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Abstract

:

Simple Summary


Tumor dormancy is the period during which patients are asymptomatic before recurrence and it is difficult to target pharmacologically. Inflammatory cytokines present in the tumor microenvironment likely contribute to this event. We show that IL-6 inhibits autophagy in ovarian cancer cells via miRNAs downregulation of ARH-I, an effect contrasted by the nutraceutical resveratrol (RV). In detail, RV keeps the cancer cells in an autophagy-mediated dormant-like state contrasting the IL-6 pro-growth activity. Additionally, we show that ARH-I (DIRAS3) is a bona fide target of miR-1305, a novel oncomiRNA upregulated by IL-6 and downregulated by RV. Our findings have a translational impact since we observed that patients with high DIRAS3 expression have a better outcome, and this correlates with MIR1305 downregulation. Overall, maintaining a permanent cell dormancy by the chronic administration of RV might be considered a therapeutic option to prevent the “awakening” of cancer cells in response to a permissive microenvironment.




Abstract


Tumor dormancy is the extended period during which patients are asymptomatic before recurrence, and it represents a difficult phenomenon to target pharmacologically. The relapse of tumors, for instance arising from the interruption of dormant metastases, is frequently observed in ovarian cancer patients and determines poor survival. Inflammatory cytokines present in the tumor microenvironment likely contribute to such events. Cancer cell dormancy and autophagy are interconnected at the molecular level through ARH-I (DIRAS3) and BECLIN-1, two tumor suppressors often dysregulated in ovarian cancers. IL-6 disrupts autophagy in ovarian cancer cells via miRNAs downregulation of ARH-I, an effect contrasted by the nutraceutical protein restriction mimetic resveratrol (RV). By using three ovarian cancer cell lines with different genetic background in 2D and 3D models, the latter mimicking the growth of peritoneal metastases, we show that RV keeps the cancer cells in a dormant-like quiescent state contrasting the IL-6 growth-promoting activity. Mechanistically, this effect is mediated by BECLIN-1-dependent autophagy and relies on the availability of ARH-I. We also show that ARH-I (DIRAS3) is a bona fide target of miR-1305, a novel oncomiRNA upregulated by IL-6 and downregulated by RV. Clinically relevant, bioinformatic analysis of a transcriptomic database showed that the high expression of DIRAS3 and MAP1LC3B mRNAs together with that of CDKN1A, directing a cellular dormant phenotype, predicts better overall survival in ovarian cancer patients, and this correlates with MIR1305 downregulation. The possibility of maintaining a permanent cell dormancy in ovarian cancer by the chronic administration of RV should be considered as a therapeutic option to prevent the “awakening” of cancer cells in response to a permissive microenvironment, thus limiting the risk of tumor relapse and metastasis.
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1. Introduction


Tumor dormancy corresponds to the extended period during which patients are asymptomatic before relapse and metastasis occurrence [1]. Tumor mass dormancy refers to a condition of equilibrium between cell proliferation and cell death that maintains the volume of the tumor over a long time. This quasi-static condition lasts until the tumor is starved of nutrients, growth factors, and oxygen due to poor vascularization (angiogenic tumor dormancy) or tumor cell proliferation is balanced by immune killing (immune-mediated tumor dormancy) [2]. Cancer-cell dormancy, which also determines a tumor dormancy state, refers to the condition in which the totality (or a large part) of the cancer cells is in a quiescent, non-proliferative state characterized by low metabolic activity [3]. Dormant cancer cells are drug-resistant and are responsible for cancer relapse once they regain the ability to grow [4]. However, keeping cancer cells in a dormant state for decades could be a valuable strategy to preserve patients’ life. This is, for instance, believed to occur in ER-positive breast cancer patients under tamoxifen therapy (reviewed in [2]).



Metastatic dormant cancer cells may remain silent for many years [4]. For instance, in ovarian cancer patients, relapse may present after ten years and this has been attributed to the slow outgrowth of cancer cells adherent to the peritoneum [5], the majority of which likely have been dormant for such a long period. Ovarian cancer is the main cause of mortality for gynecological malignancies [6], and the persistence of metastatic, drug-resistant, dormant cancer cells is one of the most important factors contributing to progression and poor patients’ outcome [7,8,9].



Tumor dormancy is considered a fundamental adaptive response to stress conditions within the tumor microenvironment (TME) [10]. Accordingly, a restrictive or permissive TME induces cancer cells to enter or exit dormancy, respectively [3]. The survival of cancer cells in the dormant state within a TME hypo-vascularized and lacking in nutrients and oxygen depends on autophagy [11]. The crosstalk between cancer cells and stroma finely orchestrates ovarian cell dormancy via soluble factors (e.g., cytokines, chemokines, growth factors, etc.) and epigenetic mechanisms that modulate autophagy in cancer cells [1,12,13,14]. Cancer-associated fibroblasts (CAFs)-derived inflammatory cytokines such as IL-6 and IL-8 have been shown to promote ovarian cancer cell proliferation and motility through the downregulation of autophagy in the migrating cells [15,16,17,18,19]. Particularly, IL-6 has been shown to induce a long-lasting downregulation of autophagy via miRNAs targeting ARH-I, an interactor and activator of BECLIN-1-dependent autophagy [15]. Of note, ARH-I (aka DIRAS3) is a tumor suppressor gene maternally imprinted and found to be mono-allelically silenced in more than 60% of ovarian cancers [20]. ARH-I has been shown to be responsible for controlling the cancer cell dormant state through the modulation of autophagy in ovarian cancer cells facing nutrient deprivation [21]. Autophagy is a metabolic process for lysosome-driven macromolecular degradation that helps the cell to overcome damaging injuries (including oxidative damages) and to survive under stressful situations such as starvation [22]. We shall not describe in detail the autophagy machinery and regulation, as this can be found in an excellent review [23].



We have shown that the nutraceutical resveratrol (RV) is a good caloric restriction mimetic that can induce autophagy in ovarian cancer cells even stronger than amino acids and serum starvation [24]. Of relevance for the aim of the present work, we have previously shown that RV counteracts the IL-6-induced inhibition of autophagy in ovarian cancer cells by rescuing the expression of ARH-I, an effect linked to the opposite regulation of miRNAs targeting the mRNA of this protein [15].



Here, we provide evidence that the chronic administration of RV induces a cell quiescent state with features of cell dormancy in ovarian cancer cells and, more interestingly, that this dormant state persists also when the cells are challenged with IL-6. Mechanistically, IL-6 and RV oppositely regulate autophagy-dependent ovarian cancer cell proliferation and dormancy through the modulation of miR-1305, which is proven to bona fide target ARH-I. The bioinformatic interrogation of a clinical transcriptomic database revealed that patients with a high expression of DIRAS3 (ARH-I) and MAP1LC3B (coding for the autophagosomal protein LC3) together with the upregulation of CDKN1A (coding for the cyclin-dependent kinase inhibitor p21 protein) have better overall survival, and this correlates with MIR1305 downregulation.



Taken together, these findings have a translational relevance supporting RV as an adjuvant therapeutic for a “sleeping-inducing strategy” for maintaining cancer cells in a persistent dormant state, also in the context of an inflammatory TME.




2. Materials and Methods


2.1. Cell Culture


The NIH-OVCAR-3 cell line was obtained from ATCC (cod. HTB-161; American Type Culture Collection; Manassas, VA, USA). The OAW42 cell line was obtained from ECACC (cod. 85073102; European Collection of Authenticated Cell Cultures; Porton Down, Salisbury, UK). The KURAMOCHI cell line was obtained from JCRB Cell Bank (cod. JCRB0098; Japanese Collection of Research Bioresources Cell Bank; Japan). The OVCAR3 and KURAMOCHI human ovarian cancer cell lines were cultured in RPMI 1640 medium (cod. R8758; Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS, cod. ECS0180L; Euroclone, Milan, Italy), 1% glutamine (cod. G7513; Sigma-Aldrich), and 1% penicillin/streptomycin (PES, cod. P0781; Sigma-Aldrich).



The OAW42 human ovarian cancer cell line was cultured in Minimum Essential Medium (MEM) (cod. M2279; Sigma-Aldrich) supplemented with 10% heat-inactivated FBS, 1% glutamine, 1% non-essential amino acids (cod. M7145; Sigma-Aldrich), and 1% PES.



The OVCAR3-GFP-LC3 cells were established in our laboratory [15] and maintained in culture conditions as the parental cell line.



All the cell lines were maintained under standard culture conditions (37 °C, 5% CO2).




2.2. Reagents


Resveratrol (RV, cod. R5010, Sigma-Aldrich) was dissolved in DMSO and used at different concentrations (100 µM, 20 µM, or 10 µM) as indicated. Interleukin-6 (IL-6, cod. 11340066, Immunotools, Friesoythe, Germany) was dissolved in sterile water and used at a final concentration of 50 ng/mL. Control experiments demonstrated that DMSO (final concentration: 0.01%) had no effect on cell growth and autophagy.



The miR-1305 mimic and anti-miR-1305 (i.e., miR-1305 inhibitor) were purchased from Life Technologies (Carlsbad, CA, USA) and used at a final concentration of 200 pmol/mL.




2.3. Antibodies


The following primary antibodies were employed for either immunofluorescence or western blotting: mouse anti-ARH-I (for IF 1:250, for WB 1:1000; cod. ab45768; Abcam, Cambridge, UK), mouse anti-p21 (for IF 1:100, for WB 1:200; cod. sc-817; Santa Cruz Biotechnology, Dallas, TX, USA), rabbit anti-LC3 (1:2000; cod. L7543; Sigma-Aldrich), rabbit anti-p62 (1:500; cod. 8025; Cell Signaling, Danvers, MA, USA), mouse anti-β-actin (1:2000; cod. A5441; Sigma-Aldrich), mouse anti-BECLIN-1 (1:500; cod. 612112; BD Biosciences, Franklin Lakes, NJ, USA), goat anti-BECLIN-1 (1:250; cod. sc-10086; Santa Cruz Biotechnology), rabbit anti-VPS34 (1:500; cod. 4263; Cell signaling), mouse anti-STAT3 (1:500; cod. 9139; Cell Signaling), rabbit anti-phospho (Tyr705) STAT3 (1:1000; cod. 9145; Cell Signaling), rabbit anti-Ki-67 (1:100; cod. HPA001164; Sigma-Aldrich), mouse anti-BCL-2 (1:500; cod. 15071; Cell Signaling), mouse anti-IL-6R (1:1000; cod. AHR0061; Invitrogen, Waltham, MA, USA), rabbit anti-cyclin D1 (1:500; cod. 2978; Cell Signaling), rabbit anti-p38 (1:500; cod. 9212; Cell Signaling), rabbit anti-GAPDH (1:1000, cod. G9545, Sigma Aldrich), and mouse anti-ERK1/2 (1:500; cod. 05-1152; Millipore, Burlington, MA, USA).




2.4. 3D Spheroids Proliferation Assay


Cells were seeded at a density of 500,000 cells/petri dish using non-adherent dishes coated with Poly-HEMA (2-hydroxyethylmethacrylate, cod. P3932; Sigma-Aldrich) and cultured as described previously [25]. Spheroid growth was monitored and documented under the phase-contrast microscope. Spheroid dimension was determined with ImageJ software (v. 1.52). Cell proliferation was monitored also by means of DiD staining. Briefly, 1 million cells stained with 1 µM DiD (cod. V22887; Life Technologies) were plated, and once formed, the spheroids were treated as indicated, harvested, and cyto-spotted on glasses. The intensity of DiD retention (which decays along with cell division) was documented under the fluorescence microscope (Leica DMI6000; Leica Microsystems, Wetzlar, Germany) and then quantified with ImageJ software.




2.5. Western Blotting


A standard procedure was used for preparing cell homogenates, Western blotting onto a PVDF filter (cod. 162-0177; BioRad, Hercules, CA, USA), and the saturation of the membrane with non-fat dry milk, as detailed in [25]. Filters were incubated with the appropriate primary antibodies overnight at 4 °C, followed by incubation with secondary HRP-conjugated antibodies (goat anti-mouse (cod. 170-6516) or goat anti-rabbit (cod. 170-6515)) for 1 h at room temperature. The bands were detected with Enhanced Chemiluminescence reagents (ECL, cod. NEL105001EA; Perkin Elmer, Waltham, MA, USA) and imaged with the VersaDOC Imaging System (Universal Hood II—S.N. 76S/04219; Biorad, Milan, Italy). For loading control, the filters were re-probed with β-ACTIN or GAPDH. Densitometric analysis was performed with Quantity One software (v. 4.5). Original Western Blot data is shown in Supplementary Materials (File S1).




2.6. Clonogenic Assay


Cells were seeded into Petri dishes at a density of 10,000 cells/cm2 and treated as per the experimental conditions. Substances were re-added to fresh medium daily. Cells were fixed with methanol and stained with 0.5% crystal violet solution [16]. The Petri dishes were extensively washed, dried at room temperature, and photographed. Colony growth was estimated by ImageJ software.




2.7. Cell Counting, Doubling Time, and Cell Cycle Analysis


Cells were plated in Petri dishes (5000–10,000 cells/cm2) and treated under different conditions. Cells were collected and counted in quadruplicate for each experimental condition. Doubling time (Dt) was calculated using the software Doubling Time Online Calculator (http://www.doubling-time.com/compute.php; accessed on 10 March 2021). Cells were fixed in 70% ethanol, stained with propidium iodide (PI, 50 μg/mL; cod. P4170, Sigma Aldrich), and acquired by using a FACSCalibur (Becton Dickinson, Eysins, Switzerland) flow cytometer. For each sample, a fraction of 5000 events was analyzed. The analysis of the cytofluorimetric data obtained was performed by using Flowing software (v. 2.5.1).




2.8. Immunofluorescence


Cells were plated on sterile coverslips at a density of 5000–10,000 cells/cm2 and treated or transfected as appropriate. A standard procedure was used for immunofluorescence, as detailed in [25]. The coverslips were incubated overnight at 4 °C with specific primary antibodies and the following day were incubated with dye-conjugated secondary antibodies for 1 h at room temperature. Nuclei were stained with the UV fluorescent dye DAPI (4′,6-diamidino-2-phenylindole). Coverslips were mounted onto glasses using SlowFade reagent (cod. S36936; Invitrogen) and imaged under a fluorescence microscope (Leica DMI6000).




2.9. Co-Immunoprecipitation Assay


Cells were plated on Petri dishes (50,000 cells/cm2), allowed to adhere, and treated as indicated. Cells were collected with lysis buffer and the protein content was measured by BCA assay. The same amount of protein (500 μg) was incubated with the anti-ARH-I antibody (5 μg), and to capture the immunocomplexes, 50 μL of Sepharose G beads (cod. P3296; Sigma-Aldrich) were added to each sample. Immunocomplexes were then precipitated by centrifugation and eluted with Leammli buffer. Samples were loaded on an SDS-PAGE and immunoblotted with specific antibodies to reveal the presence of ARH-I interactors (BECLIN-1 and VPS34).




2.10. Cell Transfection


Cells were plated on coverslips or on Petri dishes depending on the experiment performed. The miRNA-loaded liposomal complexes were prepared in Opti-MEM I Reduced Serum Medium (cod. 11058021, Life Technologies) with 200 pmol of miR-1305 or anti-miR-1305 and Lipofectamine 3000 (cod. L3000-015, Life Technologies). After 6 h of incubation, the medium was replaced with a complete culture medium, which was renewed every 24 h to prevent secondary effects due to starvation.




2.11. Assessment of Autophagy in Living Cells Expressing GFP-LC3


OVCAR3-GFP-LC3 cells were seeded on coverslips (2000 cells/cm2) and treated depending on the experiment type. Coverslips were washed, mounted, and immediately imaged under the fluorescence microscope (Leica DMI6000) as reported previously [15].




2.12. Bioinformatic Prediction of miR-1305/ARH-I Interaction


miR-Walk 2.0 (http://mirwalk.umm.uni-heidelberg.de/; accessed on 15 January 2021), a bioinformatic software that includes 12 algorithms (mirWalk, Microt4, miRanda, mirbridge, miRDB, miRMap, miRNAMap, Pictar2, PITA, RNA22, RNAhybrid, and TargetScan), was used to retrieve the predicted interactions between miRNAs and the 3′UTR region of ARH-I transcript.




2.13. Bioinformatic Analysis of TCGA Clinical Data


Kaplan–Meier curves and correlation studies were conducted by extracting clinical data from the TCGA database (www.portal.gdc.cancer.gov/, accessed on 16 November 2021). The analysis was conducted on the ovarian serous cystadenocarcinoma dataset (TCGA Nature 2011), which accounts for 316 patients. mRNA expression and clinical information (e.g., overall survival) were downloaded from cBioportal.org. Patients were grouped based on the level of mRNA expression and copy number variations (CNV). Low vs. high groups were defined relative to the median expression level of the overall patient cohort.



Scatter plots were employed to represent the correlation between the expression of relevant biomarkers in the patient cohort. Regression was estimated by calculating Spearman’s and Pearson’s correlation coefficients (r) and the relative p-values.



Statistical analyses were performed by R (3.6.1 version, The R Foundation for Statistical Computing, Vienna, Austria) and SAS software (9.4. version, SAS Institute Inc., Cary, NC, USA). The log-rank test has been used to determine the statistical significance. The p-value ≤ 0.05 was considered significant.




2.14. Imaging Acquisition and Analysis


Fluorescence images were acquired by a fluorescence microscope (Leica DMI6000). For each experimental condition, at least three slides were prepared in separate experiments and five to ten microscopic fields, randomly chosen, were imaged by two independent investigators unaware of the treatment. The quantification of fluorescence intensity was performed with ImageJ software (https://imagej.nih.gov/; accessed on 15 April 2018). The representative images of selected fields are shown.




2.15. Statistical Analysis


Statistical analysis was performed with GraphPad Prism 5.0 software. Bonferroni’s multiple comparison test after one-way ANOVA analysis (unpaired, two-tailed) was employed. Significance was considered as follows: **** p< 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05. All data are reported as average ± S.D.





3. Results


3.1. Resveratrol Contrasts IL-6 Stimulation of 3D Tumor Spheroid Growth


To evaluate the growth of ovarian cancer cells in a condition that mimics, at best, the tumor growing in the peritoneum, we performed a 3D spheroid-forming assay [26]. Three different ovarian cancer cell lines, namely OVCAR3, OAW42, and KURAMOCHI, as representatives of ovarian cancers with different patterns of oncogenes, tumor suppressor genes, and microRNAs expression and different metabolic alterations and extensions of malignant features [27,28,29] were employed. Cells were chronically treated with interleukin-6 (IL-6) to mimic in vitro the pro-inflammatory TME found in ovarian cancer patients [13]. After 5 days of treatment with IL-6, the cultures were supplemented with resveratrol (10 µM RV), a caloric restriction mimetic and autophagy inducer [24].



Compared to the control, the chronic exposure to IL-6 significantly increased the 3D spheroid dimension as early as day 2 (Figure 1). The addition of RV on day 5 resulted in tumor spheroid growth arrest. Strikingly, this effect was observed also in IL-6-treated 3D spheroid cultures and lasted for the subsequent five days. The average area of the spheroids at day 10 increased by up to 3-fold in IL-6-treated cultures, while it was about half that of the controls in the RV-supplemented cultures. These effects were more pronounced, in order, in OVCAR3, OAW42, and KURAMOCHI cells.



We investigated the molecular pathways involved in the observed effects, focusing on the IL-6R (IL-6 receptor)/STAT3 pathway. The expression of IL-6R and the phosphorylation of STAT3 were assayed on homogenates of OVCAR3, OAW42, and KURAMOCHI 3D spheroids cultured for 10 days as above (Figure 2A). The treatment with IL-6 resulted in increased IL-6R expression along with STAT3 Tyr705 phosphorylation, and this effect was canceled by the addition of 10 μM RV on day 5 (Figure 2B,C,E,F,H,I). It has been reported that STAT3 can be sequestered in the cytosol through binding with ARH-I, a maternally imprinted tumor suppressor involved in the regulation of ovarian cancer cell growth and dormancy [21]. We previously reported that in ovarian cancer cells grown as 2D, the level of ARH-I is reduced by IL-6 and increased by RV, respectively [15]. Therefore, we evaluated the expression of ARH-I in the 3D spheroid cultures. While IL-6 downregulated the expression of ARH-I, the addition of RV on day 5 rescued and increased its expression (Figure 2D,G,J). Notably, the highest upregulation of ARH-I (up to 20-fold) in parallel with the more pronounced IL-6-mediated STAT3 activation (about 5-fold) was recorded in OVCAR3 3D spheroids, consistent with the effects on the growth reported in Figure 1. This prompted us to investigate further in-depth the effects of RV on this cell line.




3.2. Resveratrol Induces a G0/G1 Cell Cycle Arrest in OVCAR3 Cells Exposed to IL-6


To evaluate cell proliferation in OVCAR3 spheroids, we employed DiD staining, a fluorescent dye that rapidly and stably integrates into the phospholipid cell membrane and whose signal is diluted along with cell duplication. OVCAR3 spheroids chronically exposed to IL-6 (for ten days, as for the experiments described above) showed decreased DiD fluorescence signals compared to the control, indicative of the occurred cell proliferation (Figure 3A,B). The DiD signal was rescued in the spheroids that had been co-treated with RV from day 5, indicating that cell division was impaired (Figure 3A,B). Consistently, at day 10, RV contrasted the ERK1/2-mediated proliferation signaling induced by IL-6 and concomitantly triggered the expression of the cell cycle inhibitor p21 (Figure 3C).



The colony assay confirmed that the supplementation of RV was able to arrest the growth of IL-6-stimulated OVCAR3 cells (Figure 3D), in agreement with the increased doubling time (Figure 3E). The cytofluorimetric analysis of the cell cycle showed that after five days of exposure to IL-6, the amount of OVCAR3 cells in the S phase was doubled, while it remained like that of controls in the subsequent five days when co-treated with RV (Figure 3F). Immunofluorescence staining showed that IL-6 stimulated the expression of nuclear Ki-67 and of cytoplasmic cyclin D1 (consistent with the transition to the S phase), along with the reduced expression of ARH-I, and that the co-incubation with RV in the last five days led to decreased expression of both Ki-67 and cyclin D1 (the latter appears relocated in the nucleus) and concomitant increase of ARH-I and p21 (Figure 3G). These data are consistent with cytofluorometric data showing an accumulation of cells in the G0/G1 phase (shown in panel F) and are suggestive of a dormant phenotype in the culture exposed to RV.




3.3. Ovarian Cancer Spheroids Pre-Treated with Resveratrol Do Not Rescue the Growth upon Challenge with IL-6


Next, we tested whether RV could induce a long-lasting dormant state in OVCAR3 cells that could prevent IL-6 re-growth stimulation. To this end, we set up a protocol in which OVCAR3 spheroids were chronically exposed to RV, progressively decreasing its concentration to avoid cytotoxicity yet at the same time keeping the living cells in a dormant-quiescent state (Figure 4A). On day 5 and for the next five days we challenged the culture with IL-6 still in the presence or, alternatively, absence of RV. These experimental conditions mimic, at best, the occurrence of an accidental recrudescence of inflammation at the metastatic site in a tumor-bearer subjected to chronic RV treatment or who interrupted the therapy.



In line with the results above, chronic treatment with RV impaired tumor growth, as suggested by the fact that the spheroids dimensions remained constant during the time while it progressively increased in the controls. Based on the tumor spheroids dimensions, the challenge with IL-6 on day 5 did not result in an obvious rescue of cell proliferation in the subsequent five days, in either the cultures where RV had been withdrawn or was continuously present (Figure 4B,C).



Next, we assayed the IL-6R/STAT3 signaling pathway level in the OVCAR3 cells grown as 3D and treated as above (Figure 5A). The chronic (ten days) treatment with RV reduced by approximately 5-fold the levels of IL-6R and nearly completely abrogated the phosphorylation (Tyr705) of STAT3 (Figure 5B,C). The addition of IL-6 only slightly changed this pattern, indicating that pre-treatment with RV effectively protected the cells from being challenged by the inflammatory cytokine. Additionally, ARH-I expression remained significantly elevated in RV-treated cells (about 3–4-times higher than the control) even upon challenge with IL-6 (Figure 5D), suggesting RV elicited long-lasting benefits, possibly due to epigenetic mechanisms.



To determine whether the pre-treatment with RV could turn the cells into a quiescent, dormant-like state, we performed the same analyses as for the experiments described in Figure 3. The DiD staining of OVCAR3 cells grown as 3D and treated for ten days as described in Figure 4 indicated that IL-6 could not trigger cell proliferation when the culture was pre-treated or co-treated with RV (Figure 6A,B). The tumor spheroids pre-treated with RV showed reduced levels of ERK1/2 expression (about 50% less than in the control) and increased levels of p38 and p21 (about 4-fold and 8-fold, respectively), and this same pattern remained essentially unchanged in the spheroids that were challenged from day 5 to day 10 with IL-6, whether RV was removed or still present (Figure 6C). The colony assay further confirmed the inability of IL-6 to restart cell proliferation in the cultures pre-exposed to RV, regardless of whether the latter was removed or maintained in the medium (Figure 6D). The doubling time was consistent with the above data, showing that RV could prolong it by 2-fold and that IL-6 could not shorten it (Figure 6E). In line with these results, the cancer cells chronically treated with RV accumulate in the G0/G1 phase and do not re-enter the cell cycle upon the addition of IL-6 from day 5, even in the culture where on day 5 RV was withdrawn (Figure 6F). Notably, upon challenging with IL-6, a small percentage of cells entered the S phase, yet these cells were unable to complete the cell cycle, as indicated by the fact that the proportion of cells in the G2/M phase remained the same as in RV-treated cells (Figure 6F). Finally, we evaluated the expression of markers associated with the quiescent, dormant-like phenotype. Immunofluorescence double-staining for ARH-I/Ki-67 and for p21/cyclin D1 showed that RV (5 days pre-treatment or 5 days pre-treatment plus 5 days co-treatment with IL-6) upregulated the expression of ARH-I and p21 and concomitantly downregulated the expression of Ki-67 and cyclin D1, and this pattern was not altered by the challenge with IL-6 (Figure 6G).




3.4. Resveratrol Promotes an ARH-I-Mediated Autophagy in Contrast to IL-6


Previous studies have shown that the overexpression of DIRAS3/ARH-I may drive ovarian cancer cells into a dormant state through the induction of autophagy [30]. We checked whether this also occurred in OVCAR3 cells exposed to RV. First, we assessed autophagy in OVCAR3 tumor spheroids cultivated for ten days as per the experimental workflow presented in Figure 1. The Western blotting of p62/SQSTM1, a surrogate marker of cargo degradation [31], accumulated in IL-6-treated cells, and this accumulation was contrasted by co-treatment with RV from day 5, indicating that IL-6 slowed down while RV stimulated the autophagy flux (Figure 7A). This interpretation is supported by the reduced conversion of LC3-I into LC3-II (indicative of autophagosome formation) in IL-6-treated spheroids that is instead promoted by RV (Figure 7A). A similar protocol of treatment in the 2D cultures of GFP-LC3 expressing OVCAR3 showed a diffuse fluorescence staining in IL-6-treated cells, indicating that LC3 remained in its cytosolic form, and an increased number of fluorescence puncta, indicative of vacuolar relocation of LC3, in RV-treated cells (Figure 7B).



Next, we performed the same analyses in OVCAR3 cells treated for ten days as per the experimental protocol illustrated in Figure 4. Again, we observed that p62 expression decreased while LC3-II increased over LC3-I in tumor spheroids exposed to RV for either ten days or only the first five days, indicating that autophagy flux was stimulated, and this effect contrasted the inhibitory action of IL-6 (Figure 7C). This interpretation is further supported in the 2D cultures of GFP-LC3-expressing OVCAR3 cells where fluorescence puncta (associated with autophagic vacuoles) are clearly evident in all conditions with RV (Figure 7D).



ARH-I has been shown to trigger autophagy through displacing BCL-2 and directly interacting with BECLIN-1, thus promoting the autophagosome initiation complex [20]. Thus, we asked whether RV could favor such intermolecular interactions and if this effect could occur also in the presence of IL-6 and persist even after its withdrawal from the culture. To this end, we performed a co-immunoprecipitation assay to identify the main partners of ARH-I involved in the autophagy interactome in OVCAR3 cells incubated for 24 h with either RV or IL-6 or both. As shown in Figure 7E, RV increased while IL-6 reduced the amounts of BECLIN-1 and VPS34 (aka PI3KC3) interacting with ARH-I. This data was further supported by the immunofluorescence co-labeling of BECLIN-1 with either ARH-I or BCL-2. The images in Figure 7F demonstrate that IL-6 promotes BECLIN-1–BCL-2 interaction whereas RV displaces BCL-2 and promotes the interaction of BECLIN-1 with ARH-I, consistent with co-immunoprecipitation data.




3.5. miR-1305 Downregulates ARH-I and Induces Ovarian Cancer Cell Proliferation Mimicking IL-6 Effects


In a separate study, we analyzed the microRNome in OVCAR3 cells and found that IL-6 and RV oppositely modulated the expression of six miRNAs potentially targeting ARH-I [15]. The in silico analysis with the miRWalk software indicated that miR-1305 was the most promising candidate since 5 algorithms out of 12 confirmed ARH-I as its target (Figure 8A). Consistently, the probability of interaction between miR-1305 and the 3′UTR of ARH-I is statistically significant (p = 0.0393) (Figure 8B). To validate this prediction at the protein level, we monitored by Western blotting the expression of ARH-I in miR-1305-transfected OVCAR3 cells for up to 72 h. As shown in Figure 8C, much like IL-6, miR-1305 caused a progressive decrease of ARH-I protein in transfected cells, lowering the level by approximately 6-fold compared to the untransfected counterpart after 72 h. Then, it was mandatory to determine whether miR-1305 could resemble IL-6 functionally. To this end, we assessed the proliferation rate, colony formation rate, and cell cycle distribution of the cells transfected with miR-1305 or with anti-miR-1305, the latter being introduced as a counterpart possibly resembling the treatment with RV. Based on the DiD dye retention test (Figure 8D), on the third day of culture, the untransfected control cells contained one-sixth of the initial fluorescence, indicating the occurrence of cell duplication. By this time, DiD fluorescence was halved in miR-1305-transfected cells while it was doubled in anti-miR-1305-transfected cells compared to the controls (Figure 8E). It is remarkable that anti-miR-1305, which sponges endogenous miR-1305, could slow down the proliferation rate, acting much like RV.



To further support this finding, we moved to the colony assay. Figure 8F shows that miR-1305 increases the efficiency of colony formation while the transfection with miR-1305 antagonist results in fewer colonies compared to that of the control. Additionally, we found that miR-1305-transfected cells exhibited an increased accumulation in the G2/M phase in parallel with a reduced accumulation in the G0/G1 phase as compared to the profile of control cells, consistent with an increased proliferation rate. In contrast, the cells transfected with anti-miR-1305 displayed a cytofluorimetric profile like the non-transfected cells (Figure 8G). To see if these effects were mechanistically linked with ARH-I expression, we performed the immunofluorescence co-staining of this protein with Ki-67 in the transfected cells. The images shown in Figure 8H demonstrate that compared to controls, the cells transfected with the miR-1305 mimic express low levels of ARH-I along with high levels of Ki-67, whereas the cells transfected with the anti-miR-1305 display the opposite pattern. To definitively verify that miR-1305 could mimic IL-6 in inducing a quiescent/dormant-like state in the cells, we assessed by Western blotting the expression of relevant biochemical markers (Figure 8I). Compared to the pattern of expression in the untransfected control, the transfection with miR-1305 resulted in the upregulation of ERK1/2 along with the downregulation of p38, and ARH-I, whereas the transfection with anti-miR-1305 resulted in the opposite regulation of these proteins. Remarkably, anti-miR-1305 greatly upregulated cell dormancy-associated markers p38 (about 2-fold), ARH-I (2.5-fold), and p21 (3-fold).



Finally, we wanted to prove that the phenotypic effects of miR-1305 and anti-miR-1305, respectively mimicking IL-6 and RV, were indeed linked to autophagy modulation. First, we checked by co-immunoprecipitation the formation of the pro-autophagic interactome in the transfected cells. Compared to control cells, the amount of BECLIN-1 and VPS34 bound to ARH-I is reduced in miR-1305-transfected cells, while it is increased in anti-miR-1305-transfected cells (Figure 9A). Consistently, miR-1305 downregulates while anti-miR-1305 upregulates autophagy, as indicated by the changes in p62 and in the LC3-II/LC3-I ratio (Figure 9B). Notably, anti-miR-1305 abrogates IL-6-induced effects on ARH-I-mediated autophagy (Figure 9C). Accordingly, in GFP-LC3-expressing cells, anti-miR1305 promotes the formation of LC3 puncta, indicative of autophagy induction, while both IL-6 and miR-1305 determine a diffused cytosolic fluorescence, indicative of autophagy inhibition (Figure 9D).




3.6. High Expression of DIRAS3 and MAP1LC3B Correlates with CDKN1A and Predicts Good Prognosis in Ovarian Cancer Patients


Finally, we addressed the translational relevance of autophagy-regulated cancer cell dormancy in the clinical outcomes of ovarian cancer patients. We interrogated the TCGA database to evaluate whether the DIRAS3-related signature correlates with the autophagy-mediated quiescent state of the tumor in patients’ samples. To this end, we searched for the correlation between the expression of the relevant genes, namely DIRAS3 (coding for ARH-I), MAP1LC3B (coding for the autophagic marker LC3), and CDKN1A (coding for the cyclin-dependent kinase inhibitor p21). We found that the DIRAS3 mRNA level positively correlates with the CDKN1A mRNA level (Figure 10A) and the latter correlates with MAP1LC3B mRNA expression (Figure 10B). We also compared the survival outcome of patients bearing differential expressions of DIRAS3 and MAP1LC3B. First, we found that these two genes are positively associated (Figure 10C). Most importantly, the patients with high DIRAS3 expression together with MAP1LC3B upregulation (that indicates active ongoing autophagy) had a significantly better prognosis (p = 0.0579) than those belonging to the other groups (Figure 10D).



Next, we examined whether miR-1305 could be implicated in the clinical outcome of those patients. We stratified the patients based on the expression of DIRAS3 and MIR1305 and checked for their clinical outcomes. Forty-two patients presented the shallow deletion of MIR1305 and 273 patients presented no alterations in the copy number variation (CNV) of MIR1305. We found that MIR1305 levels were inversely correlated to DIRAS3 mRNA (Figure 10E) and that the patients bearing a shallow deletion of MIR1305 together with DIRAS3 upregulation exhibited a longer overall survival than the patients with no alteration in MIR1305 CNV (Figure 10F).





4. Discussion


Despite the huge progress recently made in the treatment of ovarian cancer, too many patients still experience tumor relapse, thus resulting in poor survival outcomes [1,8,32]. Tumor relapse has been linked to the interruption of tumor dormancy, a condition in which the tumor mass remains constant for a long time due to the balance between cell growth and immune-mediated cell death (immune-dormancy), lack of vascularization (angiogenic dormancy), or cell quiescence (cancer cell dormancy) [2]. The development of metastasis along with the high heterogeneity of the malignant lesions, the intricate crosstalk of signaling pathways, and the resistance to therapy make tumor dormancy a difficult process to control from a pharmacological point of view [33].



Cancer cell dormancy is an important response of adaptation to microenvironmental stress conditions, resulting from metabolic crosstalk, involving cytokines, chemokines, growth factors, metabolites, and non-coding RNAs, in which autophagy plays a fundamental role [12,34]. Autophagy is a dynamic catabolic lysosome-mediated process that ensures the macromolecular turnover and cellular quality control crucial for homeostasis [35]. Cancer cell dormancy and autophagy are interconnected at molecular level through ARH-I (also known as DIRAS3), a maternally imprinted oncosuppressor that is expressed by normal epithelial cells while it is downregulated in more than 60% of ovarian cancer cases [30]. ARH-I can sequester STAT3, which mediates IL-6-transcriptional effects associated with tumor aggressiveness [36]. ARH-I can displace BCL-2 and bind to BECLIN-1 to promote the formation of the autophagic initiation complex together with VPS34/PI3KC3 [20]. Here, we investigated the mechanisms involved in the reciprocal regulation of autophagy and cell dormancy in ovarian cancer cells challenged with IL-6 to mimic the pro-inflammatory tumor microenvironment.



We used the 3D spheroid culture model that, in vitro, resembles the growth of ovarian cancer cells disseminated in the peritoneum [37,38].



We found that IL-6 promotes the growth of 3D spheroids, and this effect is associated with the downregulation of ARH-I expression and the inhibition of autophagy. ARH-I is expressed in normal epithelial cells, while it is downregulated or lost in more than 60% of ovarian cancer cases due to loss of heterozygosity, DNA methylation, transcriptional regulation, and shortened mRNA half-life but also via epigenetic mechanisms involving non-coding RNAs [30]. For example, the upregulation of specific miRNAs, specifically miR-221 and miR-222, lead to ARH-I downregulation, supporting prostate cancer tumorigenesis by the promotion of cell proliferation and invasiveness [39].



In a previous study, we reported that resveratrol (RV; 3,4,5-trihydroxy-trans-stilbene) can counteract the IL-6-induced downregulation of ARH-I [15]. In that study, we identified a signature of six miRNAs modulated in an opposite manner by IL-6 and RV (upregulated and downregulated, respectively) that have ARH-I as the predicted target [15].



The bioinformatic analysis revealed that miR-1305 was the best candidate with the highest probability to bind the 3′UTR of DIRAS3. MiR-1305 plays a complex role in carcinogenesis. Many reports indicate that it shows tumor-suppressive properties by dampening cell proliferation and invasion and sensitizing cancer cells to cell death [40,41,42]. On the other hand, it acts as oncomiRNA by promoting cancer stem cell-like phenotypes and correlates with the poor prognosis of multiple myeloma patients [43]. Additionally, another study shows that the overexpression of miR-1305 induced the differentiation of pluripotent stem cells by promoting G1/S transition, while its downregulation facilitated the maintenance of quiescence and increased cell survival [44]. Here, we report that miR-1305 exerts an oncogenic role in ovarian cancer cells. We observed that ovarian cancer patients bearing a shallow deletion of MIR1305 together with high DIRAS3 expression display a significantly better overall survival compared to that observed in the group of patients with no CNV alterations (possibly expressing high MIR1305). Accordingly, we found that miR-1305 mimic-transfected cells exhibit an enhanced proliferative capability similar to that observed in IL-6-treated cells, while the downregulation of endogenous miR-1305 (either by RV treatment or by sponging it with the miRNA inhibitor) results in the acquisition of ARH-I-mediated dormant phenotype in parallel with the restoration of autophagy. In agreement with these findings, we found that miR-1305 inhibits the recruitment and activation of the autophagy interactome, resembling the effect of IL-6, while anti-miR-1305 promotes the formation of the autophagic interactome, resembling the effects of RV.



Of clinical relevance, we found that ovarian cancer patients bearing a low level of MIR1305 and high expression of DIRAS3 have a longer overall survival compared to patients in which the CNV of MIR1305 was unaltered. Moreover, the mRNA of DIRAS3 correlated with that of MAP1LC3B and the latter with that of CDKN1A. These bioinformatic data agree with the functional data showing that the rescue of ARH-I by RV is associated with increased autophagy (i.e., LC3 processing) and cell quiescence (witnessed by the increased expression of p21). Our data agree with a report from Bast’s group, showing that the high expression of ARH-I is associated with the increased expression of p21WAF1/CIP1 and prolonged progression-free survival [45].



Moreover, RV has recently attracted the attention of many researchers thanks to its several tumor-suppressive properties [46,47,48]. In this study, we found that chronic treatment with RV could also prevent the IL-6-induced resumption of 3D spheroids proliferation, thus reducing the risk associated with relapse and metastasis of the “awakened” clones.



We also provide evidence that the RV-promoted switch toward quiescence was sustained by negative feedback on the IL-6R/STAT3 pathway, which has been associated with tumor growth, angiogenesis, chemoresistance, and immune suppression [49]. This finding has an important translational relevance since IL-6R is frequently overexpressed in ovarian tumors and has been shown to correlate with a poor prognosis in ovarian cancer patients [50].




5. Conclusions


To date, it remains to be defined which is the most suitable strategy to target tumor dormancy. The current therapeutic approaches include (i) maintaining cancer cells in a chronic dormant state, by avoiding their “awakening” and the consequent risk of relapse and metastasis; (ii) inducing the re-activation of dormant cancer cells and targeting them with conventional anti-proliferative drugs; and (iii) directly killing dormant cells by pharmacologically inhibiting their survival mechanisms [51]. The downregulation of dormancy-associated miRNAs represents a crucial regulation pattern associated with the switch from quiescence to proliferation [52]. Thus, playing with the epigenetic regulation of dormancy could be a feasible strategy, provided an epigenetic modulator is available. RV may act as an epigenetic regulator and a potent autophagy inducer capable of ameliorating several aspects of the malignant phenotype of cancer cells [46,53,54]. Here, we demonstrated that the chronic intake of RV could serve this function. To be noted, RV counteracted the IL-6-induced proliferation in three different ovarian cancer cell lines, suggesting that the mechanism involved is independent of the genetic background of oncogenes and oncosuppressors. Here, we demonstrated that RV and IL-6 modulate the dormant phenotype through the modulation of ARH-I-dependent autophagy. Mechanistically, RV and IL-6 modulate miR1305, which targets ARH-I. Based on these results, we propose miR-1305 as a novel oncomiRNA. Thus, RV could represent a novel therapeutic tool for an epigenetic “sleeping strategy” for counteracting tumor growth or preventing the “awakening” of cancer cells within a pro-inflammatory microenvironment, thus limiting the risk of tumor recurrence and metastasis.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cancers14092142/s1, File S1: Original Western Blot Data.





Author Contributions


Conceptualization, A.E., A.F., D.N.D. and C.I.; methodology, A.E., A.F. and C.V.; bioinformatic analysis, A.S.; statistical analysis, A.E. and A.F.; writing—original draft preparation, A.E. and A.F.; writing—review and editing, D.N.D. and C.I.; visualization, A.E., A.F. and C.V. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data sharing is not applicable to this article.




Acknowledgments


A.E. and A.S. are PhD students and recipients of a fellowship granted by the Italian Ministry of University and Research (MIUR, Rome, Italy). A.F. is recipient of a post-doctoral fellowship “Paolina Troiano” (id. 24094) granted by Associazione Italiana per la Ricerca sul Cancro (AIRC, Milan, Italy). C.V. is the recipient of a post-doctoral fellowship from Università degli Studi del Piemonte Orientale (Novara, Italy). The fluorescence microscope was donated by Comoli, Ferrari & SpA (Novara, Italy). Thanks to Associazione per la Ricerca Medica Ippocrate-Rhazi (ARM-IR, Novara, Italy) and to Consorzio Interuniversitario per le Biotecnologie (CIB, Trieste, Italy) for support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Gao, X.-L.; Zhang, M.; Tang, Y.-L.; Liang, X.-H. Cancer cell dormancy: Mechanisms and implications of cancer recurrence and metastasis. OncoTargets Ther. 2017, 10, 5219–5228. [Google Scholar] [CrossRef] [PubMed]

	



Endo, H.; Inoue, M. Dormancy in cancer. Cancer Sci. 2019, 110, 474–480. [Google Scholar] [CrossRef]

	



Butturini, E.; Carcereri De Prati, A.; Boriero, D.; Mariotto, S. Tumor Dormancy and Interplay with Hypoxic Tumor Microenvironment. Int. J. Mol. Sci. 2019, 20, 4305. [Google Scholar] [CrossRef] [PubMed]

	



Sosa, M.S.; Bragado, P.; Aguirre-Ghiso, J.A. Mechanisms of disseminated cancer cell dormancy: An awakening field. Nat. Rev. Cancer 2014, 14, 611–622. [Google Scholar] [CrossRef]

	



Greer, B.E.; Bundy, B.N.; Ozols, R.F.; Fowler, J.M.; Clarke-Pearson, D.; Burger, R.A.; Mannel, R.; DeGeest, K.; Hartenbach, E.M.; Baergen, R.N.; et al. Implications of second-look laparotomy in the context of optimally resected stage III ovarian cancer: A non-randomized comparison using an explanatory analysis: A Gynecologic Oncology Group study. Gynecol. Oncol. 2005, 99, 71–79. [Google Scholar] [CrossRef]

	



Cabasag, C.J.; Arnold, M.; Butler, J.; Inoue, M.; Trabert, B.; Webb, P.M.; Bray, F.; Soerjomataram, I. The influence of birth cohort and calendar period on global trends in ovarian cancer incidence. Int. J. Cancer 2020, 146, 749–758. [Google Scholar] [CrossRef] [PubMed]

	



Jayson, G.C.; Kohn, E.C.; Kitchener, H.C.; Ledermann, J.A. Ovarian cancer. Lancet 2014, 384, 1376–1388. [Google Scholar] [CrossRef]

	



Bast, R.C., Jr.; Matulonis, U.A.; Sood, A.K.; Ahmed, A.A.; Amobi, A.E.; Balkwill, F.R.; Wielgos-Bonvallet, M.; Bowtell, D.D.L.; Brenton, J.D.; Brugge, J.S.; et al. Critical questions in ovarian cancer research and treatment: Report of an American Association for Cancer Research Special Conference. Cancer 2019, 125, 1963–1972. [Google Scholar] [CrossRef] [PubMed]

	



Peppicelli, S.; Andreucci, E.; Ruzzolini, J.; Laurenzana, A.; Margheri, F.; Fibbi, G.; Del Rosso, M.; Bianchini, F.; Calorini, L. The acidic microenvironment as a possible niche of dormant tumor cells. Cell. Mol. Life Sci. 2017, 74, 2761–2771. [Google Scholar] [CrossRef] [PubMed]

	



Vera-Ramirez, L.; Hunter, K.W. Tumor cell dormancy as an adaptive cell stress response mechanism. F1000Research 2017, 6, 2134. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Gibson, S.B. Three dimensions of autophagy in regulating tumor growth: Cell survival/death, cell proliferation, and tumor dormancy. Biochim. Biophys. Acta Mol. Basis Dis. 2021, 1867, 166265. [Google Scholar] [CrossRef] [PubMed]

	



Ferraresi, A.; Girone, C.; Esposito, A.; Vidoni, C.; Vallino, L.; Secomandi, E.; Dhanasekaran, D.N.; Isidoro, C. How Autophagy Shapes the Tumor Microenvironment in Ovarian Cancer. Front. Oncol. 2020, 10, 599915. [Google Scholar] [CrossRef] [PubMed]

	



Thuwajit, C.; Ferraresi, A.; Titone, R.; Thuwajit, P.; Isidoro, C. The metabolic cross-talk between epithelial cancer cells and stromal fibroblasts in ovarian cancer progression: Autophagy plays a role. Med. Res. Rev. 2018, 38, 1235–1254. [Google Scholar] [CrossRef] [PubMed]

	



Bustos, S.O.; Antunes, F.; Rangel, M.C.; Chammas, R. Emerging Autophagy Functions Shape the Tumor Microenvironment and Play a Role in Cancer Progression—Implications for Cancer Therapy. Front. Oncol. 2020, 10, 606436. [Google Scholar] [CrossRef] [PubMed]

	



Ferraresi, A.; Phadngam, S.; Morani, F.; Galetto, A.; Alabiso, O.; Chiorino, G.; Isidoro, C. Resveratrol inhibits IL-6-induced ovarian cancer cell migration through epigenetic up-regulation of autophagy. Mol. Carcinog. 2017, 56, 1164–1181. [Google Scholar] [CrossRef] [PubMed]

	



Thongchot, S.; Ferraresi, A.; Vidoni, C.; Loilome, W.; Yongvanit, P.; Namwat, N.; Isidoro, C. Resveratrol interrupts the pro-invasive communication between cancer associated fibroblasts and cholangiocarcinoma cells. Cancer Lett. 2018, 430, 160–171. [Google Scholar] [CrossRef]

	



Thongchot, S.; Jamjuntra, P.; Therasakvichya, S.; Warnnissorn, M.; Ferraresi, A.; Thuwajit, P.; Isidoro, C.; Thuwajit, C. Interleukin-8 released by cancer-associated fibroblasts attenuates the autophagy and promotes the migration of ovarian cancer cells. Int. J. Oncol. 2021, 58, 14. [Google Scholar] [CrossRef] [PubMed]

	



Mukhopadhyay, S.; Mahapatra, K.K.; Praharaj, P.P.; Patil, S.; Bhutia, S.K. Recent progress of autophagy signaling in tumor microenvironment and its targeting for possible cancer therapeutics. Semin. Cancer Biol. 2021; in press. [Google Scholar] [CrossRef] [PubMed]

	



Ngabire, D.; Kim, G.-D. Autophagy and Inflammatory Response in the Tumor Microenvironment. Int. J. Mol. Sci. 2017, 18, 2016. [Google Scholar] [CrossRef] [PubMed]

	



Lu, Z.; Baquero, M.T.; Yang, H.; Yang, M.; Reger, A.S.; Kim, C.; Levine, D.A.; Clarke, C.H.; Liao, W.S.-L.; Bast, R.C., Jr. DIRAS3 regulates the autophagosome initiation complex in dormant ovarian cancer cells. Autophagy 2014, 10, 1071–1092, Erratum in Autophagy 2014, 10, 1482. [Google Scholar] [CrossRef]

	



Bildik, G.; Liang, X.; Sutton, M.N.; Bast, R.C., Jr.; Lu, Z. DIRAS3: An Imprinted Tumor Suppressor Gene that Regulates RAS and PI3K-driven Cancer Growth, Motility, Autophagy, and Tumor Dormancy. Mol. Cancer Ther. 2022, 21, 25–37. [Google Scholar] [CrossRef]

	



Kroemer, G.; Mariño, G.; Levine, B. Autophagy and the Integrated Stress Response. Mol. Cell 2010, 40, 280–293. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Z.; Klionsky, D.J. Mammalian autophagy: Core molecular machinery and signaling regulation. Curr. Opin. Cell Biol. 2010, 22, 124–131. [Google Scholar] [CrossRef] [PubMed]

	



Ferraresi, A.; Titone, R.; Follo, C.; Castiglioni, A.; Chiorino, G.; Dhanasekaran, D.N.; Isidoro, C. The protein restriction mimetic Resveratrol is an autophagy inducer stronger than amino acid starvation in ovarian cancer cells. Mol. Carcinog. 2017, 56, 2681–2691. [Google Scholar] [CrossRef]

	



Ferraresi, A.; Esposito, A.; Girone, C.; Vallino, L.; Salwa, A.; Ghezzi, I.; Thongchot, S.; Vidoni, C.; Dhanasekaran, D.N.; Isidoro, C. Resveratrol Contrasts LPA-Induced Ovarian Cancer Cell Migration and Platinum Resistance by Rescuing Hedgehog-Mediated Autophagy. Cells 2021, 10, 3213. [Google Scholar] [CrossRef] [PubMed]

	



Kast, V.; Loessner, D. 3D Models for Ovarian Cancer. In Ovarian Cancer: Molecular & Diagnostic Imaging and Treatment Strategies; Springer: Boston, MA, USA, 2021; pp. 139–149. [Google Scholar] [CrossRef]

	



Beaufort, C.M.; Helmijr, J.C.A.; Piskorz, A.M.; Hoogstraat, M.; Ruigrok-Ritstier, K.; Besselink, N.; Murtaza, M.; van Ijcken, W.; Heine, A.; Smid, M.; et al. Ovarian Cancer Cell Line Panel (OCCP): Clinical Importance of In Vitro Morphological Subtypes. PLoS ONE 2014, 9, e103988, Erratum in PLoS ONE 2015, 10, e0122284. [Google Scholar] [CrossRef]

	



Ha, J.H.; Jayaraman, M.; Nadhan, R.; Kashyap, S.; Mukherjee, P.; Isidoro, C.; Song, Y.S.; Dhanasekaran, D.N. Unraveling Autocrine Signaling Pathways through Metabolic Fingerprinting in Serous Ovarian Cancer Cells. Biomedicines 2021, 9, 1927. [Google Scholar] [CrossRef]

	



Haley, J.; Tomar, S.; Pulliam, N.; Xiong, S.; Perkins, S.M.; Karpf, A.R.; Mitra, S.; Nephew, K.P.; Mitra, A.K. Functional characterization of a panel of high-grade serous ovarian cancer cell lines as representative experimental models of the disease. Oncotarget 2016, 7, 32810–32820. [Google Scholar] [CrossRef]

	



Lu, Z.; Luo, R.Z.; Lu, Y.; Zhang, X.; Yu, Q.; Khare, S.; Kondo, S.; Kondo, Y.; Yu, Y.; Mills, G.B.; et al. The tumor suppressor gene ARHI regulates autophagy and tumor dormancy in human ovarian cancer cells. J. Clin. Investig. 2008, 118, 3917–3929. [Google Scholar] [CrossRef]

	



Klionsky, D.J.; Abdel-Aziz, A.K.; Abdelfatah, S.; Abdellatif, M.; Abdoli, A.; Abel, S.; Abeliovich, H.; Abildgaard, M.H.; Abudu, Y.P.; Acevedo-Arozena, A.; et al. Guidelines for the use and interpretation of assays for monitoring autophagy (4th edition). Autophagy 2021, 17, 1–382. [Google Scholar] [CrossRef]

	



Gomis, R.R.; Gawrzak, S. Tumor cell dormancy. Mol. Oncol. 2017, 11, 62–78. [Google Scholar] [CrossRef]

	



Talukdar, S.; Bhoopathi, P.; Emdad, L.; Das, S.; Sarkar, D.; Fisher, P.B. Dormancy and cancer stem cells: An enigma for cancer therapeutic targeting. Adv. Cancer Res. 2019, 141, 43–84. [Google Scholar] [CrossRef]

	



Pranzini, E.; Raugei, G.; Taddei, M.L. Metabolic Features of Tumor Dormancy: Possible Therapeutic Strategies. Cancers 2022, 14, 547. [Google Scholar] [CrossRef] [PubMed]

	



Levine, B.; Kroemer, G. Autophagy in the Pathogenesis of Disease. Cell 2008, 132, 27–42. [Google Scholar] [CrossRef]

	



Badgwell, D.B.; Lu, Z.; Le, K.; Gao, F.; Yang, M.; Suh, G.K.; Bao, J.-J.; Das, P.; Andreeff, M.; Chen, W.; et al. The tumor-suppressor gene ARHI (DIRAS3) suppresses ovarian cancer cell migration through inhibition of the Stat3 and FAK/Rho signaling pathways. Oncogene 2012, 31, 68–79. [Google Scholar] [CrossRef]

	



Al Habyan, S.; Kalos, C.; Szymborski, J.; McCaffrey, L. Multicellular detachment generates metastatic spheroids during intra-abdominal dissemination in epithelial ovarian cancer. Oncogene 2018, 37, 5127–5135. [Google Scholar] [CrossRef] [PubMed]

	



Kenny, H.A.; Dogan, S.; Zillhardt, M.; Mitra, A.K.; Yamada, S.D.; Krausz, T.; Lengyel, E. Organotypic Models of Metastasis: A Three-dimensional Culture Mimicking the Human Peritoneum and Omentum for the Study of the Early Steps of Ovarian Cancer Metastasis. In Ovarian Cancer, Cancer Treatment and Research; Springer: Boston, MA, USA, 2009; Volume 149, pp. 335–351. [Google Scholar] [CrossRef]

	



Chen, Y.; Zaman, M.S.; Deng, G.; Majid, S.; Saini, S.; Liu, J.; Tanaka, Y.; Dahiya, R. MicroRNAs 221/222 and Genistein-Mediated Regulation of ARHI Tumor Suppressor Gene in Prostate Cancer. Cancer Prev. Res. 2011, 4, 76–86. [Google Scholar] [CrossRef]

	



Liu, W.; Zhuang, R.; Feng, S.; Bai, X.; Jia, Z.; Kapora, E.; Tan, W. Long non-coding RNA ASB16-AS1 enhances cell proliferation, migration and invasion via functioning as a ceRNA through miR-1305/Wnt/β-catenin axis in cervical cancer. Biomed. Pharmacother. 2020, 125, 109965. [Google Scholar] [CrossRef]

	



Cai, Y.; Hao, Y.; Ren, H.; Dang, Z.; Xu, H.; Xue, X.; Gao, Y. miR-1305 Inhibits The Progression of Non-Small Cell Lung Cancer by Regulating MDM2. Cancer Manag. Res. 2019, 11, 9529–9540. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Song, L.; Wang, B.; Tao, C.; Shi, L.; Xu, M. Circ0120816 acts as an oncogene of esophageal squamous cell carcinoma by inhibiting miR-1305 and releasing TXNRD1. Cancer Cell Int. 2020, 20, 526. [Google Scholar] [CrossRef]

	



Lee, J.Y.; Ryu, D.; Lim, S.W.; Ryu, K.J.; Choi, M.E.; Yoon, S.E.; Kim, K.; Park, C.; Kim, S.J. Exosomal miR-1305 in the oncogenic activity of hypoxic multiple myeloma cells: A biomarker for predicting prognosis. J. Cancer 2021, 12, 2825–2834. [Google Scholar] [CrossRef]

	



Jin, S.; Collin, J.; Zhu, L.; Montaner, D.; Armstrong, L.; Neganova, I.; Lako, M. A Novel Role for miR-1305 in Regulation of Pluripotency-Differentiation Balance, Cell Cycle, and Apoptosis in Human Pluripotent Stem Cells. Stem Cells 2016, 34, 2306–2317. [Google Scholar] [CrossRef]

	



Rosen, D.G.; Wang, L.; Jain, A.N.; Lu, K.H.; Luo, R.Z.; Yu, Y.; Liu, J.; Bast, R.C., Jr. Expression of the Tumor Suppressor Gene ARHI in Epithelial Ovarian Cancer Is Associated with Increased Expression of p21WAF1/CIP1 and Prolonged Progression-Free Survival. Clin. Cancer Res. 2004, 10, 6559–6566. [Google Scholar] [CrossRef]

	



Vallino, L.; Ferraresi, A.; Vidoni, C.; Secomandi, E.; Esposito, A.; Dhanasekaran, D.N.; Isidoro, C. Modulation of non-coding RNAs by resveratrol in ovarian cancer cells: In silico analysis and literature review of the anti-cancer pathways involved. J. Tradit. Complement. Med. 2020, 10, 217–229. [Google Scholar] [CrossRef] [PubMed]

	



Berretta, M.; Bignucolo, A.; Di Francia, R.; Comello, F.; Facchini, G.; Ceccarelli, M.; Iaffaioli, R.V.; Quagliariello, V.; Maurea, N. Resveratrol in Cancer Patients: From Bench to Bedside. Int. J. Mol. Sci. 2020, 21, 2945. [Google Scholar] [CrossRef] [PubMed]

	



Musial, C.; Siedlecka-Kroplewska, K.; Kmiec, Z.; Gorska-Ponikowska, M. Modulation of Autophagy in Cancer Cells by Dietary Polyphenols. Antioxidants 2021, 10, 123. [Google Scholar] [CrossRef] [PubMed]

	



Dijkgraaf, E.M.; Welters, M.J.; Nortier, J.W.; Van Der Burg, S.H.; Kroep, J.R. Interleukin-6/interleukin-6 Receptor Pathway as a New Therapy Target in Epithelial Ovarian Cancer. Curr. Pharm. Des. 2012, 18, 3816–3827. [Google Scholar] [CrossRef] [PubMed]

	



Isobe, A.; Sawada, K.; Kinose, Y.; Ohyagi-Hara, C.; Nakatsuka, E.; Makino, H.; Ogura, T.; Mizuno, T.; Suzuki, N.; Morii, E.; et al. Interleukin 6 Receptor Is an Independent Prognostic Factor and a Potential Therapeutic Target of Ovarian Cancer. PLoS ONE 2015, 10, e0118080. [Google Scholar] [CrossRef]

	



Recasens, A.; Munoz, L. Targeting Cancer Cell Dormancy. Trends Pharmacol. Sci. 2019, 40, 128–141. [Google Scholar] [CrossRef]

	



Ruksha, T.G. MicroRNAs’ control of cancer cell dormancy. Cell Div. 2019, 14, 11. [Google Scholar] [CrossRef] [PubMed]

	



Irshad, R.; Husain, M. Natural products in the reprogramming of cancer epigenetics. Toxicol. Appl. Pharmacol. 2021, 417, 115467. [Google Scholar] [CrossRef]

	



Vidoni, C.; Ferraresi, A.; Secomandi, E.; Vallino, L.; Dhanasekaran, D.N.; Isidoro, C. Epigenetic targeting of autophagy for cancer prevention and treatment by natural compounds. Semin. Cancer Biol. 2020, 66, 34–44. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 14 02142 g001 550] 





Figure 1. Resveratrol contrasts the IL-6-induced growth of 3D ovarian cancer cell spheroids. OVCAR3, OAW42, and KURAMOCHI cells were grown as 3D spheroids on non-adherent Petri dishes. On day 0, cells were incubated with 50 ng/mL IL-6 and re-treated on days 2, 5, and 7. 10 μM RV was added on days 5 and 7 in combination with IL-6. 3D spheroid dimensions were determined with ImageJ software. Data represent the average ± S.D. calculated for three different fields per condition in three separate experiments. (A,D,G) Time-course phase-contrast photos of OVCAR3, OAW42, and KURAMOCHI 3D spheroids. (B,E,H) Growth curve representing the 3D spheroid dimensions of OVCAR3, OAW42, and KURAMOCHI during the experimental timeline. (C,F,I) Quantification of 3D area on day 10 of OVCAR3, OAW42, and KURAMOCHI spheroids. Statistical analysis was performed by using GraphPad Prism 5.0 software. Bonferroni’s multiple comparison test after one-way ANOVA was employed. Significance was considered as follow: *** p < 0.001; ** p < 0.01; * p < 0.05. 
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Figure 2. Resveratrol counteracts IL-6-induced IL-6R/STAT3 signaling. (A) Experimental timeline of 3D spheroids-forming assay. (B,E,H) Western blotting showing the expression of IL-6R in OVCAR3, OAW42, and KURAMOCHI 3D spheroids. (C,F,I) Western blotting showing the expression of pSTAT3 (Tyr705)/STAT3 in OVCAR3, OAW42, and KURAMOCHI 3D spheroids. (D,G,J) Western Blotting showing the expression of ARH-I in OVCAR3, OAW42, and KURAMOCHI 3D spheroids. The densitometric analysis of the Western blotting representative of three independent experiments is included. 
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Figure 3. Resveratrol induces dormant-like cell cycle arrest in ovarian cancer spheroids exposed to IL-6. A-B-C. OVCAR3 cells were grown as 3D spheroids and treated following the same timeline as Figure 2. (A) The assessment of cell proliferation rate of OVCAR3 3D spheroids. On day 10, DiD-stained 3D spheroids were cytospotted on glass slides and immediately observed under a fluorescence microscope. Scale bar = 20 µm; magnification = 63×. (B) Quantification of DiD dye retention performed by ImageJ software. Data ± S.D. represent three independent replicates. Statistical analysis was performed by using GraphPad Prism 5.0 software. Bonferroni’s multiple comparison test after one-way ANOVA was employed. Significance was considered as follows: **** p < 0.0001; ** p < 0.01. (C) Western blotting for the expression of the proliferation/quiescence markers (ERK1/2, p38, and p21) in 3D OVCAR3 spheroids collected on day 10. The densitometric analysis of Western blotting representative of three independent experiments is included. (D–G). OVCAR3 cells were cultured in 2D and treated as above. (D) Colony formation assay calculated on day 5 and day 10. Data ± S.D. are representative of three independent replicates. (E) Doubling time calculated on day 5 and day 10. Data ± S.D. are representative of three independent replicates. (F) Cell cycle analysis performed on day 5 and day 10 by using a FacScan flow cytometer (G) Immunofluorescence double-staining performed on day 5 and day 10 for ARH-I (red)–Ki-67 (green) and for p21 (red)–cyclin D1 (green). Scale bar = 20 µm; magnification = 63×. 
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Figure 4. Resveratrol maintains constant the dimensions of 3D ovarian cancer spheroids even in the presence of a pro-inflammatory stimulus. OVCAR3 cells were grown as 3D spheroids. On day 0, cells were exposed to 100 μM RV and re-treated (on days 1 and 3 with 20 μM RV; on days 5 and 7, 10 μM RV was added alone or in combination with 50 ng/mL IL-6 or replaced by IL-6) up to 10 days. 3D spheroid dimensions were determined with ImageJ software. Data represent the average ± S.D. calculated for three different fields per condition in three separate experiments. (A) Time-course phase-contrast photos of OVCAR3 3D spheroids. (B) Growth curves represent the dimensions of 3D spheroids during the experimental timeline. (C) Graph reporting the quantification of 3D spheroid areas on day 10. Statistical analysis was performed by using GraphPad Prism 5.0 software. Bonferroni’s multiple comparison test after one-way ANOVA was employed. Significance was considered as follows: * p < 0.05. 
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Figure 5. Resveratrol hampers IL-6R/STAT3 signaling in 3D ovarian cancer spheroids. (A) Experimental timeline of the 3D spheroids-forming assay. (B–D) Western blotting showing the expression of IL-6R (B), pSTAT3 (Tyr705)/STAT3 (C), and ARH-I (D) on day 10. The densitometric analysis of Western blotting representative of three replicates is included. 
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Figure 6. Resveratrol keeps 3D ovarian cancer spheroids in a dormant state. (A–C) OVCAR3 cells were grown as 3D spheroids and treated following the same timeline as Figure 5. A. Assessment of cell proliferation rate in OVCAR3 3D spheroids by DiD staining. Scale bar = 20 µm; magnification = 63×. (B) Quantification of DiD dye retention performed with ImageJ software. Data ± S.D. represent three independent replicates. Significance was considered as follows: *** p < 0.001; ** p < 0.01. (C) Western blotting for the expression of proliferation/quiescence markers (ERK1/2, p38, and p21) in 3D OVCAR3 spheroids collected on day 10. The densitometric analysis of Western blotting representative of three independent experiments is included. (D–G) OVCAR3 cells were cultured in 2D and treated as above. (D) Colony formation assay calculated on day 10. Data ± S.D. are representative of three independent replicates. (E) Doubling time calculated on day 10. Data ± S.D. are representative of three independent replicates. (F) Cell cycle analysis performed on day 5 and day 10 by using a FacScan flow cytometer. (G) Immunofluorescence double-staining performed on day 10 for ARH-I (red)–Ki-67 (green) and p21 (red)–cyclin D1 (green). Scale bar = 20 µm; magnification = 63×. 
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Figure 7. Resveratrol promotes an ARH-I-mediated autophagy. (A–C) The assessment of autophagy flux modulation in 3D OVCAR3 spheroids cultured for 10 days in the same experimental timeline of Figure 2A (A) and Figure 5A (C). The Western blotting shows the expression of p62 and the LC3-II/LC3-I ratio. The densitometric analysis of Western blotting representative of three independent experiments is included. (B–D) OVCAR3-GFP-LC3 cells were treated as per the experimental conditions reported in Figure 2A (B) and in Figure 5A (D). On day 10, coverslips were imaged with a fluorescence microscope. Scale bar = 20 µm; magnification = 63×. (E) Co-immunoprecipitation of ARH-I binding partners belonging to the autophagic initiation complex. OVCAR3 cells were cultured in 2D and treated with 100 μM RV, 50 ng/mL IL-6, or both for 24 h. The quantification of the interactions between the autophagic initiation partners is included. Data are representative of three independent replicates. (F) Immunofluorescence double-staining for BECLIN-1 (red)–ARH-I (green) and BECLIN-1 (red)–BCL-2 (green). Scale bar = 20 µm; magnification = 63×. 
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Figure 8. miR-1305 downregulates ARH-I expression, thus sustaining ovarian cancer cell proliferation. (A) Table reporting the in silico prediction of miRNA–ARH-I interaction performed by the miRWalk 2.0 software on the six miRNAs previously identified to be oppositely modulated by IL-6 and RV. (B) Schematic representation of the interaction between hsa-miR-1305 and the 3′UTR of ARH-I transcript. The p-value of the predicted interaction is included. (C) Time-course Western blotting to monitor the effect of miR-1305 mimic on ARH-I protein expression. The densitometric analysis of Western blotting representative of three independent experiments is included. (D) Assessment of proliferation rate in OVCAR3 cells transfected with miR-1305 mimic or anti-miR-1305 by DiD dye retention after 72 h. Scale bar = 20 µm; magnification = 63×. (E) Graph reporting the quantification of DiD dye retention. Significance was considered as follows: ** p < 0.01; * p < 0.05. (F) Graph representing the colony formation assay performed after 72 h of transfection. Data ± S.D. are representative of three independent replicates. (G) Cell cycle analysis performed on day 5 and day 10. Cells were fixed, stained with propidium iodide, and acquired by using a FacScan flow cytometer. (H) Immunofluorescence double-staining for ARH-I (red)–Ki-67 (green) in OVCAR3 cells transfected with miR-1305 or anti-miR-1305 for 72 h. Scale bar = 20 µm; magnification = 63×. (I) Western blotting analysis for the expression levels of proliferation (ERK1/2) and quiescence markers (p38, ARH-I, p21) in cells transfected with miR-1305 or anti-miR-1305 for 72 h. The densitometric analysis of Western blotting representative of three independent experiments is included. 
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Figure 9. miR-1305 inhibits while anti-miR-1305 induces ARH-I-mediated autophagy. (A) The co-immunoprecipitation of ARH-I binding partners of the pro-autophagic interactome. Cells were cultured in 2D and transfected with miR-1305 mimic or anti-miR-1305 for 72 h. The quantification of the protein–protein interactions is included. Data are representative of three independent replicates. (B) Western blotting of p62 and LC3 for determining the autophagy flux in OVCAR3 cells transfected with miR-1305 or anti-miR-1305 for 72 h. Densitometric analysis of Western blotting representative of three independent experiments is included. (C) OVCAR3 cells were transfected with anti-miR-1305, and after 16 h the cells were treated with 50 ng/mL IL-6 and further cultured for 24 h. Western blotting of p62, ARH-I and LC3. The densitometric analysis of Western blotting representative of three independent experiments is included. (D) OVCAR3-GFP-LC3 cells were plated on coverslips, treated with 50 ng/mL IL-6, or transfected with miR-1305 or anti-miR-1305 for 72 h. Coverslips were imaged with a fluorescence microscope. Scale bar = 20 µm; magnification = 63×. 
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Figure 10. Patients with a high expression of DIRAS3/MAP1LC3B together with CDKN1A upregulation have better overall survival and this correlates with MIR1305 downregulation. (A) Scatter plot representing the correlation between DIRAS3 and CDKN1A mRNA expression. (B) Scatter plot representing the correlation between MAP1LC3B and CDKN1A mRNA expression. The Spearman’s and Pearson’s correlation coefficients and p-value were used to determine statistical significance. The p-value ≤ 0.05 was considered significant. (C) Box-plot showing the distribution of DIRAS3 mRNA expression according to MAP1LC3B mRNA levels (High/High, High/Low, Low/High, Low/Low). (D) Kaplan–meier plot representing the overall survival status of patients stratified in the four-group analysis (High DIRAS3/High MAP1LC3B (H/H), High DIRAS3/Low MAP1LC3B (H/L), Low DIRAS3/High MAP1LC3B (L/H), Low DIRAS3/Low MAP1LC3B (L/L)). The p-value ≤ 0.05 was considered significant. (E) Box-plot showing the distribution of DIRAS3 mRNA expression according to MIR1305 CNV status (shallow deletion (SD) vs. not altered (includes rest of patients without the shallow deletion of MIR1305)). (F) Kaplan–meier plot representing the overall survival status of patients stratified in not altered vs. SD MIR1305 + High DIRAS3. 
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