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Abstract

:

Recent attention has focused on the development of an effective three-dimensional (3D) cell culture system enabling the rapid enrichment of cancer stem cells (CSCs) that are resistant to therapies and serving as a useful in vitro tumor model that accurately reflects in vivo behaviors of cancer cells. Presently, an effective 3D in vitro model of ovarian cancer (OC) was developed using a marine collagen-based hydrogel. Advantages of the model include simplicity, efficiency, bioactivity, and low cost. Remarkably, OC cells grown in this hydrogel exhibited biochemical and physiological features, including (1) enhanced cell proliferation, migration and invasion, colony formation, and chemoresistance; (2) suppressed apoptosis with altered expression levels of apoptosis-regulating molecules; (3) upregulated expression of crucial multidrug resistance-related genes; (4) accentuated expression of key molecules associated with malignant progression, such as epithelial–mesenchymal transition transcription factors, Notch, and pluripotency biomarkers; and (5) robust enrichment of ovarian CSCs. The findings indicate the potential of our 3D in vitro OC model as an in vitro research platform to study OC and ovarian CSC biology and to screen novel therapies targeting OC and ovarian CSCs.
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1. Introduction


Ovarian cancer (OC) has the highest death rate among gynecologic cancers and is the fifth leading cause of cancer-related deaths in women, even though it ranks tenth in cancer incidence among women in the United States [1]. According to the American Cancer Society, an estimated 22,240 US were diagnosed as OC, and an estimated 14,070 died from OC in 2018 [2]. The high mortality rate of OC is due to its high incidence rate, diagnosis that is delayed until advanced stages, and the high rate of recurrence despite successful initial therapy [3]. Risk factors that might impact the diverse patterns and trends of OC incidence and mortality include low parity, oral contraceptive use, family history, old age, estrogen/hormone replacement therapy, and changes in diet and physical activity [4].



Chemotherapy with platinum-based agents, such as cisplatin and carboplatin, combined with taxanes such as paclitaxel and docetaxel, is the standard treatment for OC. This first-line chemotherapy often results in a complete response. However, recurrence occurs in 25% of patients with early stage disease and in more than 80% of patients with advanced disease [5]. Accordingly, OC is characterized by the evolution of chemoresistance that presents major clinical and therapeutic challenges to a successful cure. Although the precise mechanisms underlying these characteristic phenomena associated with OC progression and relapse remain unclear, cancer stem cells (CSCs), which can survive first-line chemotherapy, are believed to be responsible, especially for acquired chemoresistance [6,7,8,9,10] and metastasis [11,12,13,14].



CSCs refer to a small group of cells within a cancer that possess stem cell-specific properties, such as self-renewal, maintenance of stemness, proliferation, and the ability to differentiate into multiple cell types. CSCs are critical in the initiation, maintenance, malignant progression, recurrence, metastasis, and drug resistance of cancer [15,16]. Following the discovery of CSCs, many studies have sought to elucidate the characteristics and roles of CSCs to inform potential future therapeutic approaches to overcoming resistance to cancer chemotherapy [17]. In this context, ovarian CSCs could be crucial in the development of effective therapeutic strategies to prevent recurrence and to reduce metastasis in OC. However, while the understanding of the biology of OC and ovarian CSCs has improved, and the therapy of OC has advanced in the past decade, improving the prognosis of patients with relapsed and treatment-resistant disease remains an important challenge [18]. The development of effective combination regimens that eliminate both OC cells and ovarian CSCs could replace conventional therapeutic combination regimens that only target OC cells. This would improve treatment outcomes for OC [19,20,21].



One of the most important steps in establishing ovarian CSC-targeted therapies is to develop adequate enrichment techniques of ovarian CSCs. Various methods have been developed to enrich CSCs. Traditional enrichment methods for CSCs were based on a two-dimensional (2D) monolayer cell culture [22,23]. Techniques have gradually evolved, and scaffold-based three-dimensional (3D) cell culture platforms are becoming increasingly important to enrich and isolate CSCs in many different types of cancer [24,25].



The need for improved understanding of the progression and treatment of cancer has driven the development of more accurate and physiologically relevant in vitro tumor models that serve as important tools in cancer research. These models have enabled the identification of carcinogens and tumor targets, development of cancer therapies and drug screening, and have provided insight into the molecular mechanisms of tumor growth and metastasis [26]. Additionally, the genomic complexity of cancers and the resulting recognition of the value of precision or personalized medicine have driven the adaptation of in vitro tumor models for patient-specific therapeutic management and assessment of metastatic potential. Among the techniques attempted so far, the 3D cell culture, in particular, has enabled the rapid development of new in vitro tumor models that can recapitulate critical steps in tumor biology and metastatic cascades. The expectation is that these models will enable breakthrough innovations in the understanding of chemoresistance, metastasis, oncotargets, biomarkers, drug discovery, and targeted therapies [27].



Biomaterials are critical components of 3D cell culture, as well as tissue engineering and regenerative medicine. These materials are used to construct scaffolds that provide a 3D environment for cell adhesion, migration, differentiation and proliferation, growth, and maintenance by mimicking the natural extracellular matrix (ECM) as structural templates [28,29]. Collagen comprises 25% to 35% of the protein in the human body and is the key structural ECM fibrous protein of biological tissues in invertebrates and vertebrates [30]. Collagen is a valuable biomaterial for diverse applications in various biomedical fields, including tissue engineering, drug delivery, and regenerative medicine, because of its unique properties that include excellent biocompatibility, biodegradability, ready availability, and versatility [31]. Most commercial collagens are obtained from terrestrial mammals, such as cattle and pigs. These collagens are widely used in the food, cosmetic, pharmaceutical, and biomedical industries. However, there are increasing concerns about the use of collagen and collagen-derived products from terrestrial animals. These concerns include purification problems; manufacturing costs; religious dietary rules and restrictions; and the transmission of infectious diseases such as bovine spongiform encephalopathy, transmissible spongiform encephalopathy, and foot-and-mouth disease [32,33].



Marine collagen (MC) derived from marine organisms, such as fish, seaweeds, sponges, and jellyfish, has attracted scientific and industrial interest because of its advantages over mammalian collagen. MC is easily extracted, since it is water-soluble, is safe from livestock diseases, has superior chemical and physical durability, and is abundantly available [34,35,36]. In our previous study, we designed and fabricated a calcium-free, physically crosslinked, transparent, and cost-effective hydrogel matrix composed of MC, alginate, and agarose for use in 3D cell cultures [37]. MC was the key component of the MC-alginate-agarose hydrogel [37]. This MC-based (MC-B) hydrogel exhibited excellent cytocompatibility, generated high yields of multicellular spheroids, and promoted cellular activity [37,38].



Presently, we used the MC-B hydrogel matrix to optimize a bioactive, simple, and efficient novel 3D in vitro human OC model that could efficiently enrich CSCs and enhance malignant properties of human OC cells compared to a 2D culture. The characteristics and efficacy of the 3D in vitro human OC model were evaluated.




2. Results


2.1. Formation and Growth of OC Cell Spheroids Are Promoted in MC-B Hydrogels


Figure 1A shows phase contrast microscopy images of 2D and 3D OC cells with time. The three cell types (A2780, ES-2, and R182 OC cells) started to form multiple spheroids from day 3. Spheroid numbers gradually increased with time (Figure 1A). Average spheroid diameters measured on day 1, 3, 5, 8, 10, and 12 were 23.0, 43.8, 92.3, 125.4, 161.4, and 211.5 µm, respectively, for A2780 cells, 21.9, 46.4, 99.7, 139.7, 185.6 and 231.3 µm, respectively, for ES-2 cells, and 25.8, 44.8, 94.8, 142.7, 170.0, and 197.9 µm, respectively, for R182 cells (Figure 1B). These spheroids were generally similar in size and shape with time, although the rate of spheroid growth differed slightly depending on the cell type (ES2 > A2780 > R182) (Figure 1A,B). On day 10 of the culture, almost all spheroids from the three cell types were around 200 µm in diameter. This was comparable to a general spheroid-based drug screening size, suggesting that MC-B hydrogels provide a favorable milieu for the growth of OC cell spheroids, which can be applied for the development of diagnostic and therapeutic strategies for OC.




2.2. Proliferation and Colony Formation of OC Cells Are Enhanced in MC-B Hydrogels


To quantify the ability of MC-B hydrogels to facilitate cell proliferation, the water-soluble tetrazolium (WST)-1-based colorimetric cell proliferation assay was used. OC cells were successfully propagated in MC-B hydrogels. The cell number in 2D cultures was significantly greater than that in 3D cultures for all three cell types during the first three days of culture (Figure 2A). However, after five days of culture, the numbers in 3D cultures exceeded those in 2D cultures (Figure 2A). On day 5, these cells showed 1.4-fold higher levels of proliferation in 3D than in 2D cultures (p < 0.01) for A2780 cells, 1.6-fold (p < 0.01) for ES-2 cells, and 1.1-fold for R182 cells. On days 8, 10, and 12, the rates of proliferation in 3D vs. 2D cultures were robustly increased by 5.2-fold (p < 0.001), 8.4-fold (p < 0.001), and 14.7-fold (p < 0.001), respectively, for A2780 cells; 5.2-fold (p < 0.001), 14.5-fold (p < 0.001), and 26.6-fold (p < 0.001), respectively, for ES-2 cells; and 6.7-fold (p < 0.001), 18.4-fold (p < 0.001), and 63.8-fold (p < 0.001), respectively, for R182 cells (Figure 2A). On day 12, 2D cultured cells displayed a significant reduction in number, with values of 0.8-fold (p < 0.001) for A2780 cells, 0.5-fold (p < 0.01) for ES-2 cells, and 0.2-fold (p < 0.001) for R182 cells compared to those on day 1. In contrast, on day 12, 3D cultured cells displayed a dramatic increase in number, with 30.8-fold (p < 0.001) for A2780 cells, 26.1-fold (p < 0.001) for ES-2 cells, and 27.7-fold (p < 0.001) for R182 cells relative to those on day 1 (Figure 2A).



To evaluate the colony-forming abilities of MC-B hydrogels, a clonogenicity assay was performed. At day 10, cells cultured in MC-B hydrogels showed a marked 6.1-fold enhancement in colony formation ability (p < 0.001) compared to those in monolayers (Figure 2B). The collective findings indicated that MC-B hydrogels produce environmental conditions that are more suitable for OC cell proliferation and colonization than 2D culture.




2.3. Anticancer Drug-Induced Apoptosis of OC Cells Is Suppressed in MC-B Hydrogels


Tumor cells grown in 3D models that can more adequately reflect the nature of the in vivo microenvironment are thought to be more resistant to apoptosis induced by antitumor agents than those in traditional 2D cultures. We hypothesized that the multicellular OC spheroids grown within MC-B hydrogels would be less vulnerable to the induction of apoptosis by antitumor agents than cells cultured in 2D. To evaluate the effects of the 3D microenvironment provided by MC-B hydrogels on the susceptibility to apoptosis caused by docetaxel and cisplatin, representative antitumor agents for OC, an annexin V-fluorescein isothiocyanate (FITC) flow cytometry examination was performed. As shown in Figure 3A, a significant difference was evident between 2D and 3D cultures in the degree of apoptosis induction. The rate of viable cells (annexin−/ propidium iodide (PI)−) and early apoptotic cells (annexin+/PI−) treated with docetaxel was 54.2% and 35.1%, respectively, for 3D vs. 19.7% and 57.5%, respectively, for 2D. The rate of viable cells (annexin−/PI−) and early apoptotic cells (annexin+/PI−) treated with cisplatin was 45.6% and 45.2%, respectively, for 3D vs. 15.3% and 69.8%, respectively, for 2D. The findings indicated that the resistance to apoptosis induced by docetaxel and cisplatin was enhanced in cells cultured in 3D compared to 2D.



To determine the mechanism employed in the regulation of apoptosis in the 3D multicellular spheroids, we further examined the expression of apoptosis-related proteins by Western blot analysis. The treatment of 3D-cultured R182 cells with docetaxel and cisplatin upregulated the expression of an antiapoptotic protein Bcl-2 by 3.0-fold (p < 0.001) and 2.4-fold (p < 0.001), respectively, and suppressed the expression of a proapoptotic protein Bax by 0.2-fold (p < 0.001) and 0.5-fold (p < 0.001), respectively, compared to the treatment of 2D controls (Figure 3B). The findings indicated that the activation of the Bcl-2 family proteins (Bcl-2 and Bax), which are the key regulators of apoptosis, is involved in the molecular mechanism by which the 3D microenvironment in MC-B hydrogels regulates apoptosis in OC cells.




2.4. Metastatic Potentials of OC Cells Are Elevated in MC-B Hydrogels


Metastasis is a multistep process that includes the migration and invasion of cancer cells, which are hallmarks of cancer metastasis. Tumor cells grown in 3D models that can more accurately recapitulate the enormous complexity of in vivo biological systems are considered to exhibit a higher level of metastatic potentials over those in a traditional 2D monolayer. Thus, we speculated that the 3D multicellular OC spheroids would exhibit enhanced metastatic potential compared to cells cultured in 2D. To assess this, wound-healing and invasion assays were performed on A2780 cells. Images of scratch areas in the wound-healing assay from the time points 0, 12, 24, 48, and 72 h are presented in Figure 4A. At 12, 24, 48, and 72 h, the rate of wound closure in the 3D cultures was 21.6% (vs. 4.8% for 2D, p < 0.05), 37.3% (vs. 22.3% for 2D, p < 0.001), 62.7% (vs. 51.4% for 2D, p < 0.001), and 76.0% (vs. 56.1% for 2D, p < 0.001), respectively (Figure 4A). We studied the invasion of A2780 cells by measuring the net invasion depth of the cells into the hydrogel. The hydrogel invasion assay demonstrated that the 3D culture exhibited a significantly higher rate of cell invasion (130.2%, p < 0.001) in comparison to the 2D culture (Figure 4B). Collectively, these data provided evidence that the 3D niche provided by MC-B hydrogels facilitates the migration and invasion of OC cells and promotes their metastatic potential.




2.5. Chemoresistance of OC Cells Is Increased in MC-B Hydrogels


Multidrug resistance remains a major obstacle to successful cancer chemotherapy. Tumor cells grown in 3D models that can more closely mimic the properties of living tissues exhibit a higher level of drug resistance over those in traditional 2D monolayers. Thus, we speculated that the 3D multicellular OC spheroids grown within MC-B hydrogels would display enhanced chemotherapeutic resistance to antitumor agents for OC compared to cells cultured in 2D. To evaluate the effects of the 3D microenvironment provided by MC-B hydrogels on drug resistance against various antitumor agents for OC, cellular cytotoxicity and morphology were assessed. The WST-1-based colorimetric cell viability assay revealed a significant difference between 2D and 3D cultures concerning antitumor agent sensitivity. Three-dimensional cultured cells treated with 12-μM cisplatin, 100-nM docetaxel, and 1-μM doxorubicin for 24 h displayed 2.9-fold (p < 0.001), 3.2-fold (p < 0.001), and 1.7-fold (p < 0.001) increases in chemoresistance, respectively, compared to those in 2D-cultured cells (Figure 5A). Untreated cells grown for the same length of time served as the control (considered as 100%). These cytotoxicity results were also concomitant with the morphological changes observed by phase contrast microscopy (Figure 5B). These data demonstrated that the antitumor agent resistance of OC cells was markedly augmented in 3D cultures compared to 2D cultures.



To investigate the effects of the 3D niche provided by MC-B hydrogels on the expression of multidrug resistance-related genes, which play a critical role in the acquisition of chemoresistance in multiple cancers, cells grown in 2D or 3D cultures were examined. The genes examined encoded multidrug resistance 1 (MDR1) and multidrug resistance-associated protein 1 (MRP1). MDR1, which is also termed the permeability glycoprotein (P-glycoprotein, P-gp), or ATP-binding cassette subfamily B member 1 (ABCB1). MRP1 is also termed ABCC1. The expression of the MDR1 and MRP1 genes was highly upregulated by 23.4-fold (p < 0.001) and 7.4-fold (p < 0.001), respectively, in 3D-cultured A2780 cells compared to the 2D controls (Figure 5B). These results suggested that drug resistance in cells grown in 3D MC-B hydrogel scaffolds could be attributed to an increased drug efflux.




2.6. Ovarian CSC Biomarker Expression Is Augmented in MC-B Hydrogels


Flow cytometry was used to assess the CSC biomarker expressions in OC cells cultured in 2D and 3D conditions. The biomarkers of CSCs in OC included CD44, CD117, and CD133. The expression of typical cell surface phenotypes such as CD44+, CD117+, CD133+, CD44+/CD117+, CD44+/CD133+, and CD117+/CD133+ was selected to detect the CSC proportions in 2D and 3D human OC cells (A2780, ES-2, and R182 cells).



Figure 6A shows the flow cytometry data of A2780 cells in 2D on day 3 and in spheroids on days 5, 7, and 9. The percentages of CD44+ A2780 cells were significantly higher in 3D on days 5, 7, and 9 by 6.9-fold (p < 0.001), 14.1-fold (p < 0.001), and 18.4-fold (p < 0.001), respectively, than in 2D (Figure 6A). The percentages of CD117+ A2780 cells were also significantly higher in 3D on days 5, 7, and 9 by 7.6-fold (p < 0.01), 10.8-fold (p < 0.001), and 15.6-fold (p < 0.001), respectively, than in 2D (Figure 6A). The percentages of CD133+ A2780 cells were significantly higher in 3D on days 5, 7, and 9 by 11.9-fold (p < 0.01), 16.6-fold (p < 0.001), and 21.2-fold (p < 0.001), respectively, than in 2D (Figure. 6A). The percentages of both CD44+/CD117+ A2780 cells were significantly higher in 3D on days 5, 7, and 9 by 15.3-fold (p > 0.05), 30.0-fold (p < 0.001), and 47.7-fold (p < 0.001), respectively, than in 2D (Figure 6B). The percentages of both CD44+/CD133+ A2780 cells were significantly higher in 3D on days 5, 7, and 9 by 11.7-fold (p < 0.01), 17.8-fold (p < 0.01), and 24.8-fold (p < 0.001), respectively, than in 2D (Figure 6B). The percentages of both CD117+/CD133+ A2780 cells were significantly higher in 3D on days 5, 7, and 9 by 9.2-fold (p < 0.01), 13.6-fold (p < 0.001), and 18.4-fold (p < 0.001), respectively, than in 2D (Figure 6B).



Figure 7A shows the flow cytometry data of ES-2 cells in 2D on day 3 and in spheroids on days 5, 7, and 9. The percentages of CD44+ ES-2 cells were significantly higher in 3D on days 5, 7, and 9 by 14.8-fold (p < 0.001), 20.0-fold (p < 0.001), and 27.7-fold (p < 0.001), respectively, than in 2D (Figure 7A). The percentages of CD117+ ES-2 cells were significantly higher in 3D on days 5, 7, and 9 by 9.6-fold (p < 0.01), 14.5-fold (p < 0.001), and 19.6-fold (p < 0.001), respectively, than in 2D (Figure 7A). The percentages of CD133+ ES-2 cells were significantly higher in 3D on days 5, 7, and 9 by 13.6-fold (p < 0.01), 19.3-fold (p < 0.001), and 22.9-fold (p < 0.001), respectively, than in 2D (Figure 7A). The percentages of both CD44+/CD117+ ES-2 cells were significantly higher in 3D on days 5, 7, and 9 by 16.5-fold (p > 0.05), 28.5-fold (p < 0.05), and 35.6-fold (p < 0.01), respectively, than in 2D (Figure 7B). The percentages of both CD44+/CD133+ ES-2 cells were significantly higher in 3D on days 5, 7, and 9 by 9.0-fold (p < 0.01), 17.6-fold (p < 0.001), and 25.0-fold (p < 0.001), respectively, than in 2D (Figure 7B). The percentages of both CD117+/CD133+ ES-2 cells were significantly higher in 3D on days 5, 7, and 9 by 20.2-fold (p < 0.05), 39.8-fold (p < 0.001), and 55.6-fold (p < 0.001), respectively, than in 2D (Figure 7B).



Figure 8A shows the flow cytometry data of R182 cells in 2D on day 3 and in spheroids on days 5, 7, and 9. The percentages of CD44+ R182 cells were significantly higher in 3D on days 5, 7, and 9 by 10.2-fold (p < 0.01), 15.3-fold (p < 0.001), and 19.1-fold (p < 0.001), respectively, than in 2D (Figure 8A). The percentages of CD117+ R182 cells were significantly higher in 3D on days 5, 7, and 9 by 10.7-fold (p < 0.001), 15.0-fold (p < 0.001), and 21.1-fold (p < 0.001), respectively, than in 2D (Figure 8A). The percentages of CD133+ R182 cells were significantly higher in 3D on days 5, 7, and 9 by 15.2-fold (p < 0.001), 19.7-fold (p < 0.001), and 25.3-fold (p < 0.001), respectively, than in 2D (Figure 8A). The percentages of both CD44+/CD117+ R182 cells were significantly higher in 3D on days 5, 7, and 9 by 7.9-fold  (p < 0.001), 15.7-fold (p < 0.001), and 25.3-fold (p < 0.001), respectively, than in 2D (Figure 8B). The percentages of both CD44+/CD133+ R182 cells were significantly higher in 3D on days 5, 7, and 9 by 11.7-fold (p < 0.001), 17.8-fold (p < 0.001), and 24.8-fold (p < 0.001), respectively, than in 2D (Figure 8B). The percentages of both CD117+/CD133+ R182 cells were significantly higher in 3D on days 5, 7, and 9 by 9.2-fold (p < 0.001), 13.6-fold (p < 0.001), and 18.4-fold (p < 0.001), respectively, than in 2D (Figure 8B).




2.7. Stemness and Pluripotency Marker Expression of OC Cells Is Enhanced in MC-B Hydrogels


Similar to the flow cytometry examination of ovarian CSC biomarker expression, we examined the expression of key genes associated with cancer stemness and pluripotency to confirm the CSC enrichment efficiency of our 3D OC cell culture model. The expressions of crucial regulators of stemness and pluripotency in stem cells (Sox2, Oct4, Nanog, and KLF4) were robustly augmented in 3D cultures compared to 2D cultures (Figure 9A). In 3D culture, the rates of Sox2, Nanog, Oct4, and KLF4 expressions were increased 210.9-fold  (p < 0.001), 116.8-fold  (p < 0.001), 34.6-fold  (p < 0.001), and 41.2-fold  (p < 0.001), respectively, compared with those in the 2D culture (Figure 9A). Notably, in isolated CD133+ CSCs from the 3D culture, the rates of Sox2, Nanog, Oct4, and KLF4 expressions were increased by 348.0-fold  (p < 0.001), 186.6-fold  (p < 0.001), 56.6-fold  (p < 0.001), and 64.6-fold  (p < 0.001), respectively, compared with those in the 2D culture (Figure 9A). In isolated CD133+ CSCs from the 3D culture, the rates of Sox2, Nanog, Oct4, and KLF4 expressions were increased 1.6-fold  (p < 0.01), 1.6-fold  (p < 0.01), 1.6-fold  (p < 0.05), and 1.6-fold  (p < 0.01), respectively, compared with those in the 3D culture (Figure 9A). A flow cytometry analysis of cells cultured in 3D revealed increased levels of aldehyde dehydrogenase 1 family member A1 (ALDH1A1), a functional stem cell marker (5.7-fold, p < 0.001) compared to 2D-cultured cells (Figure 9B). The collective results indicated the value of MC-B hydrogels for the efficient enrichment of CSCs.




2.8. Aggressiveness of OC Cells Is Reinforced in MC-B Hydrogels


Tumor cells grown in 3D models that can efficiently reproduce the characteristics of the in vivo tissue milieu are believed to have more malignant phenotypes than those in traditional 2D monolayer cultures. Thus, we speculated that the multicellular 3D OC spheroids generated in MC-B hydrogels would display expedited progression compared to cells cultured in 2D. We evaluated the expression of the molecules that are essential for tumor aggressiveness, to explore the molecular mechanism by which the 3D niche provided by MC-B hydrogels regulates malignant cell behavior and tumor progression in OC.



Multiple lines of evidence have established that epithelial–mesenchymal transition (EMT) is vital in tumor growth, progression, invasion, dissemination, metastasis, and drug resistance [39,40]. The three-dimensional culture in MC-B hydrogels strikingly upregulated the expression of the pivotal EMT transcription factors Snail, Slug, and Twist by 163.0-fold (p < 0.001), 109.3-fold (p < 0.001), and 130.9-fold (p < 0.001), respectively, compared with that of the 2D culture (Figure 10A). Furthermore, in isolated CD133+ CSCs from 3D cultures, the expression levels of Snail, Slug, and Twist were 204.8-fold  (p < 0.001), 183.7-fold  (p < 0.001), and 145.2-fold  (p < 0.001) higher, respectively, compared with those in the 2D culture (Figure 10A). Of interest, in isolated CD133+ CSCs from the 3D culture, the expression levels of Snail, Slug, and Twist were 1.3-fold (p < 0.05), 1.7-fold (p < 0.01), and 1.1-fold (p < 0.05) higher than those of the respective values observed in the 3D culture (Figure 10A).



Activation of the Notch signaling pathway is important in the proliferation and progression of a variety of tumor cell types, including OC, as well as in CSC maintenance [21]. Thus, we evaluated the expressions of Notch-1 and Notch-2 to further explore the molecular mechanism by which the 3D microenvironment in MC-B hydrogels regulates tumor aggressiveness in OC. As shown in Figure 10B, in the 3D culture, the levels of Notch-1 and Notch-2 expression were increased 76.3-fold (p < 0.001) and 84.3-fold (p < 0.001), respectively, compared with those in the 2D culture (Figure 10A). Notably, in isolated CD133+ CSCs obtained from 3D cultures, the levels of Notch-1 and Notch-2 expression were 149.6-fold and 184.7-fold higher, respectively, compared with those in the 2D culture (Figure 10B). In isolated CD133+ CSCs from the 3D cultures, the levels of Notch-1 and Notch-2 expression were increased by 2.0-fold (p < 0.001) and 2.2-fold (p < 0.01), respectively, compared with those in the 3D culture (Figure 10B).





3. Discussion


The tumor microenvironment is formed by complex tissue containing various components, such as the ECM and a signaling network of cytokines, chemokines, growth factors, hormones, cell adhesion molecules, and matrix metalloproteinases that control cell-cell communications and cell-ECM interactions. This microenvironment plays a key role in facilitating tumor progression, including cell survival, adhesion, proliferation, differentiation, migration, invasion, the metastasis recurrence of tumor cells, and the acquisition of resistance to chemoradiotherapy [41,42]. Three-dimensional culture systems can more closely replicate a variety of critical biological phenomena observed in in vivo tissue, such as gene and protein expressions and cell survival, proliferation, adhesion, migration, development, and differentiation, in both the functional and morphological aspects [27,43]. Accordingly, the 3D cell culture has quickly emerged as one of the most promising platforms for a suitable in vitro tumor model to recapitulate the in vivo behavior of tumor cells. This platform can substitute for a conventional 2D cell culture, which has many limitations and is a poor surrogate of the complex 3D natural tissue milieu.



OC is the most lethal gynecological malignancy, despite its responsiveness to therapy. The high failure rate associated with drug development specific for OC may be linked to the lack of reliable preclinical in vitro testing models [44,45,46]. Many mouse models have been developed to evaluate the various features of OC in humans to shed light on tumorigenesis, tumor progression, and therapeutic strategies [47,48,49]. However, animal models have significant limitations—particularly, cost, time, ethical concerns, and poor relevance to human biology. In this light, the 3D in vitro OC cell culture is increasingly being recognized as a pivotal tool for the better understanding of the biological mechanisms underlying cancer progression, such as drug resistance and metastasis, to identify biomarkers and to develop therapeutic strategies in OC [50]. Although considerable research has been devoted to 3D in vitro cell culture models for OC to capture cancer complexity in vitro, no definitive and ideal model has yet been established, and detailed studies still continue to provide exciting new information.



Multidrug resistance is a complex biological phenomenon in which cancer cells develop a resistance to a variety of structurally unrelated anticancer drugs. This resistance is the main cause of disease relapse and death in cancer patients [51]. Chemotherapy resistance can be mediated by a number of different mechanisms, which involve the increased efflux of drugs from cells, which is mediated by membrane transporter proteins, such as MDR1 (P-gp) and MRP1. The precise mechanism is unclear [52,53]. The ATP-binding cassette (ABC) superfamily of transporter proteins, including MDR1 and MRP1, utilize the energy released from ATP hydrolysis to pump out cytotoxic drugs from cancer cells, leading to a limited exposure to chemotherapeutic drugs [54]. In addition, resistance can result from defective apoptotic pathways or changes in the cell cycle mechanisms due to malignant transformation and/or exposure to chemotherapy [55].



Consistent with these facts, we observed that the anticancer drug-induced apoptosis of OC cells was suppressed, and the chemoresistance of OC cells against antitumor agents was increased, along with the upregulated expression of major drug resistance genes MDR1 (P-gp) and MRP1 in 3D MC-B hydrogels. These findings demonstrated that our OC model efficiently mimics the real tumor microenvironment. Additionally, the average spheroid sizes of the A2780, ES-2, and R182 OC cells on day 10 were approximately 200 µm, which is the optimal size commonly used for spheroid-based drug screening [56,57,58]. Moreover, multicellular spheroids with a diameter larger than approximately 100 μm contain an internal hypoxic zone caused by the limited distribution of oxygen, nutrients, and metabolites and a necrotic core [59,60]. The hypoxic tumor microenvironment is considered a critical component in determining drug resistance through specific cellular signaling pathways and plays a vital role in regulating the resistance of CSCs to chemotherapy and radiotherapy [61,62,63,64,65]. These findings suggest that our MC-B hydrogel provides a suitable milieu for the growth of these OC cell spheroids, which can be applied for the development of diagnostic and therapeutic strategies for OC.



Additionally, and importantly, we established an efficient CSC enrichment method with our 3D spheroid cell culture using MC-B hydrogels. Our data revealed essentially similar efficiencies of CSC enrichment among the A2780, ES2, and R182 OC cells, as well as different ovarian CSC biomarkers (CD44+, CD117+, CD133+, CD44+/CD117+, CD44+/CD133+, and CD117+/CD133+), although there was a slight difference in the levels of CSC generation depending on types of cells, as well as the types of ovarian CSC biomarkers. It must also be stressed that, despite the continued debate on the existence of CSCs, a growing body of evidence indicates that they are the main source of chemoradioresistance and are thought to be the major cause of cancer therapy failure [7,21,66,67,68,69]. Furthermore, CSCs have been proposed to be the key cells that have escaped chemotherapy by the development of an acquired drug resistance following chemotherapeutic treatments or irradiation. These CSCs serve as the central tumor-initiating cells during recurrence and metastasis, possibly due to their high DNA repair capacity, expression of multidrug resistance, and ability to self-renew and differentiate into heterogeneous lineages of cancer cells [8,70,71]. Based on the role of CSCs in drug resistance and cancer relapse, and their therapeutic implications and perspectives in cancer therapy, there is an urgent need to advance our understanding of the function of CSCs in cancer initiation and progression and, more importantly, develop novel CSC-specific targeting strategies, especially for the treatment of multidrug-resistant and metastatic tumors [72]. In particular, much attention has been dedicated to CSC research, especially to designing approaches to induce cell death in CSCs. The aim is to develop effective therapeutics to result in cancer regression and to avoid cancer relapse after therapy. Although progress has been made through the development of therapeutic strategies to target CSCs, their therapeutic efficacy remains insufficient due to the absence of specific targetable biomarkers [72]. Thus, the development of innovative CSC-specific targeting strategies will offer great hope for future effective therapies for multidrug-resistant, metastatic, and recurrent OC. To this end, one of the most important approaches is to establish a method to effectively and economically enrich CSCs.



In the last decade, various strategies based on conventional 2D cell culture platforms have been implemented to develop methods for CSC enrichment, including density gradient centrifugation [73]; hypoxia culture [22,74]; chemoradiotherapy stimulation [23,75,76,77]; side population sorting [78,79]; mesenchymal stem cell secretome cultures [80,81]; and molecule-mediated triggering, such as neural stimulating factor [82], estrogen [83], progestin [84], hypoxia-inducible factor (HIF)-1 [85], E-cadherin [86], keratin [87], poly ADP ribose polymerase (PARP) inhibitors [88], and hepatocyte growth factor (HGF)/mesenchymal-epithelial transition (c-Met) [89]. Overall, however, 2D culture conditions provide limited expansion, and the cells tend to lose clonal and differentiation capacity upon long-term passaging. The two-dimensional culture also lacks the intricacy necessary to mimic the CSC niche, dynamic, and specialized 3D microenvironments, which are responsible for the regulation of CSC fate in vivo [90].



Whereas these efforts have contributed significantly to the conception and design of CSC enrichment methods, there is currently intense interest in 3D cell cultures for more effective and efficient methods of CSC enrichment to overcome some of the limitations of the 2D-based approaches. A variety of strategies based on a 3D cell culture platform for CSC enrichment, which can be classified as non-scaffold-based or scaffold-based techniques, have shown the benefits and advantages in the enrichment and characterization of CSCs in vitro more than those based on 2D culture.



First, scaffold-free techniques are cell aggregate-based, including hanging drops, nonadherent or ultra-low attachment plates, and magnetic biolevitation, and rely on physical forces to bring the cells together and cell-cell adhesions to form the aggregate [91,92,93,94,95,96,97,98,99]. In particular, the nonadherent or ultra-low attachment cell culture, also termed the sphere formation assay, forms cell spheroids that are free-floating in the liquid culture media with a serum-free medium containing growth factors and has been widely used for the culture of tumorspheres [92,95,96,98]. This liquid culture without a gel matrix on nonadherent or ultra-low attachment plates can be practically handled as a clear liquid. However, cell aggregates (spheres or spheroids) generated in the medium often form large clumps exceeding 500 μm in diameter due to the uncontrollable spontaneous fusion among spheres and adherent sphere growth. The results are a slow cell proliferation rate and poor diffusion of nutrients. These large spheroids may lead to pseudo-resistance to anticancer drugs [100,101,102]. Moreover, numerous challenges remain with the traditional suspension culture system. These include low yield and difficulty in maintaining spheroids and changing the media procedure [90,91,103].



Second, different scaffold-based 3D cell culture techniques that use various types of scaffolds have recently been reported to develop advanced methods for CSC enrichment. These include chitosan-alginate scaffolds [104], polyelectrolyte multilayer films [105], hyaluronic acid-based multilayer films [106], porous chitosan-alginate scaffolds [107], poly (ε-caprolactone) scaffolds [108], Matrigel® [109], agarose multi-well dishes [110], methylcellulose and gellan gum [103], and hyaluronic acid hydrogels [111]. Despite recent advancements in CSC-enrichment techniques, improving the methods for enrichment of the desired CSCs remains an important challenge.



The Notch pathway is one of the most intensively studied candidate therapeutic targets for tumor cells, as Notch signaling is critical for cell proliferation, aggressiveness, and chemoresistance, as well as stem cell propagation in diverse types of primary and metastatic tumors [112]. The molecular mechanisms underlying the acquisition of chemoresistance coordinated by Notch signaling are believed to involve the induction of the EMT, the formation of tumor stem cells, and the upregulated expression of MDR such as the MDR1 and MRP1 [21,113,114,115]. EMT is associated with metastasis, as well as with the generation and maintenance of CSCs, contributing to tumor invasion, heterogeneity, and chemoresistance [39,40]. Thus, many researchers are striving to develop targeted therapeutic strategies to inhibit the Notch pathway, EMT-driving transcription factors, and cancer stemness-related molecules for the successful treatment of human malignancies.



Intriguingly, we observed that our MC-B hydrogels provide a favorable milieu for several aspects. The first was the survival, proliferation, colony formation, migration, invasion, and CSC formation of OC cells. The second was the significant enrichment of ovarian CSCs, representing up to 55.6-fold enrichment over the 2D monolayer culture. The third was the acquisition of an enhanced malignant phenotype, such as acquired chemoresistance, metastatic potential, and stemness in OC cells, which can be used for the development of diagnostic, treatment, and preventive strategies against OC. In the present study, we describe a novel, simple, rapid, and efficient approach not only to enrich ovarian CSCs in terms of generation time and yield of CSCs but, also, to engineer a 3D in vitro model of OC chemoresistance and aggressiveness, with a special interest in ovarian CSCs. This model more closely recapitulates the in vivo microenvironment than traditional monolayer models. Hence, unlike the 2D cell culture, the 3D cell culture in our biomimetic MC-B hydrogel matrix has the potential for innovative breakthroughs in the understanding of the role of ovarian CSCs in metastasis, chemotherapeutic resistance, and recurrence and in developing therapeutic strategies targeting ovarian CSCs. Further studies are needed to develop more useful and practical CSC-enrichment techniques to provide tools for a more comprehensive understanding of the essential features of ovarian CSC biology. These advances could yield valuable information for the development of CSC-directed therapy against OC, which could improve clinical outcomes.




4. Materials and Methods


4.1. Cell Culture


The ES-2 human OC cell line was purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). The A2780 cell line was obtained from the European Collection of Cell Cultures (ECACC, Salisbury, UK). R182, a chemotherapy-resistant human EOC cell line that originated from malignant ovarian ascites, was kindly donated by Dr. Jatin Shah (Memorial Sloan-Kettering Cancer Center, New York, NY, USA). All cell lines were cultured and maintained in RPMI 1640 (Hyclone, Chicago, IL, USA) supplemented with 10% fetal bovine serum (FBS, Welgene, Daegu, Korea) and 1% penicillin-streptomycin (Gibco/Thermo Fisher Scientific, Carlsbad, CA, USA) in a 5% CO2 humidified atmosphere at 37 °C. Subconfluent cells were harvested with trypsin-EDTA (Welgene) and used for further experiments. Media were replaced every third day.




4.2. Synthesis of Hydrogels for 3D Cell Culture


MC-B hydrogels for 3D cell culture were prepared as previously described by our group [37]. Briefly, sodium alginate was dissolved at 50 mg/mL in deionized water by constant stirring overnight at room temperature to prepare a 5% alginate stock solution and then autoclaved before use. To prepare the MC stock solution, MC powder was completely dissolved by vortexing and filtered in nuclease-free water at room temperature to make a 30% stock solution. An agarose stock solution (2%) was also made by adding high melting point agarose to deionized water, heating on a hot plate, and stirring occasionally until completely dissolved. A 565-μL volume of cells resuspended in culture medium (1 × 105 cells/mL) were mixed with 240 μL of 5% sodium alginate solution in a 1.5-mL microcentrifuge tube at room temperature. This solution was then combined with 320 μL of 30% MC stock solution at room temperature to obtain 8% MC/1% alginate solution-containing cells. These cell suspensions were then blended carefully with 75 μL of 2% agarose solution at 35–40 °C to avoid cell damage. For the gelation of hydrogel solutions containing cells, the solutions were vortexed briefly, pipetted into 1-mL syringes, and finally incubated at 4 °C for 5–10 min. The gelled hydrogels were then transferred to the wells of 24-well plates containing 1.5 mL of culture medium and incubated at 37 °C. Media were changed every 2 days.




4.3. Spheroid Growth Assay


To evaluate the effects of MC-B hydrogels on the formation and growth of multicellular spheroids, A2780, ES-2, and R182 OC cells were cultured for desired times. The size of spheroids were measured at desired time points under a phase contrast microscope (IX70, Olympus, Tokyo, Japan). At least 20 spheroids on each hydrogel were photographed and their diameters measured. The diameter of a spheroid was defined as the average length of the diameters measured at two-degree intervals joining two outline points and passing through the centroid. The spheroid diameter was quantified and analyzed using an image analysis software (ImageJ, version 1.52a, National Institute of Health, Bethesda, MD, USA).




4.4. Cell Proliferation Assay


For the 2D culture, R182 cells were seeded at a density of approximately 1 × 104 cells/well into 96-well plates, and for the 3D culture, the cells were seeded at a density of 1 × 105 cells/mL. These cells were cultured in complete medium containing 10% FBS for 1, 3, 5, 8, 10, and 12 days. To measure cell proliferation, the WST-1 colorimetric assay was performed as per the manufacturer’s instructions (Daeil Lab Service, Seoul, Korea) in 96-well plates. In brief, plates were washed with phosphate-buffered saline (PBS). Ten microliters of WST-1 reagent was added to each well, and the plates were incubated for 1 h in a humidified chamber at 37 °C in 5% CO2. To quantify the metabolic cells, the formazan absorbance was measured at 450 nm by a microplate reader (Tecan, Männedorf, Switzerland). Cell viability was calculated as a percentage of the 2D control cell population. Cell morphology and spheroid size were also assessed at desired time points using a phase contrast microscope (IX70, Olympus). All experiments were independently performed at least three times.




4.5. Colony-Forming Assay


R182 cells cultured in 2D and 3D for 7 days were seeded into 6-well plates at a density of 200 cells/well. They were further grown for 3 days; at which time, suitable sized colonies were usually observed. Colonies were fixed with 100% methanol for 20 min at room temperature and washed with PBS. The colonies were subsequently stained with 0.5% crystal violet solution (Sigma-Aldrich, St Louis, MO, USA) for 5 min. After a second PBS wash, the plates were allowed to dry overnight. Stained colonies were counted to determine the number of colony-forming units. Each experiment was repeated three times.




4.6. Wound-Healing Assay


R182 cells cultured in 2D and 3D for 7 days were seeded at a density of 5 × 105 cells/well in 6-well plates. When they attained complete confluence, the medium was changed to a starvation medium containing only 1% FBS. After making scratch wounds with a scratcher (SPL Life Sciences, Pocheon, Korea) in each well, the wells were rinsed with PBS to remove cellular debris and to avoid the reestablishment of displaced cells. The scratch closure was monitored and imaged at 0, 12, 24, 48, and 72 h using a phase contrast microscope. Each experiment was repeated three times.




4.7. Hydrogel Invasion Assay


A2780 cells cultured in 2D or 3D at 37 °C in a 5% CO2 humidified incubator for 7 days were seeded at a density of 5 × 105 cells/well on the surface of freshly prepared MC-B hydrogels in 6-well plates. For confocal laser scanning microscopy analysis, the hydrogels containing 2D- and 3D-cultured cells were washed with PBS and then fixed for 20 min with cold 4% paraformaldehyde in 0.1-M phosphate buffer (pH 7.4). The fixative was removed by washing the hydrogels three times for 5 min each time with cold PBS, followed by permeabilization with 0.1% Triton X-100 in PBS for 5 min. After washing with cold PBS, the samples were blocked in 2% bovine serum albumin (Sigma-Aldrich) for 1 h at room temperature. Excess solution was removed, and hydrogels were incubated for 1 h at room temperature with 1:150 diluted FITC-phalloidin (Promega, Madison, WI, USA), rinsed in cold PBS, and mounted on glass slides using Vectashield® containing 4′,6-diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA, USA). Cell fluorescence was observed using a confocal laser scanning microscope (Olympus, Tokyo, Japan). To examine the depth of cell invasion, a stack of confocal images was collected using a step size of 5 μm. After thresholding, Z-stack images were used to generate reconstructed 3D projection images.




4.8. Extraction of RNA and Reverse Transcription-Polymerase Chain Reaction (RT-PCR)


Total RNA was isolated using the TRIzol reagent (Favorgen Biotech Corp, Pingtung, Taiwan) following the manufacturer’s recommendations. The RNA quantity and quality were assessed by measuring absorbance at 260 and 280 nm using a Nanodrop 2000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Samples exhibiting an absorbance ratio (260/280) ≥ 1.9 were used. First-strand cDNA was synthesized by reverse transcription from 1 µg of total RNA in a 20-μL reaction mix (0.5-µg oligo (dT) 12–18 primers (Promega), 50-mM Tris-HCl (pH 8.3), 75-mM KCl, 3 mM MgCl2, 40 mM dithiothreitol, 0.5 mM deoxynucleotide triphosphate (dNTP; Promega), 10 U RNase inhibitors (Promega), and 200-U Moloney murine leukemia virus reverse transcriptase (Promega)). The reaction mix was incubated at 37 °C for 60 min and then heated to 70 °C for 5 min to stop the reaction. PCR amplification with gene-specific primers (sequences are shown in Table 1) was performed using an automated thermal cycler (Astec, Osaka, Japan). The obtained cDNA was added to the 20-μL PCR mix (20-mM Tris-HCl (pH 8.4), 50-mM KCl, 1.5-mM MgCl2, 0.1% Triton X-100, 0.2-mM dNTP (Promega), 0.5 pmol of each primer, and 5-U Taq DNA polymerase (Promega)) for use as a template. Once amplified, the DNA products were separated and detected using agarose gel electrophoresis (2% agarose gel stained with StaySafe™ Nucleic Acid Gel Stain; Real Biotech Corporation, Taipei, Taiwan) and photographed under ultraviolet light. The relative band intensities of the PCR products were measured using ImageJ software. The results were expressed as ratios vs. a housekeeping gene (glyceraldehyde-3-phosphate dehydrogenase, GAPDH) amplified from the same cDNA samples.




4.9. Western Blot Analysis


After R182 cells were cultured in 2D and 3D for 7 days, they were harvested and washed twice with ice-cold PBS. These were then lysed in RIPA lysis buffer (GenDEPOT, Barker, TX, USA) containing a protease inhibitor cocktail (GenDEPOT) for 30 min (for 2D-cultured cells) and 3 h (for 3D-cultured cells) on ice with agitation by vortexing at 10 min intervals. The resulting homogenates were centrifuged at 17,900× g for 30 min at 4 °C, and the supernatants were collected. Protein concentration was determined using the bicinchoninic acid (BCA) protein assay (Sigma-Aldrich). An equal amount of protein per sample was mixed with Laemmli sample buffer (Bio-Rad, Hercules, CA, USA) and loaded (30 μg/lane) onto a 12% (v/v) sodium dodecyl sulfate-polyacrylamide gel for electrophoresis. Separated protein was blotted onto a polyvinylidene fluoride membrane (Amersham Biosciences, Piscataway, NJ, USA) via the semi-dry transfer method (Bio-Rad). The membranes were blocked with 3% BSA in Tris-buffered saline with 0.1% Tween 20 at room temperature for 1 h. The membranes were washed and incubated overnight at 4 °C with primary polyclonal antibodies against Bax (1:2000, Santa Cruz Biotechnology, Dallas, TX, USA) and Bcl-2 (1:2000, Santa Cruz Biotechnology), and subsequently incubated for 1 h at room temperature with anti-mouse polyclonal secondary antibody (1:10,000, Cell Signaling Technology, Danvers, MA, USA). Following the wash steps, the proteins were visualized using the enhanced chemiluminescence (ECL) kit (Amersham Biosciences) according to the manufacturer’s instructions. Images were captured by the Amersham Imager 680 (Amersham Biosciences) and quantified with the ImageJ software.




4.10. Flow Cytometry


To detect the CSC population, A2780, ES-2, and R182 cells were cultured in 2D and 3D for 7 days and were harvested by pipetting. They were washed with Hanks’ balanced salt solution (HBSS, Gibco/Thermo Fisher Scientific) containing 0.1% BSA and 0.1% sodium azide and filtered through a 100-μm cell strainer (SPL Life Sciences). Phenotypic analysis of cell surface marker expression was performed by flow cytometry. Briefly, cells were washed twice with HBSS and resuspended in the cell-staining buffer. Cells were immunostained for cell surface markers by incubating them for 30 min with phycoerythrin (PE)-Cy7-labeled anti-CD44 (1:10, Invitrogen, Life Technologies, Carlsbad, CA, USA), PE-labeled anti-CD117 (1:10, BioLegend, San Diego, CA, USA), and allophycocyanin-labeled anti-CD133 (1:10, BioLegend) monoclonal antibodies. For control, 2D-cultured cells were used. Fluorescence-activated cell sorting analysis was performed using a FACS Canto-II flow cytometer (BD Biosciences, San Jose, CA, USA). Flow cytometry data were analyzed using FlowJo 10.3.0 (Tree Star, Ashland, OR, USA).




4.11. Chemotherapeutic Sensitivity Assay


After R182 cells were cultured in 2D and 3D for 7 days, the cell culture media were replaced with serum-free media containing 12-μM cisplatin (Sigma-Aldrich), 100-nM docetaxel (Sigma-Aldrich), and 1-μM doxorubicin (Cell Signaling Technology) for 48 h. To determine cell viability, a WST-1 assay was performed as previously described. All experiments were performed in triplicate and repeated three times.




4.12. Statistical Analysis


All quantitative results are expressed as mean ± standard deviation of at least three independent experiments. Comparisons between two groups were analyzed by Student’s t-test. Values of * p < 0.05, ** p < 0.01, and *** p < 0.001 were considered statistically significant.





5. Conclusions


We present an effective 3D in vitro culture method based on our MC-B hydrogel matrix developed and optimized for growing multicellular OC spheres derived from different OC cell lines. We demonstrated its usefulness in the isolation and enrichment of ovarian CSCs. The 3D in vitro OC cell culture using the MC-B hydrogel scaffold offers several advantages. These include simplicity, reproducibility, bioactivity, efficiency, and low cost. OC cells grown in the 3D culture system exhibited biochemical and physiological features. These included (1) enhanced cell proliferation, migration, and invasion, as well as colony formation and chemotherapy resistance; (2) suppressed apoptosis; (3) the upregulated expression of multidrug resistance-related genes (MDR1 and MRP1); (4) elevated levels of key molecules associated with tumor progression and malignancy, such as apoptosis-regulating molecules (Bcl-2 and Bax); EMT transcription factors (Snail, Slug, and Twist); Notch (Notch-1 and -2); tumor stemness and pluripotency biomarkers (Sox2, Oct4, Nanog, and KLF4); and (5) the enrichment of an ovarian CSC population by approximately up to 56-fold compared to the 2D-based conventional suspension cell culture. The 3D in vitro OC model is a promising in vitro research platform to study OC and ovarian CSC biology, as well as to screen new anti-OC and anti-ovarian CSC-targeted therapeutics.
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Figure 1. Formation and growth of ovarian cancer (OC) cell spheroids in standard plastic tissue culture plates and marine collagen-based (MC-B) hydrogels. (A) Phase contrast microscopy images showing OC cell (A2780, ES-2, and R182 cells) spheroids on culture days 1, 3, 5, 8, 10, and 12 (original magnification ×100). (B) Diameters of the OC cell spheroids are depicted in a bar graph. *** p < 0.001 vs. those on day 1. Scale bars = 50 μm. 
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Figure 2. Proliferation and colony formation of OC cells in standard plastic tissue culture plates and MC-B hydrogels. (A) Proliferation of A2780, ES-2, and R182 cells on standard plastic tissue culture plates was compared with that in MC-B hydrogels using the WST-1 assay. (B) Colony-forming ability of R182 cells cultured under 2D and 3D conditions for 7 days was determined by a colony formation assay. Data represent the means ± SD of three independent experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. 2D. ## p < 0.01 and ### p < 0.001 vs. those on day 1. 






Figure 2. Proliferation and colony formation of OC cells in standard plastic tissue culture plates and MC-B hydrogels. (A) Proliferation of A2780, ES-2, and R182 cells on standard plastic tissue culture plates was compared with that in MC-B hydrogels using the WST-1 assay. (B) Colony-forming ability of R182 cells cultured under 2D and 3D conditions for 7 days was determined by a colony formation assay. Data represent the means ± SD of three independent experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. 2D. ## p < 0.01 and ### p < 0.001 vs. those on day 1.



[image: Marinedrugs 18 00498 g002]







[image: Marinedrugs 18 00498 g003 550] 





Figure 3. Analysis of the apoptotic state in 3D OC spheroids compared to their 2D cultures. (A) Flow cytometric analysis demonstrates an increased resistance to the apoptosis of R182 cells in response to the treatment with 100-nM docetaxel and 12-μM cisplatin (annexin V+: apoptotic cells and propidium iodide (PI)−: dead cells) in 3D spheroids compared to the 2D culture. The lower left quadrants of the panels (annexin V−/PI−) represent the intact viable cells, whereas the lower right quadrants (annexin V+/PI−) represent early apoptotic cells. Apoptosis ratios were calculated from three independent experiments for the cell lines. Bar graphs depict the quantitation of early and late-apoptotic cells (annexin V+). (B) Western blot analysis of R182 cells for the expression of apoptosis-regulating proteins in 2D and 3D cultures. Antiapoptotic Bcl-2 was upregulated, and proapoptotic Bax was downregulated in 3D cultures as compared with 2D cultures. Bar graphs depict the densitometry quantitation of Bcl-2 and Bax protein expression normalized to β-actin. Data represent the means ± SD of three independent experiments. *** p < 0.001 vs. 2D. 
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Figure 4. Migratory and invasive behavior of OC cells in standard plastic tissue culture plates and MC-B hydrogels. (A) Representative phase contrast microscopy images from a wound-healing assay of R182 cells migrating into the cell-free space. Images were captured at 0, 12, 24, 48, and 72 h. The distances between the two edges were scaled for three positions at different times. The 3D MC-B scaffold culture environment enhanced the migration ability of R182 cells compared with the 2D plate culture environment. (B) The invasive potential of 2D- and 3D-cultured A2780 cells in a hydrogel invasion assay. The 3D MC-B-scaffold culture environment enhanced the invasive ability of A2780 cells compared with the 2D plate culture environment. Data represent the mean ± SD of three independent experiments. * p < 0.05 and *** p < 0.001 vs. 2D. 
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Figure 5. Sensitivity to chemotherapeutics and the expression of multidrug resistance-related genes in 2D and 3D OC cell cultures. (A) Phase contrast microscopy images (original magnification ×100) and cell viabilities of R182 cells in 2D and 3D cultures after exposure to cisplatin, docetaxel, and doxorubicin. Data represent the mean percentage viability ± SD of three independent experiments normalized against untreated control cells. *** p < 0.001 vs. 2D. (B) Reverse transcription (RT)-PCR demonstrates the upregulated expression of multidrug resistance 1 (MDR1) and multidrug resistance-associated protein 1 (MRP1) genes important in promoting malignancy and multidrug resistance in 3D spheroids compared to the 2D culture. Bar graphs depict the densitometry quantitation of MDR1 and MRP1 mRNA expression normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA. Data represent the means ± SD of three independent experiments. *** p < 0.001 vs. 2D. 
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Figure 6. Quantitative flow cytometry analyses of A2780 cells in standard plastic tissue culture plates and MC-B hydrogels. (A) Cells grown in MC-B hydrogels display higher CD44, CD117, and CD133 expression than those cultured in the conventional 2D culture method on days 5, 7, and 9. (B) Double-positive expression patterns of cancer stem cell (CSC) markers CD44+/CD117+, CD44+/CD133+, and CD117+/CD133+ were compared between 2D and 3D cell cultures. Cells grown in MC-B hydrogels display higher CD44+/CD117+, CD44+/CD133+, and CD117+/CD133+ expressions than those cultured in the conventional 2D culture method on days 5, 7, and 9. Data represent the means ± SD of three independent experiments. ** p < 0.01 and *** p < 0.001 vs. 2D. 
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Figure 7. Quantitative flow cytometry analyses of ES-2 cells in standard plastic tissue culture plates and MC-B hydrogels. (A) Cells grown in MC-B hydrogels display higher CD44, CD117, and CD133 expressions than those cultured in the conventional 2D culture method on days 5, 7, and 9. (B) Double-positive expression patterns of CSC markers CD44+/CD117+, CD44+/CD133+, and CD117+/CD133+ were compared between 2D and 3D cell cultures. Cells grown in MC-B hydrogels display higher CD44+/CD117+, CD44+/CD133+, and CD117+/CD133+ expressions than those cultured in the conventional 2D culture method on days 5, 7, and 9. Data represent the means ± SD of three independent experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. 2D. 
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Figure 8. Quantitative flow cytometry analyses of R182 cells in standard plastic tissue culture plates and MC-B hydrogels. (A) Cells grown in MC-B hydrogels display higher CD44, CD117, and CD133 expressions than those cultured in the conventional 2D culture method on days 5, 7, and 9. (B) Double-positive expression patterns of CSC markers CD44+/CD117+, CD44+/CD133+, and CD117+/CD133+ were compared between 2D and 3D cell cultures. Cells grown in MC-B hydrogels show higher CD44+/CD117+, CD44+/CD133+, and CD117+/CD133+ expressions than those cultured in the conventional 2D culture method on days 5, 7, and 9. Data represent the means ± SD of three independent experiments. ** p < 0.01 and *** p < 0.001 vs. 2D. 
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Figure 9. Expression of stemness and pluripotency biomarkers in R182 cell spheroids compared to 2D cultures. (A) RT-PCR gene expression analysis of stemness and pluripotency regulatory factors (Sox2, Nanog, Oct4, and KLF4) in 2D-cultured cells, 3D spheroids, and the isolated CD133+ CSCs from 3D spheroids. Bar graphs show the relative expressions of genes in cells grown in these cells. GAPDH was used as a housekeeping gene for RT-PCR data normalization. Results are expressed as mean ± SD (n = 3). (B) Flow cytometry comparative analysis of the expression of aldehyde dehydrogenase 1 family member A1 (ALDH1A1), a functional stem cell marker, in 2D and 3D cultures. Data represent the means ± SD of three independent experiments. *** p < 0.001 vs. 2D. # p < 0.05 and ## p < 0.01 vs. 3D spheroids. 
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Figure 10. Expression of molecules associated with cancer aggressiveness in R182 cell spheroids compared to 2D cultures. (A) RT-PCR gene expression analysis of epithelial–mesenchymal transition (EMT)-driving factors (Snail, Slug, and Twist) in 2D-cultured cells, 3D spheroids, and the isolated CD133+ CSCs from 3D spheroids. Bar graphs show relative expressions of genes in cells grown in these cells. GAPDH was used as a housekeeping gene for RT-PCR data normalization. Results show mean ± SD (n = 3). (B) RT-PCR demonstrates the upregulated gene expressions of Notch-1 and -2, which are important in tumor promotion and progression in 3D spheroids compared to the 2D culture. Bar graphs plot the densitometry quantitation of Notch-1 and -2 mRNA expressions normalized to GAPDH mRNA. Data represent the means ± SD of three independent experiments. *** p < 0.001 vs. 2D. # p < 0.05, ## p < 0.01, and ### p < 0.001 vs. 3D spheroids. 
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Table 1. Reverse transcription (RT-PCR) primer names and their sequences.






Table 1. Reverse transcription (RT-PCR) primer names and their sequences.





	Gene Name
	Forward (5′-3′)
	Reverse (5′-3′)





	KLF4
	GGCACTACCGTAAACACACG
	CTGGCAGTGTGGGTCATATC



	MDR1
	GAGCCTACTTGGTGGCACAT
	TCCTTCCAATGTGTTCGGCA



	MRP1
	AATGCGCCAAGACTAGGAAG
	ACCGGAGGATGTTGAACAAG



	Nanog
	GTCTTCTGCTGAGATGCCTCACA
	CTTCTGCGTCACACCATTGCTAT



	Notch-1
	TACAAGTGCGACTGTGACCC
	CACACGTAGCCACTGGTCAT



	Notch-2
	CAACCGCAATGGAGGCTATG
	GCGAAGGCACAATCATCAATGTT



	Oct4
	ATCCTGGGGGTTCTATTTGG
	TCTCCAGGTTGCCTCTCACT



	Slug
	GGTCAAGAAGCATTTCAAC
	GGTAATGTGTGGGTCCGA



	Snail
	AGACCCACTCAGATGTCAA
	CATAGTTAGTCACACCTCGT



	Sox2
	AACCAGCGCATGGACAGTTA
	GACTTGACCACCGAACCCAT



	Twist
	GTCCGCAGTCTTACGAGGAG
	GCTTGAGGGTCTGAATCTTGCT



	GAPDH
	AAGTGGATATTGTTGCCATC
	ACTGTGGTCATGAGTCCTTC
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