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Abstract

:

Simple Summary


Ovarian cancer is still a high-risk, metastatic disease, often diagnosed at a late stage. Difficulties in its treatment are associated with high resistance to chemotherapy and recurrence. Responsible for the malignant features of cancer are considered to be cancer stem cells (CSCs), which generate new cells by modifying various signaling pathways. Signaling pathways are crucial for the regulation of epithelial-mesenchymal transition, metastasis, and self-renewal of CSCs. New therapies based on the use of inhibitors that block CSC growth and proliferation signals are being investigated. The current histological classification of ovarian tumors, their epidemiology, and the recent knowledge of ovarian CSCs, with particular emphasis on their molecular basis, are important considerations.




Abstract


Despite the increasing development of medicine, ovarian cancer is still a high-risk, metastatic disease that is often diagnosed at a late stage. In addition, difficulties in its treatment are associated with high resistance to chemotherapy and frequent relapse. Cancer stem cells (CSCs), recently attracting significant scientific interest, are considered to be responsible for the malignant features of tumors. CSCs, as the driving force behind tumor development, generate new cells by modifying different signaling pathways. Moreover, investigations on different types of tumors have shown that signaling pathways are key to epithelial-mesenchymal transition (EMT) regulation, metastasis, and self-renewal of CSCs. Based on these established issues, new therapies are being investigated based on the use of inhibitors to block CSC growth and proliferation signals. Many reports indicate that CSC markers play a key role in cancer metastasis, with hopes placed in their targeting to block this process and eliminate relapses. Current histological classification of ovarian tumors, their epidemiology, and the most recent knowledge of ovarian CSCs, with particular emphasis on their molecular background, are important aspects for consideration. Furthermore, the importance of signaling pathways involved in tumor growth, development, and metastasis, is also presented.
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1. Introduction


Globally, ovarian cancer incidence and mortality rates have not significantly changed over the last three decades. Ovarian cancer is the seventh most frequently diagnosed cancer type in the world, and second, after breast cancer, in women from highly developed countries [1,2]. Furthermore, ovarian cancers are the fifth leading cause of death in women and the most lethal of gynecologic oncology [2]. Due to the fact that afflicted women remain asymptomatic, they are often diagnosed at an advanced stage, which results in a five-year survival rate below 45% [2,3]. The ovary is an organ with a significant number of cells of different origins. Advanced processes concerning both folliculogenesis and oogenesis, as well as the production of sex hormones, require cooperation of many cell types. Neoplasms are formed from almost every part of the ovary. The source of adenomas and adenocarcinomas are epithelial cells. Depending on the subtype of the tumor, the epithelium of the ovarian surface or adjacent organs (fallopian tube, uterus) may undergo neoplastic transformation. Teratomas, dysgerminomas, yolk sack tumors, or choriocarcinomas can originate from the ovarian parenchyma. Furthermore, the most diversified group of neoplasms originate from the ovarian stroma or/and sex cord cells, such as granulosa cell tumors, Sertoli- Leydig cell tumors, fibromas, and thecomas.



As most significant genetic risk factors, previous family history of the disease (3–7-fold increase), mutations within the BRCA1 and BRCA2 genes, and Lynch’s syndrome are considered [1,3,4,5]. Predisposing factors for ovarian cancer also include non-Hispanic ethnic group [3] patients’ age over 40 years (with the exception of germ cell tumors, which are more frequently diagnosed in young women [3,6]). The risk of ovarian cancer is linked to continued ovulation, so women who begin ovulating at a young age, do not have children, and reach menopause after age 50 are more susceptible [7]. Furthermore, non-genetic predispositions include obesity, diabetes, smoking, or drugs, as well as certain medicines, including hormone replacement therapy (HRT) [1,2,3,4,5,6,8].



The most recent findings indicate that there is a population of cells in cancer tissue with the capacity for self-renewal and malignant potential. This group is known as cancer stem cells (CSCs), as it was demonstrated that they show the presence of markers typical for stem cells (SCs). It is possible that CSCs are responsible for the activation of the tumor growth, as well as support its expansion [9]. CSCs are described as populations able to renew, proliferate, and maintain cancer even after treatment. Some authors also define these cells as tumor-initiating cells (TICs) [10]. CSCs, as the driving force behind tumor development, generate new cells through the modification of different signaling pathways [11]. External environmental factors can affect stem cells, which are transformed by oncogenic mutations. The formation of metastases is a very complex process involving epithelial–mesenchymal transition (EMT) [12]. This allows the cancer cells to enter the blood vessels, first causing local metastases, the acquisition of migrating properties, and the colonization of distant tissues.



Among gynecological oncological patients, the highest mortality rate concerns ovarian cancer (OC) [13]. In view of the still high mortality rate for ovarian cancer, it is required to develop new diagnostic tools, treatment methods, and successful therapy. Studies on the molecular characteristics of CSCs and their signaling pathways lead to the hypothesis that they are closely associated with disease relapse and treatment resistance. It seems obvious, therefore, that a focused therapy aimed specifically at ovarian CSCs could become a milestone in oncological medicine. However, before a new treatment can be introduced, specific and precise molecular-based diagnostics should be established.




2. Histological and Molecular Characteristics of the Ovarian Cancer


2.1. Ovarian Epithelial Tumors


A mature ovary is covered by a monolayer of mesothelial cubic epithelium. In contrast, the rest of the female reproductive system, for example, the fallopian tubes, the endometrium, and the vagina originate from the Müllerian ducts, hence are covered by Müllerian epithelium [14]. Initially, the occurrence of different histological types, such as serous, mucinous, clear cell, or endometrioid carcinoma, was previously explained as the result of metaplastic differentiation of the ovarian surface epithelium (OSE) cells. Thus, tumors of different types were eventually supposed to resemble histological tissues of the fallopian tube, endometrium, or cervical canal [15]. However, it is now accepted that these tumor types are distinct entities with different origins, clinical, and biological behavior. The analyses of gene expression profiles confirm the relatedness of particular histological types of ovarian cancer to the normal epithelium of various tissues. It is concluded that the expression pattern of specific genes that characterize correlations between serous carcinoma and fallopian tube epithelium, endometrioid and clear cell carcinoma and uterine epithelium, and mucinous carcinoma and colorectal epithelium as primary rather than secondary [16], shedding new light on the origin of specific types of EOTs.



Epithelial ovarian tumors (EOTs) are classified into histological subtypes, according to the predominant pattern of differentiation of the tumor cells. These subtypes are: serous (70–80%), endometrioid (10%), clear cell (10%), mucinous (3%), and others such as transitional cell tumors (Brenner tumors) and mixed epithelial tumors [1,2]. Neoplasms within each of these groups, depending on the degree of cells differentiation and some specific molecular signatures, may be classified as malignant, borderline, or benign [17]. The overwhelming majority of EOTs belongs to the group with the highest malignancy potential [18].



Due to the specificity of molecular changes within epithelial carcinomas and the fact that some of them may derive from specific precursors, a division of epithelial ovarian carcinomas into two types was proposed [19]. Type I cancers included: (1) low-grade serous ovarian carcinoma (LG-SOC), (2) endometrioid, (3) clear cell, and (4) mucinous. These tumor types develop from well-recognized precursor lesions such as serous borderline tumors or endometriosis. They are usually limited to the ovary, characterized by slow growth and little tendency to metastasis. In most cases, apart from clear cell carcinoma, the prognosis is promising for the patient. In type I tumors, their somatic mutations can be observed in the KRAS, BRAF, PTEN, PIK3CA, CTNNB1, ARID1A, and PPP2R1A, and very rarely in the TP53 gene (Table 1) [19]. Type II tumors include high-grade serous ovarian carcinoma (HG-SOC), which are characterized by very rapid growth and high aggressiveness, with the diagnosis very often made at an advanced stage and associated with poor prognosis. In approximately 95% of such cases, mutations in the TP53 gene are observed. In type I tumors, the mutations are described as rare. In about half of HG-SOC cases, inactivation of the BRCA1/2 genes is also observed (Table 1) [19].



For many years, CA125 has been the main biomarker for the risk assessment and therapy of women with EOTs [29,30]. Jackson et al. studied the expression of CA125 in laying hens, which by continually ovulating and laying eggs, often developed ovarian cancer [31]. They found that ovarian cancer cells from laying hens expressed CA125, suggesting the possibility of using hens as a model to study female ovarian cancer. However, some novel markers have recently become available to improve the sensitivity and specificity of the diagnosis. The most recent studies, using integrated bioinformatics analysis, identified some differentially expressed genes (DEGs) associated with the EOTs [32,33]. Zhang et al. found three hub genes: BUB1B, KIF11, and KIF20A, whose upregulation may tend to the lower survival rates and be relevant to prognosis. BUB1B expression level was correlated with ovarian FIGO (International Federation of Gynecology and Obstetrics) stage and tumor differentiation. For KIF20A, the expression level was correlated with the FIGO stage and intraperitoneal metastatic potential [32]. Some authors also assign a key role in tumorigenesis and prognosis assessment for patients with EOTs to the deregulation of KIF4A, CDC20, CCNB2, TOP2A, RRM2, TYMS, BIRC5, FOXM1, PSAT1, TRIP13, RAD51AP1, DLGAP5, FAM83D, PRC1, CDCA5, CKS2, MELK, KIF15, CEP55, TTK, UBE2C, CENPF, and KIF14 [34,35,36].




2.2. Ovarian Germ Cells Tumours


Ovarian germ cells tumors (OGCTs), deriving from the primitive germ cells of the embryonic gonads, are a histologically heterogeneous, mostly benign subtype [37]. Furthermore, the group of germ cells tumors with malignancy potential includes some immature teratomas, dysgerminomas, yolk sac tumors, choriocarcinomas, and mixed germ cell tumors [37].




2.3. Stromal and Sex Cord Cells Tumours


Sex cord and stromal cells tumors (SCSTs) are a heterogeneous group and consist of diverse cells arising from the gonadal primitive sex cords cells (granulosa cells and Sertoli cells) or stromal cells (theca cells, fibroblasts, and Leydig cells). These cell types may occur separately (pure sex cord cells or pure stromal tumors) or together and may be characterized by various degrees of differentiation [38,39]. In most cases, depending on the origin of the cells, specific clinical symptoms associated with increased hormone production are observed. Tumors formed from granulosa or theca cells usually induce hyperestrogenicity, whereas those of testicular origin (Sertoli or Leydig) may be hyperandrogenic. In rare cases, these phenomena are reversed or do not occur [38].





3. Cancer Stem Cells and Characteristic of Ovarian Cancer Stem Cells


3.1. Cancer Stem Cells


Cancer stem cells (CSCs) are a population of undifferentiated cells with unique abilities of self-renewal, proliferation, differentiation, and multipotency. Recent research indicates the fundamental role of the CSCs in the process of carcinogenesis, chemo-resistance, and the formation of metastases [40]. A currently accepted theory states that CSCs arise as a result of ordinary stem cells’ genetic mutations caused by genetic instability and/or adverse effects of the microenvironment [41,42,43]. Additionally, acquired mutations of the CSCs, together with the capacity for self-renewal, can lead to the progression of malignancy [40,42,44]. CSCs have been identified for the first time in acute myeloid leukaemia (AML) by Bonnet and Dick in 1997, who showed that a single leukemic cell was able to transmit systemic disease when transplanted into the severe combined immune-deficient (SCID) mice as recipients [45]. Their presence was subsequently found in many types of solid tumors in the breast, brain, head and neck, liver, lungs, pancreas, prostate, or ovaries [46].



Each cell, including stem cells, can be identified by the expression of a specific molecule or combination of molecules called markers [40,41,47]. Proper SCs and CSCs have a common range of multiple molecules on the surface of cells belonging to the cluster of differentiation group (CD) such as CXCR4, Sca-1, CD133, CD24, CD34, CD44, c-kit, c-met, LIF-R, and BMI1. Importantly, defining CSCs solely on the basis of the appearance of surface markers is insufficient, as none of the markers is found exclusively on CSCs [40]. Presently, there is no universal marker that identifies the CSC of each tumor [40,42]. Studies on glioma stem cells, which show both CD133+ and CD133− phenotypes, depending on the part of the tumor analyzed [48], confirm that there is no universal CSC marker. Similar genetic divergence has been shown for breast cancer stem cells of CD24−/CD44+ and CD24+/CD44− phenotype [49]. These data may indicate both the known fact of genetic heterogeneity of the tumors and the existence of continuous selection of cells best adapted to a given environment [42,48,49]. The concentration of cytoprotective enzymes, e.g., aldehyde dehydrogenase (ALDH) or the expression level of ATP-binding cassette (ABC) transporters, are also analyzed [40,41].



One of the factors directly influencing the maintenance of the stem cell population is the niche microenvironment (Figure 1) [50,51]. The niche is formed by various stromal cells, vascular networks, mesenchymal cells, immune system cells, extracellular matrixes (ECM), and factors secreted by these cells [50,52]. The microenvironment can maintain CSCs not only in the state of the stemness but also directly affect the differentiation of normal cells into the CSCs and induce the epithelial to mesenchymal transition (EMT), which results in the high potential of invasion of the cancer cells and their ability to the metastases formation [50]. It has been indicated that it is the epigenetic changes associated with EMT that affect the phenotypic differences between the CSCs and the other cells forming the tumor mass. This phenotypic diversity of cancer cells determines the development of resistance to different types of therapy. In addition, EMT mechanisms are most likely associated with relapse [53,54]. Both genetic and molecular mechanisms and factors of the specific microenvironment of the neoplastic niche may contribute to the formation of phenotypically different cells in the tumor mass. To maintain their properties and ability to regenerate, stem cells need signals from the cells of the niche in which they occur. Many studies indicate that the control of self-renewal and proliferation and/or drug resistance of CSCs is the responsibility of certain factors and intracellular metabolic pathways [40,50].



The EMT is based on epigenetic changes that are phenotypically revealed, hereditary, and unrelated to genetic alterations. Morphological changes of cancer cells are observed, such as shape transformation from epithelial (cuboidal, columnar) to elongated, fibroblast-like, with subsequent loss of cell-cell connections and apical-basal polarity. These acquired features allow for greater cell mobility, which affects their invasiveness [55,56,57]. Physiological, cytoskeletal composition, and ECM changes are also observed. While cell-cell junctions in epithelial cells (ECs) are clearly marked, tight, adherent, gap junctions and desmosomes predominate between cancer cells. Mesenchymal cells (MCs) have a negligible number of connections. The characteristic adhesion belt in ECs is produced by actin fibers that attach to adherens junctions. In MCs, the cytoskeleton is mainly represented by actin stress fibers and vimentin intermediate filaments. The changes also affect the ECM, where the ECs are placed on a basement membrane made of laminin and collagen IV [58]. Furthermore, interactions take place through integrin α6β4 on hemidesmosomes. During EMT, the cells establish a reaction via β1 or β3 containing integrins in adhesion plaques. ECM in MCs is mainly composed of collagen I and fibronectin [59,60].




3.2. Ovarian Cancer Stem Cells


A thorough analysis and understanding of the molecular basis of the ovarian tumor microenvironment, especially studies of its transcriptome and proteome, may provide a basis for therapeutic strategies for ovarian tumors. Moreover, ovarian cancer stem cells and their reactions with a specific niche are not without significance in this context. In principle, the elemental richness of the ovarian cancer microenvironment influences different pathways and direction of lesion progression [61]. The interaction of cells, through the secretion of different molecules and signals, models the niche and influences tumor development. Furthermore, the specific extracellular matrix (ECM) is an important component of the tumor microenvironment, as it is composed of, e.g., inflammatory cytokines, integrins, chemokines, and matrix metalloproteinases (MMPs).



Stromal cells make up a significant portion of the tumor, including cancer cells, cancer stem cells, cancer-associated fibroblasts (CAFs), pericytes, immune cells, and endothelial cells (ECs). CAFs are cells of mesenchymal origin, although they can also undergo transdifferentiation from other lineages, such as ECs or epithelial cells. Exposure to factors such as TGF-β (tumor-derived transforming growth factor-β,) bFGF (basic fibroblast growth factor), PDGF (platelet-derived growth factor), MMPs, reactive oxygen species, and VEGF (vascular endothelial growth factor) is essential in this process [62,63,64]. CAFs are the source of most protein components of ECM (collagen, laminin, fibronectin), as well as secrete TIMPs and MMPs [64]. Furthermore, various mechanisms through which CAFs promote tumor progression have been described [65,66,67]. Tumor-derived fibroblasts have long been recognized as cells that increase the malignancy of tumors, while transplanted tumor cells, together with CAFs, resulted in faster changes than those caused by cancer cells alone [68,69]. Stromal derived cells are also known to affect the metabolism of CSCs and induce consequences related to malignancy and the possibility of metastasis [70]. A recent study showed that OCSCs cooperate with macrophages of the tumor niche to promote tumor malignancy [71]. First, the upregulation of M2 macrophage marker CD206 led to activation of immunosuppressive programs, as well as increased ALDH activity, which consequently activated pro-tumoral activity and self-renewal of OCSCs. Increased levels of pro-inflammatory cytokines (IL-10 and IL-6) were also observed. It was assessed that macrophage-initiated WNT signaling might contribute to a more aggressive ovarian cancer phenotype, in this case, prompting the use of this pathway in targeted therapy [71].



However, the metabolic processes associated with OCSCs are not yet fully understood. The predominant metabolic mechanisms depend on the relationships between individual elements of the tumor microenvironment, as well as current energy requirements. The plasticity of OCSCs is also an important aspect in a range of metabolic processes [72]. A recent study showed that OCSCs that were detached from the in vitro surface and suspended in ascites changed their metabolism from glycolysis to increased lipid metabolism. In addition, the expression of the CSCs markers, such as cluster of differentiation 44 and c-kit, was also demonstrated [73]. Therefore, a thorough understanding of the characteristics of OCSCs metabolic processes seems to be one of the key elements in assessing their potential for malignancy and targeted therapy. CSCs contribute to the difficulty of treatment of ovarian cancer, as resistant cells tend to persist after chemotherapy, potentially causing tumor recurrence. They exhibit altered lipid metabolism, resulting in lactate accumulation and acidification, which causes T cell dysfunction [74]. Moreover, it has been suggested that CSCs may be formed on the background of metabolic changes occurring in non-CSCs cells [75].





4. Ovarian Cancer Stem Cells as a Useful Diagnostic Tool—A Role in Metastasis


It is claimed that CSCs are responsible for the spread of neoplasms and the formation of metastases to the abdominal cavity. Unlimited growth and providing a source for most of the different cells that build the tumor mass are the characteristics of CSCs, which usually form a small part of the tumor [76]. The results of various studies indicate that there are CSCs markers that are supposed to play a key role in the formation of metastases (Figure 2). It is also suggested that signaling pathways, such as WNT, Notch, and Hedgehog (Hh), are important in the EMT process. Hence, genetic evaluation creates many diagnostic possibilities. It is possible to use CSCs markers to classify the tumor and choose the therapeutic treatment. Identification and isolation of CSCs from tumors are possible, e.g., through magnetic-activated cell storing method (MACS) and fluorescent-activated cell storing (FACS), based on both surface and intracellular markers. Monoparameter isolation (MACS) is the faster of these methods, while multi-parameter separation (FACS) gives more possibilities. Hence, as specific markers for other cancers, including blood cancers, have already been identified, it seems crucial to identify those for ovarian CSCs.



Ovarian cancer stem cells (OCSCs) are characterized by the presence of CD44, CD117, CD133, and CD24, as well as ALDH activity [77,78,79,80]. Mutations taking place in genes encoding proteins entering the major pathways that are known to be active in OCSCs, i.e., Hedgehog, Wnt, Notch, etc., may have a significant impact on the formation of ovarian cancer and metastases [77,80].



4.1. CD133


Among cellular surface markers, CD133 is the most commonly used to isolate CSCs [13]. In addition, it has been indicated that the presence of CD133 in cancer tissue may be associated with increased malignancy of the tumor [81]. Accelerated growth of renal tumor was observed after transplantation of CD133+ cells, which were involved in the neovascularization processes [82]. However, some studies have shown that both CD133+ and CD133− cells from lung cancer (A549, H446) exhibit features of self-regeneration and malignancy, as well as resistance to chemotherapy [9]. Furthermore, similar conclusions have been described for the glioma cancer stem cells (C6) [83]. Hence, a conclusion was made that the presence or absence of CD133 alone cannot indicate a classification of the tumor as malignant. Following implantation of the CD133+ cell fraction, the ovarian tumors obtained consisted of both CD133+ and CD133− cells. However, CD133+ cells showed a higher tumorigenic capacity than CD133− cells. This leads to the conclusion that these positive cells may differentiate into various phenotypic populations [84]. Additionally, CD133− cells were shown to also generate tumors that consisted of both cell populations (positive and negative). However, it is not clear whether if the CD133− cells that have the ability to give rise to CD133+, or if their occurrence is caused by the presence of a small fraction of CD133+ cells among the purified CD133− fraction. Another possibility is to produce the CD133+ cells from a different population of tumor CSCs [78]. Furthermore, the presence of CD133 marker on cells originating from ovarian cancer has been analyzed by many research teams [85,86,87]. CD133+ cells were identified in both benign and malignant tumor cells but also in normal ovarian tissue. However, the percentage of these cells in primary ovarian tumors was usually higher than in normal tissue or metastases [85]. The use of tissue microarrays proved that the expression of CD133 was associated with a high grade of serous ovarian carcinoma, ascites, late stages of the disease, and no response to treatment [87,88].




4.2. CD105


A well-known marker of mesenchymal stem cells (MSCs) is CD105, which plays a role in the angiogenesis processes, working as a surface cell receptor for transforming growth factor (TGF). CD105+ cells isolated from human renal tumor tissues and implanted in mice showed tumorigenic properties [89]. In addition, it was also found that the CD105+ cancer cells showed increased expression of other MSCs markers (CD73 and CD90), while decreased expression was marked for CD44 and CD146. At the same time, it is suggested that the CD105 cell marker is a temporary and transient factor since only half of the CD105+ tumor cells were shown to exhibit its expression after in vitro culture [10]. A study by Zhang et al. [90] revealed that high expression of CD105 was associated with drug resistance, advanced disease stage poor differentiation and high rate of recurrence in epithelial ovarian cancer.




4.3. CD44


CD44 is considered a controversial surface antigen of CSCs. It plays a role in many different physiological processes, including growth, cell differentiation, and wound healing, but it has also been shown to be involved in neoplastic metastases [91]. Biochemically, CD44 is a transmembrane glycoprotein that binds extracellular glycosaminoglycan hyaluronate [92]. Some data indicate a correlation between CD44 expression and metastases [93], as well as resistance to chemotherapy [94]. Furthermore, the subpopulation of CD44+ cells has been shown to retain the ability to initiate ovarian tumor after immortalization [44,95]. Additionally, a population of CD44+ CD24− ovarian cancer cells was observed and characterized by resistance to chemotherapy. These cells had the ability to form spheroids and presented a higher risk of relapse [96,97]. It is also suggested that the CD44+ CD117+ cells have a higher tumorigenicity than the CD44− CD117− cells [98]. Subsequent studies also indicate that only CD117+ ovarian tumor cells have the ability to initiate the tumor [99]. The CD24 superficial cell marker was used to identify cancer cells of different tissues. Gao et al. described that CD24+ cells showed greater resistance and ability to self-regenerate than CD24− cells [100].




4.4. ALDH


The activity of aldehyde dehydrogenase (ALDH), determined using Aldefluor method, was identified as yet another important marker of CSCs. The ALDH enzyme plays a role in detoxification by oxidizing aldehydes and converting retinol to retinoic acid. Double positive CD133+ and ALDH+ cells in ovarian tumors [101] showed resistance to chemotherapy and increased growth and initiation of tumors in mice [102]. The ALDH1 isoform was also tested for its usefulness as a marker of CSCs for ovarian cancer. However, the results were of these studies was inconsistent [103,104]. The association of ALDH1 (br) expression with CD44 in ovarian cancer cells was shown to increase resistance to treatment [105], whereas the results obtained by Chang et al. indicate that ALDH1 was a positive prognostic factor in ovarian cancer therapy [106].



It is possible to isolate CSCs based on the side population (SP) with the expression of the ABC transporter [78]. In addition, specific CD44+/MyD88+ epithelial ovarian cancer stem cells have been shown to be responsible for tumor initiation, even after surgical and chemotherapeutic treatment. The repair and self-renewal of this tumor are promoted through the pro-inflammatory TLR2-MyD88-NFκB pathway [107]. Another study suggests an important role for HMGA1, a chromatin remodeling factor, in ovarian cancer stem cell function [108]. The study was based on a 3D culture of A2780, SKOV3, and PA1 ovarian cancer cells, where elevated HMGA1 expression was observed along with expression of stemness markers. The HMGA1 knockout decreased proliferation, spheroid formation ability, and stemness marker expression, as well as resistance to chemotherapy [108].



Using the FACS method, it is possible to sort OCSCs by specific markers. The isolated cells showed typical phenotypic features for CSCs (including therapy resistance, self-renewal, and tumor growth). However, no tumor development was observed from sorted CSCs that mimicked the progression typical of human ovarian cancers [109,110], although this could occur due to a number of internal and external factors, as well as the way the isolated cells were transplanted subcutaneously into mice. In human patients, the most common metastases involve the nearest environment to the ovary (including the peritoneum, mesentery, bladder, colon, and others). In addition, differently stimulated human organisms and the reduced immune response of experimental mice are not insignificant [111]. The tumorigenic potential of OCSCs depends on the distinct profile of specific markers. However, differences in genetic, epigenetic, or molecular background between populations of CSCs that have distinct marker profiles remain to be established. In addition, whether it is possible to reproduce the original tumor heterogeneity after transplantation of isolated OCSCs into a mouse model has not been accurately determined [112]. The potential of OCSCs to metastasize and form spheroids may account for the spheroid complexes in the peritoneal cavity of patients with advanced disease [113].



The complexity of ovarian cancer and the confirmed presence of typical CSC markers classified indicate that identification of a single marker does not confirm OCSCs presence. However, knowing the entire marker profiles and biochemical properties may determine the populations of these cells. So far, it has not been possible to determine a CSC marker that would only occur in the ovary, as the markers discovered to date are specific to other various cancers. The studies mentioned above show that the presence of CSCs markers on ovarian cancer cells was usually associated with higher malignancy and risk of relapse and resistance to treatment, which was consequently associated with a poorer prognosis for the patient. This leads to continued research in this direction, the search for specific markers for ovarian CSCs, and the analysis of the involved signal pathways, which may provide new diagnostic and therapeutic tools.




4.5. Treatment Approaches against CSCs


Research into the effectiveness of treatment methods for ovarian cancer is key to reducing disease recurrence and achieving complete remission. Two main treatment approaches to overcome CSCs have been proposed. The first approach aims at the loss of their ability to self-replicate (i.e., induction of their differentiation), e.g., through the use of retinoic acid. The second option is targeted therapy, based on inhibitors of signaling pathways (WNT, Notch, SHH) [114].



Cisplatin, targeting CD44+/CD117+ cells overexpressing CXCR4, was used to inhibit metastasis and limit invasion of cancer-initiating cells [115]. However, a study by Abubaker and co-authors showed that a single treatment with cisplatin and paclitaxel-based chemotherapy omits residual cells with CSCs characteristics, which increases the metastatic potential [116]. Additionally, another work [117], based on mouse xenograft models injected with PKH26-labeled SKOV3 ovarian cancer cells, also supports the above conclusions. While it was shown that cisplatin caused inhibition of tumor growth, numerous dormant cell clones appeared. These cells, arrested at the G0/G1 stage, also showed high levels of stemness markers (Oct-4, Nestin, CD117, CD44). Chemotherapy with cisplatin led to the enrichment and strengthening of stemness features in epithelial ovarian cancer cells [117]. One possibility for reducing CSCs resistance to cisplatin is the use of salinomycin, which induces apoptosis in ovarian cancer cells [118]. The apoptosis-inducing activity of salinomycin was also demonstrated on an ovarian cancer cell line (OVCAR-3) [119]. OCSCs isolated from the OVCAR-3 ovarian cancer cell line, expressing CD44+ and CD117+ markers that have been associated with chemo-resistance, inhibited growth after treatment with salinomycin and paclitaxel [120]. The action of salinomycin to initiate apoptosis in ovarian cancer stem cells may be related to death receptor 5 (DR5) and caspase 8 [121], as well as nuclear transcription factor NF-κB [122]. Furthermore, interesting effects have been observed in diabetic women diagnosed with ovarian cancer. Because of their diabetes, they were taking metformin, which inhibits the growth of CSCs, thus improving cancer outcomes compared to women not taking metformin. Shank et al. [123] showed, using the FACS method, that metformin reduces ALDH+ OCSCs and tumor sphere formation. In addition, similar results were obtained in studies on ovarian cancer cell lines SKOV3 and A2780 [124]. Low doses of metformin reduced the CD44+, CD117+ population, as well as affected EMT inhibition, which in result enhances the effect of chemotherapy. Clostridium perfringens enterotoxin (CPE) may be an alternative option to eliminate ovarian cancer stem cells. CD44+ OCSCs highly expressing claudin 4 underwent apoptosis after exposure to CPE [125,126]. There are also reports that the phenotype of ovarian cancer-initiating cells may be related to PKCι, which may be a target of auranofin in cancer therapy [127].





5. Signaling Pathways Involved in Ovarian Carcinogenesis


Throughout research on effective methods of treatment of chemotherapy-resistant ovarian cancers, signaling pathways implicated in the course of carcinogenesis should be analyzed, as their modification may be crucial to inhibit CSCs activity [128]. The most notable pathway is the WNT signal transduction pathway (Figure 3), which is highly involved in the process of normal embryogenesis. The research of recent years indicates a correlation between reduced regulation of WNT signaling and the occurrence of diseases [129]. Signals directed extracellularly through the WNT pathway stimulate several intracellular signal transduction cascades. Its ligands, secreted lipid-modified glycoproteins that are rich in cysteine amino acids, are referred to as Wnts [130]. Furthermore, two sub-pathways are distinguished: canonical or WNT/β-catenin dependent (mediated through a transcriptional regulator- β-catenin), and a non-canonical or β-catenin independent [131]. Cellular processes such as polarization, motility, organogenesis, and stem cell regeneration are regulated by WNT proteins. Therefore, their expression is crucial for the proper course of the mentioned processes. Hence, malfunctions in WNT signaling result in various pathologies, often including tumors and birth defects [132]. WNT ligands are bound to the N-terminal domain of the cysteine-rich Frizzled (Fz) receptor family. Additionally, low-density-lipoprotein-related protein5/6 (LRP5/6) is obligatory for this reaction to occur. The signal then moves to cytoplasmic phosphoprotein-disheveled (Dsh/Dvl). This compound causes the ability of the GSK-3β/Axin/APC complex to be inhibited, resulting in the inhibition of the degradation of cytoplasmic β-catenin. This results in its accumulation and transfer to the nucleus, where it binds TCF transcription factors, replacing the Groucho protein, resulting in activation of gene transcription [133]. It has been shown that WNT/B-catenin signal pathways perform a very significant role in the molecular processes of CSCs, as well as in the carcinogenesis of all types of ovarian cancer [134]. The regulation of cell proliferation and apoptosis by WNT/B-catenin target genes implicate them in cancer initiation and progression. Furthermore, this pathway is considered to be involved in epithelial-to-mesenchymal transition (EMT). Additionally, changes of WNT pathway proteins in the cell membrane, cytoplasm, and nucleus are involved in the development of ovarian cancer [135]. The LGR receptors that amplify WNT signaling have been described in relation to the development of high grade serous ovarian carcinoma (HG-SOC) derived from the fallopian tube epithelium [136]. Hyperactivity of β-catenin, in the case of ovarian cancer, and mutations of AXIN, CTNNB1, and APC genes were observed in epithelial ovarian cancer (EOC). Disorders of β-catenin destruction complexes, incorrect promotion of β-catenin/TCF transcriptional activity, or abnormal activation of receptors and ligands were also observed in the case of ovarian cancer. This pathway has been shown to be associated with the self-regeneration of CSCs, which in consequence was related to resistance to treatment, as well as increased neovascularization [133].



Another important signaling pathway is the sonic hedgehog (SHH), which participates in the regulation of basic molecular processes related to development, embryogenesis, and maintenance of homeostasis in adult tissue and stem cell biology. This pathway has also been associated with various cancers and birth defects [137]. A particular connection has been shown between this pathway and neoplasms such as glioma, lung squamous cell carcinoma, and myeloid leukaemia [138,139,140]. The therapies aimed at the SHH pathway target CSCs, inhibiting their development, differentiation, and proliferation [141]. In the course of the study of SHH pathway abnormalities in cells derived from human ovarian tumors, it was found that the overexpression of Patched and Gli1 was correlated with poorer survival of the patients. This was associated with increased proliferation, motility, and invasiveness of cancer cells due to up-regulation of genes such as E-cadherin, vimentin, Bcl-2, caspases but also beta1 integrin, type 1 matrix metalloproteinase membrane (MT1-MMP), and vascular endothelial growth factor (VEGF) [142]. Similarly, for ovarian teratomas, a strong association with the SHH pathway and Patched and Gli1 proteins was demonstrated [143]. Ke et al. noted that up-regulation of Gli1 promotes epithelial–mesenchymal transition (EMT) in ovarian cancer, increases migration capacity, and causes cross-talk between SHH-Gli1 signals and PI3K-Akt pathway [144]. In addition, a recent study showed a correlation between CD24 expression and SHH regulation, with the possibility of tumor reduction also reported. Hence, the authors suggested that SHH signaling may be a target for inhibition of ovarian cancer progression [145]. Furthermore, high expression of FoxR2 in ovarian cancer stimulates angiogenesis and activates the SHH pathway, which affects the malignant behavior of this cancer. Additionally, up-regulation of FoxR2 was also associated with EMT and cell migration [146]. A recent study indicates that the HH pathway is responsible for resistance to chemotherapy due to its relation with the MDR1 gene in ovarian cancer [147].



The Notch signaling pathway, one of the main channels of intracellular communication, is implicated in the control of animal cell identity and development processes, including embryogenesis [148]. The ultimate fate of the cells is determined by signals that are exchanged by neighboring cells through Notch receptors, allowing for amplification and consolidation of molecular differences [149]. Notch genes (NOTCH1, NOTCH2, NOTCH3, and NOTCH4) encode transmembrane receptors for delta-like canonical Notch ligand (DLL1,3,4) signal and jagged canonical Notch ligand (JAG) 1 and 2. Notch signaling activates transcriptions of a number of genes, including BMI1 proto-oncogene polycomb ring finger, cyclin D1, CD44, and MYC. Incorrect activation of this pathway is observed in breast cancer, non-small-cell lung cancer, and hematological malignancies [150].



Using genome profiling of serous ovarian carcinoma, it was determined that changes in the Notch pathway are among the most frequently observed [151]. CSCs are known to activate signal transduction paths, including Notch, sparking interest in research into methods of signaling inhibition, which could be crucial for the development of new therapeutic methods (Figure 4). This is particularly important in the context of the Notch pathway contribution to the neoplastic metastasis process. There are two classes of Notch inhibitors: γ-secretase inhibitors (GSIs; AL101, MRK-560, nirogacestat) and monoclonal antibodies (mAbs; ABT-165, AMG 119, rovalpituzumab tesirine (Rova-T)). The first class inhibits Notch receptor cleavage, while the second disrupts ligand–receptor interaction [12]. The study by Akbarzadeh et al. showed that blocking the Notch pathway significantly decreased proliferation of human OVCAR-3 ovarian cancer cells, and treatment with DAPT resulted in a decrease in Hes-1 mRNA concentration and metalloproteinase 2 and 9 activity. The authors conclude that this may reduce OVCAR-3 metastases [152]. Gera and colleagues [149], in their study, showed a relationship of increased expression of Notch and FSH signaling for ovarian cancer and metastases. Spheroids from ascites of affected ovarian cancer patients expressed FSHβ mRNA and secreted this hormone into the medium. In contrast, cells from primary ovarian tumors and cell line monolayers expressed FSHβ at very low levels. The spheroids also showed a higher expression of Notch genes than cell monolayer cultures. The study concluded that spheroids in ascites secrete FSH, which increases the proliferation of cancer cells through Notch signaling, as well as promotes metastasis through autocrine action [153]. A recently published study showed that the interaction of WNT (β-catenin) and Notch signaling promotes proliferation and migration of ovarian cancer cells, mainly involving Jagged 1 [154].




6. Therapeutic Approaches Targeting Stem Cell-Associated Pathways


New therapeutic approaches have been introduced to target pathways vital for the maintenance and regulation of stem-like properties. The Hedgehog pathway, which is abnormally initiated in OC, determines cell growth, motility, invasion, and tumorigenesis [155].



Sonidegib is a Hedgehog inhibitor for basal cell carcinoma approved by FDA. The compound was combined with paclitaxel and tested in phase I clinical trial as a therapy for advanced ovarian cancer patients. Sonidegib exhibited anticancer activity, which enabled Stathis et al. to determine a recommended dose for phase II trial [156].



Another Hedgehog inhibitor, Vismodegib, was tested in phase II clinical trial as maintenance treatment for ovarian cancer patients in second or third complete remission (NCT00739661) [157]. Nevertheless, no crucial survival upgrade was noted (5.8 months for placebo vs. 7.5 months for the treatment group), which suggests that Hedgehog pathway arrest is not sufficient to prevent relapse of ovarian cancer [157].



It is well-known that Focal adhesion kinase (FAK) is a protein profusely expressed in CSC. FAK contributes to the interaction with stromal cells to induce intracellular signaling cascades [158]. Defactinib, an inhibitor of FAK, combined with paclitaxel, was shown to have limited activity in ovarian cancer phase I clinical trial. Hence, the CSC niche might be suggested as a proper target for ovarian cancer therapy strategy [159].



Metformin hydrochloride, an anti-diabetic drug used for the treatment of type 2 diabetes, was shown to potentiate chemotherapy effects by targeting CSCs. Metformin was also reported to exhibit a synergy effect with conventional chemotherapeutic agents, decreasing tumor relapse rate [159].



Ipafricept is a well-known inhibitor of the Wnt signaling pathway. Ipafricept, used in combination with carboplatin and paclitaxel, was shown to promote cell differentiation in ovarian cancer xenografts during phase I clinical trial. In total, 82% of relapsing platinum-sensitive ovarian cancer patients responded completely or partially to the treatment [160].




7. Conclusions


Ovarian cancers remain the most aggressive gynecologic tumors in women. Despite many productive studies on the understanding of their molecular basis and the identification of various markers, the prognosis for patients is still poor due to frequent recurrences. A small population of cancer stem cells in ovarian cancer seems to be responsible for treatment resistance, poor prognosis, and metastasis. Therefore, an in-depth study of OCSCs is necessary to utilize these cells as a goal in targeted anticancer therapy.







Author Contributions


Conceptualization, P.M., H.P.-K., B.K.; writing—original draft preparation, A.N., M.K., M.W., K.S., R.B.; writing—review and editing, W.P., P.S.-M., P.M., B.K., H.P.-K. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Acknowledgments


NC 7082 USDA Animal Health Funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Reid, B.M.; Permuth, J.B.; Sellers, T.A. Epidemiology of ovarian cancer: A review. Cancer Biol. Med. 2017, 14, 9–32. [Google Scholar]

	



Stewart, C.; Ralyea, C.; Lockwood, S. Ovarian Cancer: An Integrated Review. Semin. Oncol. Nurs. 2019, 35, 151–156. [Google Scholar] [CrossRef]

	



Webb, P.M.; Jordan, S.J. Epidemiology of epithelial ovarian cancer. Best Pract. Res. Clin. Obstet. Gynaecol. 2017, 41, 3–14. [Google Scholar] [CrossRef]

	



Momenimovahed, Z.; Tiznobaik, A.; Taheri, S.; Salehiniya, H. Ovarian cancer in the world: Epidemiology and risk factors. Int. J. Women’s Health 2019, 11, 287–299. [Google Scholar] [CrossRef]

	



La Vecchia, C. Ovarian cancer: Epidemiology and risk factors. Eur. J. Cancer Prev. 2017, 26, 55–62. [Google Scholar] [CrossRef]

	



Chobanian, N.; Dietrich, C.S. Ovarian Cancer. Surg. Clin. N. Am. 2008, 88, 285–299. [Google Scholar] [CrossRef] [PubMed]

	



Trabert, B.; Tworoger, S.S.; O’Brien, K.M.; Townsend, M.K.; Fortner, R.T.; Iversen, E.S.; Hartge, P.; White, E.; Amiano, P.; Arslan, A.A.; et al. The Risk of Ovarian Cancer Increases with an Increase in the Lifetime Number of Ovulatory Cycles: An Analysis from the Ovarian Cancer Cohort Consortium (OC3). Cancer Res. 2020, 80, 1210–1218. [Google Scholar] [CrossRef] [PubMed]

	



Desai, A. Epithelial ovarian cancer: An overview. World J. Transl. Med. 2014, 3, 1. [Google Scholar] [CrossRef] [PubMed]

	



Meng, X.; Li, M.; Wang, X.; Wang, Y.; Ma, D. Both CD133+ and CD133− subpopulations of A549 and H446 cells contain cancer-initiating cells. Cancer Sci. 2009, 100, 1040–1046. [Google Scholar] [CrossRef]

	



Khan, M.I.; Czarnecka, A.M.; Helbrecht, I.; Bartnik, E.; Lian, F.; Szczylik, C. Current approaches in identification and isolation of human renal cell carcinoma cancer stem cells. Stem Cell Res. Ther. 2015, 6, 178. [Google Scholar] [CrossRef]

	



Suster, N.K.; Virant-Klun, I. Presence and role of stem cells in ovarian cancer. World J. Stem Cells 2019, 11, 383–397. [Google Scholar] [CrossRef]

	



Venkatesh, V.; Nataraj, R.; Thangaraj, G.S.; Karthikeyan, M.; Gnanasekaran, A.; Kaginelli, S.B.; Kuppanna, G.; Kallappa, C.G.; Basalingappa, K.M. Targeting Notch signalling pathway of cancer stem cells. Stem Cell Investig. 2018, 5, 5. [Google Scholar] [CrossRef]

	



Keyvani, V.; Farshchian, M.; Esmaeili, S.-A.; Yari, H.; Moghbeli, M.; Nezhad, S.-R.K.; Abbaszadegan, M.R. Ovarian cancer stem cells and targeted therapy. J. Ovarian Res. 2019, 12, 120. [Google Scholar] [CrossRef]

	



Aleksandra Kujawa, K.; Lisowska, K.M. Ovarian cancer—From biology to clinic. Postepy Hig. Med. Dosw. 2015, 69, 1275–1290. [Google Scholar] [CrossRef] [PubMed]

	



Dubeau, L. The Cell of Origin of Ovarian Epithelial Tumors and the Ovarian Surface Epithelium Dogma: Does the Emperor Have No Clothes? Gynecol. Oncol. 1999, 72, 437–442. [Google Scholar] [CrossRef]

	



Marquez, R.T.; Baggerly, K.A.; Patterson, A.P.; Liu, J.; Broaddus, R.; Frumovitz, M.; Atkinson, E.N.; Smith, D.I.; Hartmann, L.; Fishman, D.; et al. Patterns of Gene Expression in Different Histotypes of Epithelial Ovarian Cancer Correlate with Those in Normal Fallopian Tube, Endometrium, and Colon. Clin. Cancer Res. 2005, 11, 6116–6126. [Google Scholar] [CrossRef]

	



Lalwani, N.; Prasad, S.R.; Vikram, R.; Shanbhogue, A.K.; Huettner, P.C.; Fasih, N. Histologic, molecular, and cytogenetic features of ovarian cancers: Implications for diagnosis and treatment. Radiographics 2011, 31, 625–646. [Google Scholar] [CrossRef]

	



McCluggage, W.G. Morphological subtypes of ovarian carcinoma: A review with emphasis on new developments and pathogenesis. Pathology 2011, 43, 420–432. [Google Scholar] [CrossRef] [PubMed]

	



Shih, I.-M.; Kurman, R.J. Ovarian Tumorigenesis: A Proposed Model Based on Morphological and Molecular Genetic Analysis. Am. J. Pathol. 2004, 164, 1511–1518. [Google Scholar] [CrossRef]

	



Campbell, I.G.; Russell, S.E.; Choong, D.Y.H.; Montgomery, K.G.; Ciavarella, M.L.; Hooi, C.S.F.; Cristiano, B.E.; Pearson, R.B.; Phillips, W.A. Mutation of the PIK3CA Gene in Ovarian and Breast Cancer. Cancer Res. 2004, 64, 7678–7681. [Google Scholar] [CrossRef] [PubMed]

	



Sieben, N.L.; Macropoulos, P.; Roemen, G.M.; Kolkman-Uljee, S.M.; Jan Fleuren, G.; Houmadi, R.; Diss, T.; Warren, B.; Al Adnani, M.; de Goeij, A.P.; et al. In ovarian neoplasms, BRAF, but notKRAS, mutations are restricted to low-grade serous tumours. J. Pathol. 2004, 202, 336–340. [Google Scholar] [CrossRef]

	



McConechy, M.K.; Ding, J.; Senz, J.; Yang, W.; Melnyk, N.; Tone, A.A.; Prentice, L.M.; Wiegand, K.C.; McAlpine, J.N.; Shah, S.P.; et al. Ovarian and endometrial endometrioid carcinomas have distinct CTNNB1 and PTEN mutation profiles. Mod. Pathol. 2014, 27, 128–134. [Google Scholar] [CrossRef]

	



Fujiwara, K.; Shintani, D.; Nishikawa, T. Clear-cell carcinoma of the ovary. Ann. Oncol. 2016, 27, 50–52. [Google Scholar] [CrossRef]

	



Jones, S.; Wang, T.-L.; Shih, I.-M.; Mao, T.-L.; Nakayama, K.; Roden, R.; Glas, R.; Slamon, D.; Diaz, L.A.; Vogelstein, B.; et al. Frequent Mutations of Chromatin Remodeling Gene ARID1A in Ovarian Clear Cell Carcinoma. Science 2010, 330, 228–231. [Google Scholar] [CrossRef] [PubMed]

	



Mabuchi, S.; Sugiyama, T.; Kimura, T. Clear cell carcinoma of the ovary: Molecular insights and future therapeutic perspectives. J. Gynecol. Oncol. 2016, 27, e31. [Google Scholar] [CrossRef] [PubMed]

	



Oliver, K.E.; Brady, W.E.; Birrer, M.; Gershenson, D.M.; Fleming, G.; Copeland, L.J.; Tewari, K.; Argenta, P.A.; Mannel, R.S.; Secord, A.A.; et al. An evaluation of progression free survival and overall survival of ovarian cancer patients with clear cell carcinoma versus serous carcinoma treated with platinum therapy: An NRG Oncology/Gynecologic Oncology Group experience. Gynecol. Oncol. 2017, 147, 243–249. [Google Scholar] [CrossRef]

	



Perren, T.J. Mucinous epithelial ovarian carcinoma. Ann. Oncol. 2016, 27, 53–57. [Google Scholar] [CrossRef]

	



Anglesio, M.S.; Kommoss, S.; Tolcher, M.C.; Clarke, B.; Galletta, L.; Porter, H.; Damaraju, S.; Fereday, S.; Winterhoff, B.J.; Kalloger, S.E.; et al. Molecular characterization of mucinous ovarian tumours supports a stratified treatment approach with HER2 targeting in 19% of carcinomas. J. Pathol. 2013, 229, 111–120. [Google Scholar] [CrossRef] [PubMed]

	



Moore, R.G.; MacLaughlan, S. Current clinical use of biomarkers for epithelial ovarian cancer. Curr. Opin. Oncol. 2010, 22, 492–497. [Google Scholar] [CrossRef]

	



Gagnon, A.; Ye, B. Discovery and application of protein biomarkers for ovarian cancer. Curr. Opin. Obstet. Gynecol. 2008, 20, 9–13. [Google Scholar] [CrossRef] [PubMed]

	



Jackson, E.; Anderson, K.; Ashwell, C.; Petitte, J.; Mozdziak, P.E. CA125 expression in spontaneous ovarian adenocarcinomas from laying hens. Gynecol. Oncol. 2007, 104, 192–198. [Google Scholar] [CrossRef]

	



Zhang, L.; Sun, L.; Zhang, B.; Chen, L. Identification of Differentially Expressed Genes (DEGs) Relevant to Prognosis of Ovarian Cancer by Use of Integrated Bioinformatics Analysis and Validation by Immunohistochemistry Assay. Med. Sci. Monit. 2019, 25, 9902. [Google Scholar] [CrossRef] [PubMed]

	



Yang, D.; He, Y.; Wu, B.; Deng, Y.; Wang, N.; Li, M.; Liu, Y. Integrated bioinformatics analysis for the screening of hub genes and therapeutic drugs in ovarian cancer. J. Ovarian Res. 2020, 13, 1–18. [Google Scholar] [CrossRef]

	



Zhu, R.; Xue, J.; Chen, H.; Zhang, Q. Identification and validation of core genes for serous ovarian adenocarcinoma via bioinformatics analysis. Oncol. Lett. 2020, 20, 1. [Google Scholar] [CrossRef]

	



Zheng, M.; Li, X.; Hu, Y.; Dong, H.; Gou, R.; Nie, X.; Liu, Q.; Ying-Ying, H.; Liu, J.; Lin, B. Identification of molecular marker associated with ovarian cancer prognosis using bioinformatics analysis and experiments. J. Cell. Physiol. 2019, 234, 11023–11036. [Google Scholar] [CrossRef]

	



Feng, H.; Gu, Z.-Y.; Li, Q.; Liu, Q.-H.; Yang, X.-Y.; Zhang, J.-J. Identification of significant genes with poor prognosis in ovarian cancer via bioinformatical analysis. J. Ovarian Res. 2019, 12, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Shaaban, A.M.; Rezvani, M.; Elsayes, K.M.; Baskin, H.; Mourad, A.; Foster, B.R.; Jarboe, E.A.; Menias, C.O. Ovarian malignant germ cell tumors: Cellular classification and clinical and imaging features. Radiographics 2014, 34, 777–801. [Google Scholar] [CrossRef] [PubMed]

	



Horta, M.; Cunha, T.M. Sex cord-stromal tumors of the ovary: A comprehensive review and update for radiologists. Diagn. Interv. Radiol. 2015, 21, 277–286. [Google Scholar] [CrossRef]

	



Young, R.H. Ovarian sex cord-stromal tumours and their mimics. Pathology 2018, 50, 5–15. [Google Scholar] [CrossRef]

	



Kuşoğlu, A.; Biray Avcı, Ç. Cancer stem cells: A brief review of the current status. Gene 2019, 681, 80–85. [Google Scholar] [CrossRef]

	



Nassar, D.; Blanpain, C. Cancer Stem Cells: Basic Concepts and Therapeutic Implications. Annu. Rev. Pathol. Mech. Dis. 2016, 11, 47–76. [Google Scholar] [CrossRef]

	



Wu, X.Z. Origin of cancer stem cells: The role of self-renewal and differentiation. Ann. Surg. Oncol. 2008, 15, 407–414. [Google Scholar] [CrossRef]

	



Vlashi, E.; Pajonk, F. Cancer stem cells, cancer cell plasticity and radiation therapy. Semin. Cancer Biol. 2015, 31, 28–35. [Google Scholar] [CrossRef]

	



Bapat, S.A.; Mali, A.M.; Koppikar, C.B.; Kurrey, N.K. Stem and progenitor-like cells contribute to the aggressive behavior of human epithelial ovarian cancer. Cancer Res. 2005, 65, 3025–3029. [Google Scholar] [CrossRef] [PubMed]

	



Bonnet, D.; Dick, J. Human acute myeloid leukemia is organized as a hierarchy that originates from a primitive hematopoietic cell. Nat. Med. 1997, 3, 730–737. [Google Scholar] [CrossRef]

	



Grotenhuis, B.A.; Wijnhoven, B.P.L.; Van Lanschot, J.J.B. Cancer stem cells and their potential implications for the treatment of solid tumors. J. Surg. Oncol. 2012, 106, 209–215. [Google Scholar] [CrossRef] [PubMed]

	



Scatena, R.; Bottoni, P.; Pontoglio, A.; Giardina, B. Cancer stem cells: The development of new cancer therapeutics. Expert Opin. Biol. Ther. 2011, 11, 875–892. [Google Scholar] [CrossRef]

	



Singh, S.; Hawkins, C.; Clarke, I.; Squire, J.; Bayani, J.; Hide, T.; Henkelman, M.; Cusimano, M.; Dirks, P. Identification of human brain tumour initiating cells. Nature 2004, 432, 396–401. [Google Scholar] [CrossRef] [PubMed]

	



Al-Hajj, M.; Wicha, M.S.; Benito-Hernandez, A.; Morrison, S.J.; Clarke, M.F. Prospective identification of tumorigenic breast cancer cells. Proc. Natl. Acad. Sci. USA 2003, 100, 3983–3988. [Google Scholar] [CrossRef]

	



Li, L.; Neaves, W.B. Normal stem cells and cancer stem cells: The niche matters. Cancer Res. 2006, 66, 4553–4557. [Google Scholar] [CrossRef]

	



Borovski, T.; De Sousa E Melo, F.; Vermeulen, L.; Medema, J.P. Cancer stem cell niche: The place to be. Cancer Res. 2011, 71, 634–639. [Google Scholar] [CrossRef] [PubMed]

	



Yi, S.Y.; Hao, Y.B.; Nan, K.J.; Fan, T.L. Cancer stem cells niche: A target for novel cancer therapeutics. Cancer Treat. Rev. 2013, 39, 290–296. [Google Scholar] [CrossRef]

	



Shibue, T.; Weinberg, R.A. EMT, CSCs, and drug resistance: The mechanistic link and clinical implications. Nat. Rev. Clin. Oncol. 2017, 14, 611–629. [Google Scholar] [CrossRef]

	



Pattabiraman, D.R.; Bierie, B.; Kober, K.I.; Thiru, P.; Krall, J.A.; Zill, C.; Reinhardt, F.; Tam, W.L.; Weinberg, R.A. Activation of PKA leads to mesenchymal-to-epithelial transition and loss of tumor-initiating ability. Science 2016, 351, aad3680. [Google Scholar] [CrossRef]

	



Du, B.; Shim, J.S. Targeting Epithelial-Mesenchymal Transition (EMT) to Overcome Drug Resistance in Cancer. Molecules 2016, 21, 965. [Google Scholar] [CrossRef]

	



Bierie, B.; Pierce, S.E.; Kroeger, C.; Stover, D.G.; Pattabiraman, D.R.; Thiru, P.; Liu Donaher, J.; Reinhardt, F.; Chaffer, C.L.; Keckesova, Z.; et al. Integrin-β4 identifies cancer stem cell-enriched populations of partially mesenchymal carcinoma cells. Proc. Natl. Acad. Sci. USA 2017, 114, E2337–E2346. [Google Scholar] [CrossRef] [PubMed]

	



Taube, J.H.; Herschkowitz, J.I.; Komurov, K.; Zhou, A.Y.; Gupta, S.; Yang, J.; Hartwell, K.; Onder, T.T.; Gupta, P.B.; Evans, K.W.; et al. Core epithelial-to-mesenchymal transition interactome gene-expression signature is associated with claudin-low and metaplastic breast cancer subtypes. Proc. Natl. Acad. Sci. USA 2010, 107, 15449–15454. [Google Scholar] [CrossRef]

	



Hay, E.D. The mesenchymal cell, its role in the embryo, and the remarkable signaling mechanisms that create it. Dev. Dyn. 2005, 233, 706–720. [Google Scholar] [CrossRef] [PubMed]

	



Kariya, Y.; Kariya, Y.; Gu, J. Roles of Integrin α6β4 Glycosylation in Cancer. Cancers 2017, 9, 79. [Google Scholar] [CrossRef] [PubMed]

	



Lodish, H.; Berk, A.; Zipursky, S.L.; Matsudaira, P.; Baltimore, D.; Darnell, J. Cell-Matrix Adhesion. In Molecular Cell Biology; W.H. Freeman: New York, NY, USA, 2000. [Google Scholar]

	



Yang, Y.; Yang, Y.; Yang, J.; Zhao, X.; Wei, X. Tumor Microenvironment in Ovarian Cancer: Function and Therapeutic Strategy. Front. Cell Dev. Biol. 2020, 8, 758. [Google Scholar] [CrossRef] [PubMed]

	



Cai, J.; Tang, H.; Xu, L.; Wang, X.; Yang, C.; Ruan, S.; Guo, J.; Hu, S.; Wang, Z. Fibroblasts in omentum activated by tumor cells promote ovarian cancer growth, adhesion and invasiveness. Carcinogenesis 2012, 33, 20–29. [Google Scholar] [CrossRef]

	



Yu, Y.; Xiao, C.-H.; Tan, L.-D.; Wang, Q.-S.; Li, X.-Q.; Feng, Y.-M. Cancer-associated fibroblasts induce epithelial-mesenchymal transition of breast cancer cells through paracrine TGF-β signalling. Br. J. Cancer 2014, 110, 724–732. [Google Scholar] [CrossRef] [PubMed]

	



Denton, A.E.; Roberts, E.W.; Fearon, D.T. Stromal Cells in the Tumor Microenvironment. Adv. Exp. Med. Biol. 2018, 1060, 99–114. [Google Scholar] [CrossRef] [PubMed]

	



Sjöberg, E.; Augsten, M.; Bergh, J.; Jirström, K.; Östman, A. Expression of the chemokine CXCL14 in the tumour stroma is an independent marker of survival in breast cancer. Br. J. Cancer 2016, 114, 1117–1124. [Google Scholar] [CrossRef]

	



Givel, A.-M.; Kieffer, Y.; Scholer-Dahirel, A.; Sirven, P.; Cardon, M.; Pelon, F.; Magagna, I.; Gentric, G.; Costa, A.; Bonneau, C.; et al. miR200-regulated CXCL12β promotes fibroblast heterogeneity and immunosuppression in ovarian cancers. Nat. Commun. 2018, 9, 1056. [Google Scholar] [CrossRef]

	



Hussain, A.; Voisin, V.; Poon, S.; Karamboulas, C.; Bui, N.H.B.; Meens, J.; Dmytryshyn, J.; Ho, V.W.; Tang, K.H.; Paterson, J.; et al. Distinct fibroblast functional states drive clinical outcomes in ovarian cancer and are regulated by TCF21. J. Exp. Med. 2020, 217. [Google Scholar] [CrossRef]

	



Picard, O.; Rolland, Y.; Poupon, M.F. Fibroblast-dependent tumorigenicity of cells in nude mice: Implication for implantation of metastases. Cancer Res. 1986, 46, 3290–3294. [Google Scholar]

	



Picard, O.; Poupon, M.-F.; Rolland, Y. Fibroblast Cooperation for the Graft of Tumor Cells in Nude Mice. In Immune-Deficient Animals in Biomedical Research; Karger: Basel, Switzerland, 1987; pp. 204–206. [Google Scholar]

	



Zhang, W.; Trachootham, D.; Liu, J.; Chen, G.; Pelicano, H.; Garcia-Prieto, C.; Lu, W.; Burger, J.A.; Croce, C.M.; Plunkett, W.; et al. Stromal control of cystine metabolism promotes cancer cell survival in chronic lymphocytic leukaemia. Nat. Cell Biol. 2012, 14, 276–286. [Google Scholar] [CrossRef]

	



Raghavan, S.; Mehta, P.; Xie, Y.; Lei, Y.L.; Mehta, G. Ovarian cancer stem cells and macrophages reciprocally interact through the WNT pathway to promote pro-tumoral and malignant phenotypes in 3D engineered microenvironments. J. Immunother. Cancer 2019, 7, 190. [Google Scholar] [CrossRef]

	



Anderson, A.S.; Roberts, P.C.; Frisard, M.I.; Hulver, M.W.; Schmelz, E.M. Ovarian tumor-initiating cells display a flexible metabolism. Exp. Cell Res. 2014, 328, 44–57. [Google Scholar] [CrossRef] [PubMed]

	



Sato, M.; Kawana, K.; Adachi, K.; Fujimoto, A.; Yoshida, M.; Nakamura, H.; Nishida, H.; Inoue, T.; Taguchi, A.; Ogishima, J.; et al. Detachment from the primary site and suspension in ascites as the initial step in metabolic reprogramming and metastasis to the omentum in ovarian cancer. Oncol. Lett. 2018, 15, 1357–1361. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed, N.; Escalona, R.; Leung, D.; Chan, E.; Kannourakis, G. Tumour microenvironment and metabolic plasticity in cancer and cancer stem cells: Perspectives on metabolic and immune regulatory signatures in chemoresistant ovarian cancer stem cells. Semin. Cancer Biol. 2018, 53, 265–281. [Google Scholar] [CrossRef] [PubMed]

	



De Francesco, E.M.; Sotgia, F.; Lisanti, M.P. Cancer stem cells (CSCs): Metabolic strategies for their identification and eradication. Biochem. J. 2018, 475, 1611–1634. [Google Scholar] [CrossRef] [PubMed]

	



Walters Haygood, C.L.; Arend, R.C.; Straughn, J.M.; Buchsbaum, D.J. Ovarian cancer stem cells: Can targeted therapy lead to improved progression-free survival? World J. Stem Cells 2014, 6, 441–447. [Google Scholar] [CrossRef]

	



Ottevanger, P.B. Ovarian cancer stem cells more questions than answers. Semin. Cancer Biol. 2017, 44. [Google Scholar] [CrossRef]

	



Foster, R.; Buckanovich, R.J.; Rueda, B.R. Ovarian cancer stem cells: Working towards the root of stemness. Cancer Lett. 2013, 338. [Google Scholar] [CrossRef] [PubMed]

	



Lupia, M.; Cavallaro, U. Ovarian cancer stem cells: Still an elusive entity? Mol. Cancer 2017, 16. [Google Scholar] [CrossRef]

	



Al-Alem, L.F.; Pandya, U.M.; Baker, A.T.; Bellio, C.; Zarrella, B.D.; Clark, J.; DiGloria, C.M.; Rueda, B.R. Ovarian cancer stem cells: What progress have we made? Int. J. Biochem. Cell Biol. 2019, 107. [Google Scholar] [CrossRef]

	



Mehrazma, M.; Madjd, Z.; Kalantari, E.; Panahi, M.; Hendi, A.; Shariftabrizi, A. Expression of stem cell markers, CD133 and CD44, in pediatric solid tumors: A study using tissue microarray. Fetal Pediatr. Pathol. 2013, 32, 192–204. [Google Scholar] [CrossRef]

	



Bruno, S.; Bussolati, B.; Grange, C.; Collino, F.; Graziano, M.E.; Ferrando, U.; Camussi, G. CD133+ renal progenitor cells contribute to tumor angiogenesis. Am. J. Pathol. 2006, 169, 2223–2235. [Google Scholar] [CrossRef]

	



Zheng, X.; Shen, G.; Yang, X.; Liu, W. Most C6 cells are cancer stem cells: Evidence from clonal and population analyses. Cancer Res. 2007, 67, 3691–3697. [Google Scholar] [CrossRef]

	



Curley, M.D.; Therrien, V.A.; Cummings, C.L.; Sergent, P.A.; Koulouris, C.R.; Friel, A.M.; Roberts, D.J.; Seiden, M.V.; Scadden, D.T.; Rueda, B.R.; et al. CD133 expression defines a tumor initiating cell population in primary human ovarian cancer. Stem Cells 2009, 27, 2875–2883. [Google Scholar] [CrossRef]

	



Ferrandina, G.; Bonanno, G.; Pierelli, L.; Perillo, A.; Procoli, A.; Mariotti, A.; Corallo, M.; Martinelli, E.; Rutella, S.; Paglia, A.; et al. Expression of CD133-1 and CD133-2 in ovarian cancer. Int. J. Gynecol. Cancer 2008, 18, 506–514. [Google Scholar] [CrossRef]

	



Ferrandina, G.; Martinelli, E.; Petrillo, M.; Prisco, M.G.; Zannoni, G.; Sioletic, S.; Scambia, G. CD133 antigen expression in ovarian cancer. BMC Cancer 2009, 9, 221. [Google Scholar] [CrossRef]

	



Zhang, J.; Guo, X.; Chang, D.Y.; Rosen, D.G.; Mercado-Uribe, I.; Liu, J. CD133 expression associated with poor prognosis in ovarian cancer. Mod. Pathol. 2012, 25, 456–464. [Google Scholar] [CrossRef] [PubMed]

	



Steg, A.D.; Bevis, K.S.; Katre, A.A.; Ziebarth, A.; Dobbin, Z.C.; Alvarez, R.D.; Zhang, K.; Conner, M.; Landen, C.N. Stem cell pathways contribute to clinical chemoresistance in ovarian cancer. Clin. Cancer Res. 2012, 18, 869–881. [Google Scholar] [CrossRef] [PubMed]

	



Bussolati, B.; Bruno, S.; Grange, C.; Ferrando, U.; Camussi, G. Identification of a tumor-initiating stem cell population in human renal carcinomas. FASEB J. 2008, 22, 3696–3705. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Yuan, B.; Zhang, H.; Li, H. Human epithelial ovarian cancer cells expressing cd105, cd44 and cd106 surface markers exhibit increased invasive capacity and drug resistance. Oncol. Lett. 2019, 17, 5351–5360. [Google Scholar] [CrossRef]

	



Hiraga, T.; Ito, S.; Nakamura, H. Cancer stem-like cell marker CD44 promotes bone metastases by enhancing tumorigenicity, cell motility, and hyaluronan production. Cancer Res. 2013, 73, 4112–4122. [Google Scholar] [CrossRef]

	



Ponta, H.; Sherman, L.; Herrlich, P.A. CD44: From adhesion molecules to signalling regulators. Nat. Rev. Mol. Cell Biol. 2003, 4, 33–45. [Google Scholar] [CrossRef]

	



Toole, B.P. Hyaluronan-CD44 Interactions in Cancer: Paradoxes and Possibilities. Clin. Cancer Res. 2009, 15, 7462–7468. [Google Scholar] [CrossRef]

	



Debeb, B.G.; Zhang, X.; Krishnamurthy, S.; Gao, H.; Cohen, E.; Li, L.; Rodriguez, A.A.; Landis, M.D.; Lucci, A.; Ueno, N.T.; et al. Characterizing cancer cells with cancer stem cell-like features in 293T human embryonic kidney cells. Mol. Cancer 2010, 9, 180. [Google Scholar] [CrossRef] [PubMed]

	



Alvero, A.B.; Chen, R.; Fu, H.-H.; Montagna, M.; Schwartz, P.E.; Rutherford, T.; Silasi, D.-A.; Steffensen, K.D.; Waldstrom, M.; Visintin, I.; et al. Molecular phenotyping of human ovarian cancer stem cells unravels the mechanisms for repair and chemoresistance. Cell Cycle 2009, 8, 158–166. [Google Scholar] [CrossRef] [PubMed]

	



Shi, M.F.; Jiao, J.; Lu, W.G.; Ye, F.; Ma, D.; Dong, Q.G.; Xie, X. Identification of cancer stem cell-like cells from human epithelial ovarian carcinoma cell line. Cell. Mol. Life Sci. 2010, 67, 3915–3925. [Google Scholar] [CrossRef]

	



Meng, E.; Long, B.; Sullivan, P.; McClellan, S.; Finan, M.A.; Reed, E.; Shevde, L.; Rocconi, R.P. CD44+/CD24− ovarian cancer cells demonstrate cancer stem cell properties and correlate to survival. Clin. Exp. Metastasis 2012, 29, 939–948. [Google Scholar] [CrossRef]

	



Zhang, S.; Balch, C.; Chan, M.W.; Lai, H.-C.; Matei, D.; Schilder, J.M.; Yan, P.S.; Huang, T.H.-M.; Nephew, K.P. Identification and characterization of ovarian cancer-initiating cells from primary human tumors. Cancer Res. 2008, 68, 4311–4320. [Google Scholar] [CrossRef] [PubMed]

	



Luo, L.; Zeng, J.; Liang, B.; Zhao, Z.; Sun, L.; Cao, D.; Yang, J.; Shen, K. Ovarian cancer cells with the CD117 phenotype are highly tumorigenic and are related to chemotherapy outcome. Exp. Mol. Pathol. 2011, 91, 596–602. [Google Scholar] [CrossRef]

	



Gao, M.-Q.; Choi, Y.-P.; Kang, S.; Youn, J.H.; Cho, N.-H. CD24+ cells from hierarchically organized ovarian cancer are enriched in cancer stem cells. Oncogene 2010, 29, 2672–2680. [Google Scholar] [CrossRef]

	



Kryczek, I.; Liu, S.; Roh, M.; Vatan, L.; Szeliga, W.; Wei, S.; Banerjee, M.; Mao, Y.; Kotarski, J.; Wicha, M.S.; et al. Expression of aldehyde dehydrogenase and CD133 defines ovarian cancer stem cells. Int. J. Cancer 2012, 130, 29–39. [Google Scholar] [CrossRef]

	



Silva, I.A.; Bai, S.; McLean, K.; Yang, K.; Griffith, K.; Thomas, D.; Ginestier, C.; Johnston, C.; Kueck, A.; Reynolds, R.K.; et al. Aldehyde dehydrogenase in combination with CD133 defines angiogenic ovarian cancer stem cells that portend poor patient survival. Cancer Res. 2011, 71, 3991–4001. [Google Scholar] [CrossRef]

	



Deng, S.; Yang, X.; Lassus, H.; Liang, S.; Kaur, S.; Ye, Q.; Li, C.; Wang, L.-P.; Roby, K.F.; Orsulic, S.; et al. Distinct expression levels and patterns of stem cell marker, aldehyde dehydrogenase isoform 1 (ALDH1), in human epithelial cancers. PLoS ONE 2010, 5, e10277. [Google Scholar] [CrossRef]

	



Penumatsa, K.; Edassery, S.L.; Barua, A.; Bradaric, M.J.; Luborsky, J.L. Differential expression of aldehyde dehydrogenase 1a1 (ALDH1) in normal ovary and serous ovarian tumors. J. Ovarian Res. 2010, 3, 28. [Google Scholar] [CrossRef]

	



Wang, Y.-C.; Yo, Y.-T.; Lee, H.-Y.; Liao, Y.-P.; Chao, T.-K.; Su, P.-H.; Lai, H.-C. ALDH1-bright epithelial ovarian cancer cells are associated with CD44 expression, drug resistance, and poor clinical outcome. Am. J. Pathol. 2012, 180, 1159–1169. [Google Scholar] [CrossRef]

	



Chang, B.; Liu, G.; Xue, F.; Rosen, D.G.; Xiao, L.; Wang, X.; Liu, J. ALDH1 expression correlates with favorable prognosis in ovarian cancers. Mod. Pathol. 2009, 22, 817–823. [Google Scholar] [CrossRef] [PubMed]

	



Chefetz, I.; Alvero, A.B.; Holmberg, J.C.; Lebowitz, N.; Craveiro, V.; Yang-Hartwich, Y.; Yin, G.; Squillace, L.; Gurrea Soteras, M.; Aldo, P.; et al. TLR2 enhances ovarian cancer stem cell self-renewal and promotes tumor repair and recurrence. Cell Cycle 2013, 12, 511–521. [Google Scholar] [CrossRef] [PubMed]

	



Kim, D.K.; Seo, E.J.; Choi, E.J.; Lee, S.I.; Kwon, Y.W.; Jang, I.H.; Kim, S.-C.; Kim, K.-H.; Suh, D.-S.; Seong-Jang, K.; et al. Crucial role of HMGA1 in the self-renewal and drug resistance of ovarian cancer stem cells. Exp. Mol. Med. 2016, 48, e255. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed, N.; Abubaker, K.; Findlay, J.; Quinn, M. Cancerous ovarian stem cells: Obscure targets for therapy but relevant to chemoresistance. J. Cell. Biochem. 2013, 114, 21–34. [Google Scholar] [CrossRef] [PubMed]

	



Aguilar-Gallardo, C.; Rutledge, E.C.; Martínez-Arroyo, A.M.; Hidalgo, J.J.; Domingo, S.; Simón, C. Overcoming Challenges of Ovarian Cancer Stem Cells: Novel Therapeutic Approaches. Stem Cell Rev. Rep. 2012, 8, 994–1010. [Google Scholar] [CrossRef]

	



Ahmed, N.; Stenvers, K.L. Getting to know ovarian cancer ascites: Opportunities for targeted therapy-based translational research. Front. Oncol. 2013, 3, 256. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed, N.; Abubaker, K.; Findlay, J.K. Ovarian cancer stem cells: Molecular concepts and relevance as therapeutic targets. Mol. Asp. Med. 2014, 39, 110–125. [Google Scholar] [CrossRef]

	



Zeimet, A.G.; Reimer, D.; Sopper, S.; Boesch, M.; Martowicz, A.; Roessler, J.; Wiedemair, A.M.; Rumpold, H.; Untergasser, G.; Concin, N.; et al. Ovarian cancer stem cells. Neoplasma 2012, 59, 747–755. [Google Scholar] [CrossRef] [PubMed]

	



Massard, C.; Deutsch, E.; Soria, J.-C. Tumour stem cell-targeted treatment: Elimination or differentiation. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2006, 17, 1620–1624. [Google Scholar] [CrossRef]

	



Yu, Z.; Liu, T.; Zhao, Y.; Huang, Y.; Gao, Y. Cisplatin targets the stromal cell-derived factor-1-CXC chemokine receptor type 4 axis to suppress metastasis and invasion of ovarian cancer-initiating cells. Tumour Biol. J. Int. Soc. Oncodev. Biol. Med. 2014, 35, 4637–4644. [Google Scholar] [CrossRef] [PubMed]

	



Abubaker, K.; Latifi, A.; Luwor, R.; Nazaretian, S.; Zhu, H.; Quinn, M.A.; Thompson, E.W.; Findlay, J.K.; Ahmed, N. Short-term single treatment of chemotherapy results in the enrichment of ovarian cancer stem cell-like cells leading to an increased tumor burden. Mol. Cancer 2013, 12, 24. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, N.; Wu, X.; Yang, B.; Yang, X.; Zhang, D.; Qing, G. Stem cell characteristics of dormant cells and cisplatin-induced effects on the stemness of epithelial ovarian cancer cells. Mol. Med. Rep. 2014, 10, 2495–2504. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, B.; Wang, X.; Cai, F.; Chen, W.; Loesch, U.; Zhong, X.Y. Antitumor properties of salinomycin on cisplatin-resistant human ovarian cancer cells in vitro and in vivo: Involvement of p38 MAPK activation. Oncol. Rep. 2013, 29, 1371–1378. [Google Scholar] [CrossRef]

	



Kaplan, F.; Teksen, F. Apoptotic effects of salinomycin on human ovarian cancer cell line (OVCAR-3). Tumour Biol. 2016, 37, 3897–3903. [Google Scholar] [CrossRef]

	



Chung, H.; Kim, Y.-H.; Kwon, M.; Shin, S.-J.; Kwon, S.-H.; Cha, S.-D.; Cho, C.-H. The effect of salinomycin on ovarian cancer stem-like cells. Obstet. Gynecol. Sci. 2016, 59, 261–268. [Google Scholar] [CrossRef]

	



Parajuli, B.; Shin, S.J.; Kwon, S.H.; Cha, S.D.; Chung, R.; Park, W.J.; Lee, H.G.; Cho, C.H. Salinomycin Induces apoptosis via death receptor-5 up-regulation in cisplatin-resistant ovarian cancer cells. Anticancer Res. 2013, 33, 1457–1462. [Google Scholar]

	



Parajuli, B.; Lee, H.-G.; Kwon, S.-H.; Cha, S.-D.; Shin, S.-J.; Lee, G.-H.; Bae, I.; Cho, C.-H. Salinomycin inhibits Akt/NF-κB and induces apoptosis in cisplatin resistant ovarian cancer cells. Cancer Epidemiol. 2013, 37, 512–517. [Google Scholar] [CrossRef] [PubMed]

	



Shank, J.J.; Yang, K.; Ghannam, J.; Cabrera, L.; Johnston, C.J.; Reynolds, R.K.; Buckanovich, R.J. Metformin targets ovarian cancer stem cells in vitro and in vivo. Gynecol. Oncol. 2012, 127, 390–397. [Google Scholar] [CrossRef]

	



Zhang, R.; Zhang, P.; Wang, H.; Hou, D.; Li, W.; Xiao, G.; Li, C. Inhibitory effects of metformin at low concentration on epithelial-mesenchymal transition of CD44(+)CD117(+) ovarian cancer stem cells. Stem Cell Res. Ther. 2015, 6, 262. [Google Scholar] [CrossRef]

	



Hashimoto, Y.; Yagi, K.; Kondoh, M. Roles of the first-generation claudin binder, Clostridium perfringens enterotoxin, in the diagnosis and claudin-targeted treatment of epithelium-derived cancers. Pflüg. Arch. 2017, 469, 45–53. [Google Scholar] [CrossRef] [PubMed]

	



Casagrande, F.; Cocco, E.; Bellone, S.; Richter, C.E.; Bellone, M.; Todeschini, P.; Siegel, E.; Varughese, J.; Arin-Silasi, D.; Azodi, M.; et al. Eradication of chemotherapy-resistant CD44+ human ovarian cancer stem cells in mice by intraperitoneal administration of Clostridium perfringens enterotoxin. Cancer 2011, 117, 5519–5528. [Google Scholar] [CrossRef]

	



Wang, Y.; Hill, K.S.; Fields, A.P. PKCι maintains a tumor-initiating cell phenotype that is required for ovarian tumorigenesis. Mol. Cancer Res. 2013, 11, 1624–1635. [Google Scholar] [CrossRef] [PubMed]

	



Clara, J.A.; Monge, C.; Yang, Y.; Takebe, N. Targeting signalling pathways and the immune microenvironment of cancer stem cells—A clinical update. Nat. Rev. Clin. Oncol. 2020, 17, 204–232. [Google Scholar] [CrossRef]

	



Anastas, J.N.; Moon, R.T. WNT signalling pathways as therapeutic targets in cancer. Nat. Rev. Cancer 2013, 13, 11–26. [Google Scholar] [CrossRef]

	



Nayak, L.; Bhattacharyya, N.P.; De, R.K. Wnt signal transduction pathways: Modules, development and evolution. BMC Syst. Biol. 2016, 10, 44. [Google Scholar] [CrossRef]

	



Matsui, W.H. Cancer stem cell signaling pathways. Medicine 2016, 95, S8–S19. [Google Scholar] [CrossRef]

	



Komiya, Y.; Habas, R. Wnt signal transduction pathways. Organogenesis 2008, 4, 68–75. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, V.H.L.; Hough, R.; Bernaudo, S.; Peng, C. Wnt/β-catenin signalling in ovarian cancer: Insights into its hyperactivation and function in tumorigenesis. J. Ovarian Res. 2019, 12, 122. [Google Scholar] [CrossRef]

	



Arend, R.C.; Londoño-Joshi, A.I.; Straughn, J.M.; Buchsbaum, D.J. The Wnt/β-catenin pathway in ovarian cancer: A review. Gynecol. Oncol. 2013, 131, 772–779. [Google Scholar] [CrossRef] [PubMed]

	



Teeuwssen, M.; Fodde, R. Wnt Signaling in Ovarian Cancer Stemness, EMT, and Therapy Resistance. J. Clin. Med. 2019, 8, 1658. [Google Scholar] [CrossRef] [PubMed]

	



Schindler, A.J.; Watanabe, A.; Howell, S.B. LGR5 and LGR6 in stem cell biology and ovarian cancer. Oncotarget 2018, 9, 1346–1355. [Google Scholar] [CrossRef] [PubMed]

	



Briscoe, J.; Thérond, P.P. The mechanisms of Hedgehog signalling and its roles in development and disease. Nat. Rev. Mol. Cell Biol. 2013, 14, 416–429. [Google Scholar] [CrossRef] [PubMed]

	



Clement, V.; Sanchez, P.; de Tribolet, N.; Radovanovic, I.; Ruiz i Altaba, A. HEDGEHOG-GLI1 signaling regulates human glioma growth, cancer stem cell self-renewal, and tumorigenicity. Curr. Biol. 2007, 17, 165–172. [Google Scholar] [CrossRef]

	



Zhao, C.; Chen, A.; Jamieson, C.H.; Fereshteh, M.; Abrahamsson, A.; Blum, J.; Kwon, H.Y.; Kim, J.; Chute, J.P.; Rizzieri, D.; et al. Hedgehog signalling is essential for maintenance of cancer stem cells in myeloid leukaemia. Nature 2009, 458, 776–779. [Google Scholar] [CrossRef] [PubMed]

	



Justilien, V.; Walsh, M.P.; Ali, S.A.; Thompson, E.A.; Murray, N.R.; Fields, A.P. The PRKCI and SOX2 oncogenes are coamplified and cooperate to activate Hedgehog signaling in lung squamous cell carcinoma. Cancer Cell 2014, 25, 139–151. [Google Scholar] [CrossRef]

	



Leavitt, E.; Lask, G.; Martin, S. Sonic Hedgehog Pathway Inhibition in the Treatment of Advanced Basal Cell Carcinoma. Curr. Treat. Options Oncol. 2019, 20, 84. [Google Scholar] [CrossRef]

	



Liao, X.; Siu, M.K.; Au, C.W.; Wong, E.S.; Chan, H.Y.; Ip, P.P.; Ngan, H.Y.; Cheung, A.N. Aberrant activation of hedgehog signaling pathway in ovarian cancers: Effect on prognosis, cell invasion and differentiation. Carcinogenesis 2009, 30, 131–140. [Google Scholar] [CrossRef]

	



Sabol, M.; Car, D.; Musani, V.; Ozretic, P.; Oreskovic, S.; Weber, I.; Levanat, S. The Hedgehog signaling pathway in ovarian teratoma is stimulated by Sonic Hedgehog which induces internalization of Patched. Int. J. Oncol. 2012, 41, 1411–1418. [Google Scholar] [CrossRef]

	



Ke, Z.; Caiping, S.; Qing, Z.; Xiaojing, W. Sonic hedgehog-Gli1 signals promote epithelial-mesenchymal transition in ovarian cancer by mediating PI3K/AKT pathway. Med. Oncol. 2015, 32, 368. [Google Scholar] [CrossRef]

	



Zeng, C.; Chen, T.; Zhang, Y.; Chen, Q. Hedgehog signaling pathway regulates ovarian cancer invasion and migration via adhesion molecule CD24. J. Cancer 2017, 8, 786–792. [Google Scholar] [CrossRef] [PubMed]

	



Li, B.; Huang, W.; Cao, N.; Lou, G. Forkhead-box R2 promotes metastasis and growth by stimulating angiogenesis and activating hedgehog signaling pathway in ovarian cancer. J. Cell. Biochem. 2018, 119, 7780–7789. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Hu, L.; Cheng, M.; Wang, Q.; Hu, X.; Chen, Q. The Hedgehog signaling pathway promotes chemotherapy resistance via multidrug resistance protein 1 in ovarian cancer. Oncol. Rep. 2020, 44, 2610–2620. [Google Scholar] [CrossRef] [PubMed]

	



Hayward, P.; Kalmar, T.; Arias, A.M. Wnt/Notch signalling and information processing during development. Development 2008, 135, 411–424. [Google Scholar] [CrossRef]

	



Artavanis-Tsakonas, S.; Rand, M.D.; Lake, R.J. Notch signaling: Cell fate control and signal integration in development. Science 1999, 284, 770–776. [Google Scholar] [CrossRef]

	



Katoh, M.; Katoh, M. Precision medicine for human cancers with Notch signaling dysregulation (Review). Int. J. Mol. Med. 2020, 45, 279–297. [Google Scholar] [CrossRef] [PubMed]

	



Groeneweg, J.W.; Foster, R.; Growdon, W.B.; Verheijen, R.H.M.; Rueda, B.R. Notch signaling in serous ovarian cancer. J. Ovarian Res. 2014, 7, 95. [Google Scholar] [CrossRef] [PubMed]

	



Akbarzadeh, M.; Majidinia, M.; Fekri Aval, S.; Mahbub, S.; Zarghami, N. Molecular Targeting of Notch Signaling Pathway by DAPT in Human Ovarian Cancer: Possible Anti Metastatic Effects. Asian Pac. J. Cancer Prev. 2018, 19, 3473–3477. [Google Scholar] [CrossRef]

	



Gera, S.; Kumar, S.S.; Swamy, S.N.; Bhagat, R.; Vadaparty, A.; Gawari, R.; Bhat, R.; Dighe, R.R. Follicle-Stimulating Hormone Is an Autocrine Regulator of the Ovarian Cancer Metastatic Niche Through Notch Signaling. J. Endocr. Soc. 2019, 3, 340–357. [Google Scholar] [CrossRef]

	



Bocchicchio, S.; Tesone, M.; Irusta, G. Convergence of Wnt and Notch signaling controls ovarian cancer cell survival. J. Cell. Physiol. 2019, 234, 22130–22143. [Google Scholar] [CrossRef]

	



Kwon, M.; Shin, Y. Regulation of Ovarian Cancer Stem Cells or Tumor-Initiating Cells. Int. J. Mol. Sci. 2013, 14, 6624–6648. [Google Scholar] [CrossRef] [PubMed]

	



Stathis, A.; Hess, D.; von Moos, R.; Homicsko, K.; Griguolo, G.; Joerger, M.; Mark, M.; Ackermann, C.J.; Allegrini, S.; Catapano, C.V.; et al. Phase I trial of the oral smoothened inhibitor sonidegib in combination with paclitaxel in patients with advanced solid tumors. Investig. New Drugs 2017, 35, 766–772. [Google Scholar] [CrossRef] [PubMed]

	



Kaye, S.B.; Fehrenbacher, L.; Holloway, R.; Amit, A.; Karlan, B.; Slomovitz, B.; Sabbatini, P.; Fu, L.; Yauch, R.L.; Chang, I.; et al. A Phase II, Randomized, Placebo-Controlled Study of Vismodegib as Maintenance Therapy in Patients with Ovarian Cancer in Second or Third Complete Remission. Clin. Cancer Res. 2012, 18, 6509–6518. [Google Scholar] [CrossRef] [PubMed]

	



Plaks, V.; Kong, N.; Werb, Z. The Cancer Stem Cell Niche: How Essential Is the Niche in Regulating Stemness of Tumor Cells? Cell Stem Cell 2015, 16, 225–238. [Google Scholar] [CrossRef]

	



Patel, M.R.; Infante, J.R.; Moore, K.N.; Keegan, M.; Poli, A.; Padval, M.; Jones, S.F.; Horobin, J.; Burris, H.A. Phase 1/1b study of the FAK inhibitor defactinib (VS-6063) in combination with weekly paclitaxel for advanced ovarian cancer. J. Clin. Oncol. 2014, 32, 5521. [Google Scholar] [CrossRef]

	



O’Cearbhaill, R.E.; McMeekin, D.S.; Mantia-Smaldone, G.; Gunderson, C.; Sabbatini, P.; Cattaruzza, F.; Fischer, M.; Kapoun, A.M.; Xu, L.; Dupont, J.; et al. Phase 1b of WNT inhibitor ipafricept (IPA, decoy receptor for WNT ligands) with carboplatin (C) and paclitaxel (P) in recurrent platinum-sensitive ovarian cancer (OC). J. Clin. Oncol. 2016, 34, 2515. [Google Scholar] [CrossRef]








[image: Cancers 13 04178 g001 550] 





Figure 1. Cancer stem cells’ microenvironment—niche. Abbreviations: CAF—cancer-associated fibroblast; EMT—epithelial-to-mesenchymal transition; CSC—cancer stem cell; MDSC—myeloid-derived suppressor cell; NK cell—natural killer cell (created with BioRender.com). 
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Figure 2. Potential markers of cancer stem cells (CSCs) and the role of CSCs in metastasis. Abbreviations: ALDH—aldehyde dehydrogenase (created with BioRender.com). 
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Figure 3. Wnt/β-catenin signaling pathway in ovarian cancer. Abbreviations: APC—adenomatosis polyposis coli; CKIα—casein kinase 1α; CSC—cancer stem cell; EMT—epithelial-to-mesenchymal transition; GSK-3β—glycogen synthase kinase 3β; LGR5/6—leucine-rich repeat-containing G-protein coupled receptors 5/6; LRP5/6—low-density-lipoprotein-related proteins 5/6; RNF43/ZNRF3—RING finger protein 43/Zinc/Ring finger protein 3; RSPO—R-spondin; TCF/LEF-T—cell factor/lymphoid enhancer-binding factor proteins; Wnt—An acronym standing for homologous wingless (wg) and Int-1 (created with BioRender.com). 
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Figure 4. Notch signaling pathway in ovarian cancer and therapeutics targeted against it. Abbreviations: ADAM/TACE—a disintegrin and metalloproteinase/tumor necrosis factor-alpha converting enzyme; BMI1—B lymphoma Mo-MLV insertion region 1 homolog, CCND1—cyclin D1; CD44—CD44 Molecule (Indian Blood Group); Co-A—co-activator; Co-R—co-repressor; CSL—CBF1, Suppressor of Hairless, Lag-1; FSH—follicle-stimulating hormone; Hes-1—hairy and enhancer of split-1; mAbs—monoclonal antibodies; MAM—mastermind; MYC—MYC proto-oncogene, bHLH transcription factor; NEC—Notch extracellular subunit; NEXT—Notch extracellular truncation; NICD—Notch intracellular domain; NTM—Notch transmembrane subunit (created with BioRender.com). 
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Table 1. A molecular characteristic of the main histotypes of epithelial ovarian cancers.
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	EOC

Histotype
	Cancer Type
	Precursor Lesions
	Molecular Changes
	Cytogenetic Band
	Signaling Pathway
	References





	HG-SOC
	II
	serous tubal intraepithelial carcinoma (STIC)
	TP53 mutations

BRCA1/2 mutations

amplification of oncogenes CCNE1,

NOTCH3,

RSF1,

AKT2

PIK3CA
	17p13.1

17q21/13q12.3

19q12

19p13.2-p13.1

11q14.1

19q13.2

3q26.32
	TP53

Notch

PI3K/Akt/mTOR

PI3K/Akt/mTOR
	[19,20]



	LG-SOC
	I
	cystadenoma

adenofibroma

micropapillary serous carcinoma
	BRAF/KRAS mutations
	7q34/12p12.1
	MAPK/Erk
	[1,17,21]



	Endometroid
	I
	endometriosis

endometroid adenofbroma
	PTEN,

PIK3CA,

CTNNB1 mutations
	10q23.31

3q26.32

3p22.1
	PI3K/Akt/mTOR

PI3K/Akt/mTOR

WNT/β-catenin
	[1,17,22]

[20]



	Clear cell
	I
	endometriosis

clear cell adenofibroma
	ARIDA1A,

KRAS,

PPP2R1,

PIK3CA and

PTEN mutations
	1p36.11

12p12.1

19q13.41

3q26.32

10q23.31
	MAPK/Erk

PI3K/Akt/mTOR

WNT/β-catenin
	[23,24,25,26]



	Mucinous
	I
	mucinous cyst
	KRAS mutations

HER2/neu amplification
	12p12.1

17q12
	MAPK/Erk
	[17,27,28]
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