resistance via the Intrinsic Pathway through Downregulation of Survivin and XIAP. Cells 2020, 9, 1760. [Google Scholar] [CrossRef]

	



Kim, M.C.; Cullum, R.; Hebishy, A.M.S.; Mohamed, H.A.; Faraag, A.H.; Salah, N.M.; Abdelfattah, M.S.; Fenical, W. Mersaquinone, A New Tetracene Derivative from the Marine-Derived Streptomyces sp. EG1 Exhibiting Activity against Methicillin-Resistant Staphylococcus aureus (MRSA). Antibiotics 2020, 9, 252. [Google Scholar] [CrossRef]

	



Liu, J.; Xiao, Q.; Xiao, J.; Niu, C.; Li, Y.; Zhang, X.; Zhou, Z.; Shu, G.; Yin, G. Wnt/Beta-Catenin Signalling: Function, Biological Mechanisms, and Therapeutic Opportunities. Signal Transduct. Target. Ther. 2022, 7, 3. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, Y.; Li, X. Advances of Wnt Signalling Pathway in Colorectal Cancer. Cells 2023, 12, 447. [Google Scholar] [CrossRef] [PubMed]

	



Lazarova, D.L.; Bordonaro, M.; Carbone, R.; Sartorelli, A.C. Linear Relationship between WNT Activity Levels and Apoptosis in Colorectal Carcinoma Cells Exposed to Butyrate. Int. J. Cancer 2004, 110, 523–531. [Google Scholar] [CrossRef] [PubMed]

	



Wu, L.; He, S.; He, Y.; Wang, X.; Lu, L. IC-2 Suppresses Proliferation and Induces Apoptosis of Bladder Cancer Cells via the Wnt/Beta-Catenin Pathway. Med. Sci. Monit. 2018, 24, 8074–8080. [Google Scholar] [CrossRef] [PubMed]

	



Park, M.; Kwon, H.J.; Kim, S.H. Homoharringtonine Induces Apoptosis in Human Colorectal Carcinoma HCT116 Cells Via Downregulation of Wnt/β-Catenin Signaling Cascade. Bull. Korean Chem. Soc. 2019, 40, 196–199. [Google Scholar] [CrossRef]

	



Zhao, X.; Han, Z.; Ma, J.; Jiang, S.; Li, X. A Novel N-Sulfonylamidine-Based Derivative Inhibits Proliferation, Migration, and Invasion in Human Colorectal Cancer Cells by Suppressing Wnt/Beta-Catenin Signaling Pathway. Pharmaceutics 2021, 13, 651. [Google Scholar] [CrossRef]

	



Wang, T.-L.; Ouyang, C.-S.; Lin, L.-Z. Beta-Asarone Suppresses Wnt/Beta-Catenin Signaling to Reduce Viability, Inhibit Migration/Invasion/Adhesion and Induce Mitochondria-Related Apoptosis in Lung Cancer Cells. Biomed. Pharmacother. 2018, 106, 821–830. [Google Scholar] [CrossRef]








[image: Marinedrugs 21 00622 g001] 





Figure 1. Resistomycin structure. 
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Figure 2. Resistomycin (Rec) inhibits cellular viability and promotes the apoptotic death of CRC cells. (A) Resistomycin was found to suppress SW480 and HCT-116 cell viability in a time- and dose- dependent manner. (B) Fluorescent images of DAPI-stained SW480 and HCT-116 cells following resistomycin treatment for 24 h. (C) Flow cytometry was utilized to analyze the apoptotic death of SW480 and HCT-116 cells following a 24 h treatment with resistomycin. (D) Resistomycin-associated changes in Bax, Bcl-2, and cleaved caspase-3 levels were detected using Western immunoblotting. Scale bar: 20 μm. ** p < 0.01, *** p < 0.001. 
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Figure 3. Resistomycin (Rec) suppresses Wnt/β-catenin signaling in CRC cells. (A) Resistomycin treatment of SW480 and HCT-116 for 24 h induced changes in β-catenin, TCF4, GSK-3β, and downstream target protein levels were examined via Western immunoblotting. (B) After SW480 and HCT-116 were treated with resistomycin for 24 h, β-catenin and GSK-3β (green) were detected via immunofluorescent microscopy, with DAPI (blue) as a nuclear stain, and the intranuclear and extranuclear β-catenin and GSK-3β were assessed via Western immunoblotting. Scale bar: 20 μm. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 4. LiCl-mediated Wnt/β-catenin pathway activation partially reverses the effects of resistomycin (Rec). (A) HCT-116 cells were treated with LiCl (20 mM) and resistomycin (0.75 M) for 24 h, after which apoptosis of cells was detected via flow cytometry after Annexin V-FITC and PI staining. (B,C) The HCT-116 treated as in (A) and total proteins extracted and the β-catenin and c-Myc assessed via Western immunoblotting. (D) The HCT-116 treated as in (A) and, respectively, nucleus and cytoplasm proteins extracted; the nuclear and cytoplasmic β-catenin proteins, respectively were assessed using Western immunoblotting. Results are representative of three experiments performed independently. Scale bar: 20 μm. * p < 0.05, ** p < 0.01, *** p < 0.001, ns: not significant. 
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Figure 5. β-catenin pathway silencing induces apoptotic death in CRC cells. (A) At 24 h post-transfection with β-catenin-specific or control siRNAs (50 nM), HCT-116 cells were treated for 24 h with resistomycin (Rec), and flow cytometry was used to analyze cells stained using Annexin V-FITC and PI. (B,C) Western immunoblotting was used to detect β-catenin and c-Myc protein levels after HCT-116 cells were treated as in (A). Results are representative of three experiments conducted independently. 
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Table 1. Cell-line-specific IC50 values for resistomycin and doxorubicin after treatment for 48 h.
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Cell Line

	
IC50 (μM/L)




	
Resistomycin

	
Doxorubicin






	
HCT-116

	
1.36 ± 0.26

	
1.18 ± 0.32




	
SW480

	
1.05 ± 0.57

	
1.01 ± 0.26




	
SW620

	
5.62 ± 0.74

	
1.41 ± 0.93




	
HT-29

	
3.31 ± 0.41

	
1.31 ± 0.39




	
QSG-7701

	
15.23 ± 1.44

	
1.73 ± 0.19
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