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Abstract

:

Endometrial cancer is the most common gynecologic malignancy in the United States and the sixth most common cancer in women worldwide. Fortunately, most women who develop endometrial cancer have low-grade early-stage endometrioid carcinomas, and simple hysterectomy is curative. Unfortunately, 15% of women with endometrial cancer will develop high-risk histologic tumors including uterine carcinosarcoma or high-grade endometrioid, clear cell, or serous carcinomas. These high-risk histologic tumors account for more than 50% of deaths from this disease. In this review, we will highlight the biologic differences between low- and high-risk carcinomas with a focus on the cell of origin, early precursor lesions including atrophic and proliferative endometrium, and the potential role of stem cells. We will discuss treatment, including standard of care therapy, hormonal therapy, and precision medicine-based or targeted molecular therapies. We will also discuss the impact and need for model systems. The molecular underpinnings behind this high death to incidence ratio are important to understand and improve outcomes.
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1. Introduction


Endometrial cancer is the sixth most common malignancy in women, with over 380,000 new cases in women worldwide in 2018 [1]. In the United States, nearly 62,000 women will be diagnosed in 2019 [2]. Unfortunately, the incidence of endometrial cancer in the United States continues to increase [2]. Over 85% of women diagnosed with endometrial cancer will have low-grade endometrioid carcinomas with an all-stage 5-year survival of 83% [3]. High-risk histologic carcinomas such as uterine carcinosarcoma and high-grade endometrioid, serous, and clear cell carcinomas, are less prevalent, but are unfortunately significantly more deadly. High-risk carcinomas account for 15% of cases, but are responsible for up to 50% of deaths from endometrial cancer [4,5]. This review will highlight the biologic differences between low- and high-risk carcinomas, focusing on precursor lesions, stem cells, molecular targeted therapies, and model systems. Understanding the unique biology between the more easily cured low-grade tumors and the significantly deadly high-risk histologic carcinomas will impact outcomes.




2. Biologic Differences in Low- And High-Risk Histologic Endometrial Carcinomas


Historically, endometrial cancer has been categorized into two groups: type I tumors (low-grade) or type II tumors (high-grade). This system was based on clinical, endocrine, and epidemiological observations [6]. While this classification system has been used since the 1980s, increasing evidence suggests this classification is imperfect [7]. Molecular and pathologic factors are more frequently being used to classify endometrial cancer [8]. For simplicity, this review will focus on more common histopathology types, rather than the rarer. Rare tumors of the endometrium include neuroendocrine tumors and undifferentiated tumors. Similarly rare, dedifferentiated tumors consist of low-grade tumors adjacent to undifferentiated carcinoma. Case studies suggest these dedifferentiated tumors are more aggressive [9,10,11]. In this review, we will compare two general groups: low-risk histologic carcinomas and high-risk histologic carcinomas.



2.1. Clinical Features of Low- and High-Risk Histologic Carcinomas


Low-risk carcinomas are low-grade endometrioid carcinomas. High-risk histologic carcinomas include carcinomas with malignant stroma such as uterine carcinosarcomas and tumors with malignant epithelium including high-grade endometrioid, serous, and clear cell carcinomas. High-risk histologic carcinomas are clinically very different from low-grade endometrioid carcinomas. Table 1 highlights the general clinical features of low- and high-risk histologic endometrial carcinomas. First, high-risk histologic carcinomas are high-grade carcinomas [12]. High tumor grade is the most significant risk factor for subsequent death and disease recurrence [13,14]. Women with high-risk histologic carcinomas have poor outcomes (44% 5-year all-stage survival rate). Individuals with low-grade carcinomas have more favorable outcomes with an 83% 5-year survival rate for all stages [2,3]. Second, low-risk carcinomas are estrogen-dependent and associated with obesity. The excess estrogen produced by adipocytes stimulates endometrial epithelial cells, leading to the precursor lesion of endometrial hyperplasia [15]. Recent studies have highlighted the potential for counteracting the overabundance of estrogen-effects on the uterus with a levonorgestrel-containing intrauterine system to treat low-grade endometrial carcinoma in select women [16]. High-risk histologic carcinomas are not typically associated with excess estrogen or obesity. High-risk histologic carcinomas develop in a background of atrophic endometrium. Both low- and high-risk carcinomas have postmenopausal bleeding as the key presenting symptom, facilitating diagnosis at an early stage [17].




2.2. Health Disparities and High-Risk Histologic Carcinomas


Out of all cancers, endometrial carcinomas show the most considerable disparity due to race. The all-stage 5-year survival for non-Hispanic black women is 62%, and for non-Hispanic white women is 83% [2]. The incidence for both non-Hispanic white and non-Hispanic black women has remained stable when comparing linear trends from 1997 to 2014. However, black women have had a higher incidence of endometrial carcinoma since 2002 [18]. High-risk endometrial carcinoma has increased in both non-Hispanic white and black populations [18]. However, the death rate for non-Hispanic black women remains high. Death rates for non-Hispanic black women were 8.7 per 100,000 women for the years 2012–2016, while the death rate for non-Hispanic white women was 4.4 [19]. In addition to having two times the death rate, non-Hispanic black women are twice as likely to be diagnosed with high-risk disease [20]. Unfortunately, non-Hispanic black women are less likely to receive guideline-concordant clinical care for symptoms associated with endometrial carcinoma. Regrettably, women who do not receive guideline-concordant care are more likely to have high-risk carcinomas [21].




2.3. Pre-Cursor Lesions


Low-grade endometrioid carcinomas have a defined precursor lesion of endometrial hyperplasia. One of the major causes for the proliferation of the endometrial epithelial cells is high levels of estrogens, unopposed by progesterone. In women with significant obesity, high levels of estrogens can be found due to the conversion of androgens to estrogens through the aromatase in the adipose cells. For women with polycystic ovarian syndrome, unopposed estrogen is due to the reduced production of progesterone from anovulatory cycles, leading to hyperproliferation [22]. Endometrial epithelial cell hyperproliferation can lead to increased frequency of DNA damage, errors in DNA repair, and accumulation of mutations leading to further unchecked proliferation. Complex endometrial hyperplasia with atypia is the immediate precursor lesion for low-grade endometrioid carcinomas [15]. Reason suggests that uncontrolled proliferation may lead to additional errors in the DNA sequence that may allow low-grade disease to progress to high-risk histologic carcinomas, although this natural progression of the disease is not well studied.



High-risk histologic carcinomas develop within a background of atrophic endometrium. The mechanism by which the atrophic endometrium grows into these more rare carcinomas is less understood, and precursor lesions are not as clearly defined. Pathologic features of the precursor lesions were recently reviewed in [15], and some serous carcinomas have serous endometrial intraepithelial carcinoma as a precursor lesion. These lesions are confined to the surface of the endometrium without invasion and typically have mutations in p53. Unfortunately, there is no known precursor lesion for clear cell carcinoma, but some correlation would suggest that they may develop in endometrial polyps. Uterine carcinosarcomas have carcinomatous and sarcomatous components. A precursor lesion has not been identified in these components, but stem cells may play a role [15].




2.4. Stem Cells and Stem-Cell Markers


Stem cells are capable of self-renewal and the creation of mature cells through differentiation [23]. It is thought that each tissue type has a specialized stem cell. For example, hematopoietic stem cells (HSCs) are the precursors for blood and lymphoid cells. HSCs are likely to be the best-characterized stem cells, being studied within normal blood cell development and pathologies such as leukemias and lymphomas [24,25]. Stem cells play a significant role in normal endometrial physiology [26]. Through the menstrual cycle, the endometrium must undergo tissue repair, inflammation, and tissue regrowth in preparation for embryo implantation. In women with regular menstrual cycles, endometrial stem cells are required to supply new endometrial cells each month. Endometrial stem cells have the properties of stem cells, categorically, clonogenicity in colony-forming assays, long-term culturing capacity, ability to differentiate into different cell types in vitro, expression of stem cell markers, and in vivo reconstruction of tissue. Endometrial stem cells are thought to be located near the spiral arteries in the endometrium [26]. Endometrial stem cells have not been studied in atrophic endometrium. However, studies suggest that mesenchymal stem cell populations change during the perimenopausal period [27].



Intriguingly, studies have shown that bone marrow-derived stem cells can repopulate both mouse or human endometrium [26]. In women undergoing stem cell transplant, endometrial biopsies show donor HLA-type cells [28]. Recently, studies in mice have shown that bone marrow-derived stem cells can repopulate the mouse uterus and allow for fertility in previously subfertile mice [29]. In these experiments, Hoxa11-/- mice are infertile due to defects in decidualization, a form of endometrial stromal differentiation. Bone marrow transplant with Hoxa11+/+ bone marrow leads to stromal cells, which decidualized. Hoxa11+/- mice are subfertile. Bone marrow transplant with Hoxa11+/+ bone marrow rescues the subfertility [29]. Furthermore, bone marrow-derived stem cells can repopulate disease states such as endometriosis [30,31]. Ex vivo studies suggest several factors are important in endometrial regeneration. Recently, platelet-rich plasma has cellular effects on multiple endometrial cell types including stromal cells, mesenchymal stem cells, and bone marrow-derived mesenchymal stem cells. Platelet-rich plasma led to increased proliferation and migration of all cell types [32]. Repopulation of endometrial cells from bone marrow stem cells has implications for the development of precursor lesions and disease recurrence in endometrial carcinoma after hysterectomy, although this concept has not been studied experimentally.



In recent decades, stem cells have come into focus in the study of cancer development, progression, and treatment via the cancer stem cell theory. The cancer stem cell theory proposes that within a tumor, there are small populations of cells capable of the self-renewing properties seen in normal stem cells [23,33]. However, unlike physiologically normal stem cells, cancer stems cells have a higher mutational burden, causing them to have increased dysfunction that may be related to their highly invasive properties. This dysfunctional signaling commonly occurs in growth signaling pathways frequently identified in cancers (i.e., JAK/STAT, AKT, WNT, NFκB), with particular activation in cells selected for “stemness” and may be responsible for the stem cell’s inadequate response to standard therapies [33,34]. Since cancer stem cells are less responsive to conventional therapies than the non-stem cell population within tumors, they are thought to survive following treatment, leading to cancer progression or recurrence. This resistance may be related to the mutational burden they possess or their slow cell division with increased DNA repair capability [33]. Due to their relationship to cancer development, progression, and treatment, further study of stem cells is necessary for many types of cancer including endometrial cancers, to better understand therapies to reduce recurrence of disease.



The expression of stem cell markers has been examined in endometrial carcinomas. Most studies have focused on endometrioid carcinomas or uterine carcinosarcomas. Early studies with endometrioid carcinomas showed that late-stage, high-grade disease maintained expression of epithelial stem cell markers while early-stage disease did not. Moreover, hierarchical clustering showed that tumors with retained expression of epithelial stem cell markers cluster most closely with late-stage disease [35]. Additionally, Musashi-1 is an RNA-binding protein that is thought to play a role in neural and epithelial progenitor cell proliferation and division. Examination of Musashi-1 staining shows that Musashi-1 staining is high in cells within the stem cell niche of the endometrium [36]. The stem/progenitor marker, CD133+, was determined to be a biomarker for poor prognosis tumors [37]. Isolation of cells from primary endometrioid carcinomas revealed that CD133+ cell populations had significant stem cell-like properties including small spheroid formation, chemotherapy resistance, clonogenicity, and the ability to form tumors in vivo [38]. Similarly, ALDH1-high cells isolated from primary endometrioid carcinomas exhibited similar stem-like properties [39]. Compared to work in other cancers such as ovarian cancer, there is relatively little known about stem cell characteristics in endometrial carcinomas.



Uterine carcinosarcoma histology is composed of malignant stroma and malignant epithelium. The cell of origin has been postulated as two different views: (1) an epithelial tumor collided with a stromal tumor with each tumor having a distinct cell of origin, or (2) both malignant stroma and epithelium being derived from a common stem cell precursor. The latter stem cell precursor hypothesis is known as the combination tumor theory. Most studies suggest that uterine carcinosarcomas arise via the combination tumor theory [40,41]. Studies have shown that CD133+ cells isolated from uterine carcinosarcomas have properties of cancer stem cells such as differentiation into both epithelial and stromal lineages, chemotherapy resistance, increased expression of stem cell markers including BMI1, and in vivo transplantable tumors [42]. Studies using the CS99 cell line, which is derived from uterine carcinosarcomas, showed that inhibition of BMI1 (BMI1 proto-oncogene, polycomb ring finger) with the BMI1 inhibitor, PTC-028, led to increased apoptosis and decreased cell viability in vitro and delayed tumor growth in vivo [43]. These results suggest that targeting stem cells may be an effective treatment for uterine carcinosarcomas.




2.5. Unique Molecular Features


Histologic classification of high-grade endometrial carcinomas can be challenging as some carcinomas may exhibit characteristics of multiple histologic subtypes or a mixed phenotype. Detailed histologic classification schemes were recently summarized based on discussion at the Endometrial Cancer Workshop at the 2016 Society of Gynecologic Pathologists meeting [12]. In general, many carcinomas can be classified based on routine hematoxylin and eosin staining and microscopic examination. Molecular immunohistochemistry may be used when biopsy specimen does not allow an adequate evaluation of the whole tumor (i.e., endometrial biopsy) or to determine whether histology represents a focal area of a high-grade lesion or a pure high-grade carcinoma. The useful immunohistochemistry analyses are listed in Table 2.



In terms of molecular features, TCGA (The Cancer Genome Atlas) performed a large sample size (n = 373) integrated, genomic, and proteomic analysis of both endometrioid and serous endometrial carcinomas. This multi-platform analysis classified carcinomas into four categories: (1) polymerase-ε (POLE) ultramutated, with mutations in a subunit of DNA polymerase epsilon; (2) microsatellite instability hypermutated (MSI-H); (3) copy-number low, with a lower mutational load; and (4) copy-number high, with low mutation rates and extensive copy number variation [8]. Both high-grade endometrioid and serous carcinomas had significant downregulation of estrogen and progesterone receptor expression and mutations in TP53. Many low-grade endometrioid carcinomas contained mutations in PTEN and ARID1A. Additionally, high-grade serous endometrial carcinomas shared significant molecular features with high-grade serous ovarian cancer [8]. These results suggest that high-grade endometrioid and serous endometrial carcinomas are molecularly unique and should be treated differently in clinical trial analysis and design.



While the groundbreaking effort of TCGA detailed the genomic, transcriptomic, and proteomic landscape of low- and high-grade endometrioid and high-grade serous endometrial carcinomas [8], they did not evaluate high-grade clear cell endometrial carcinoma or uterine carcinosarcomas. Whole exome sequencing of uterine carcinosarcomas revealed that mutations in TP53 were common (67%). Additionally, phosphoinositide 3-kinase pathway genes were frequently mutated including PTEN, PIK3CA, or PIK3R1. Loss of function mutations in chromatin remodeling genes including ARID1A and ARID1B were also common [57]. Whole exome sequencing of clear cell endometrial carcinomas similarly revealed high-frequency TP53 (39.7%), PIK3CA (23.8%), and ARID1A (15.9%) mutations. Clear cell endometrial carcinomas contained mutational features in common with both serous and endometrioid carcinomas [58]. Precision clinical trials that focus on unique molecular features of individual tumors are critical to improving outcomes [59]. Table 3 highlights the frequent genetic changes in each histology. Comprehensive analyses based on race and ethnicity are still missing.





3. Treatment


Currently, the standard of care treatment of endometrial carcinoma consists of surgery, radiation therapy, chemotherapy, or a combination of these [17,64]. Typically, treatment approaches are designed by a multidisciplinary tumor board, taking into consideration the National Comprehensive Cancer Network (NCCN) guidelines [64]. A recently published review highlights the treatment of advanced stage endometrial cancer [65]. Included in this are innovative molecular biology techniques that are focusing on clinically actionable changes in each woman’s carcinoma to direct therapy through clinical trials [66]. In molecularly targeted therapy, specific molecular targets that play a critical role in tumor progression are interrupted by medication, thus limiting harm to healthy cells. These are considered actionable targets because the identified molecular feature (i.e., the target) in a tumor has a specific therapy (i.e., the action) that works against tumors with that molecular feature. These genetic changes, known as actionable targets, are typically identified by next-generation sequencing of tumors or molecular immunohistochemistry (i.e., progesterone receptor, HER2) [67]. The Figure summarizes some of the more promising actionable targets and their specific therapies. Moreover, epigenetic modifying therapies hold some promise [68]. Summarized below is current information about primary treatment, hormonal treatment, current targeted therapy, and future targeted therapies.



3.1. Primary Surgical Therapy


The principle information needed for guiding the primary treatment of endometrial cancer is the surgical stage, grade, and histologic subtype [64]. Histologic type and grade of the tumor are first assigned using the endometrial biopsy or dilation and curettage specimen that provided the diagnosis of endometrial carcinoma. If the initial tissue assessment is concerning for high-risk carcinoma, then further testing with imaging and serum CA125 is recommended to assess extrauterine involvement before surgical staging. If instead, the initial tissue evaluation reveals low-grade endometrioid carcinoma, then women can go directly to surgical staging without further testing [64]. Surgical resection and staging are the mainstay of primary therapy in both high- and low-risk endometrial carcinomas. Surgery can serve as definitive management for low-risk, early-stage disease, and guides the decision for appropriate adjuvant treatment in later stages [64].



Comprehensive surgical staging in endometrial carcinoma includes total hysterectomy, bilateral salpingo-oophorectomy (TH/BSO), pelvic and para-aortic lymphadenectomy, collection of peritoneal cytology, and selective omental biopsy. If cervical involvement is suspected pre-operatively, then radical hysterectomy should be performed in place of total hysterectomy [64]. There is somewhat competing data in the literature about the value of full comprehensive staging, especially with regard to lymphadenectomy, in low-risk and early-stage carcinoma. A large, multi-country randomized trial showed that performing systematic pelvic lympadenectomy did not change overall survival or recurrence-free survival in the setting of low-risk cancer visually confined to the uterus on operative examination [69]. Based on this data and other supportive studies, the NCCN created criteria for when pelvic lymphadenectomy may not be necessary including tumor size less than 2 cm, less than 50% myometrial invasion, and well-differentiated histology [64]. In those cancers that do not meet these criteria, but still have low-risk histology and no operative evidence of extra-uterine disease, it may be appropriate to perform pelvic lymphadenectomy alone, with no para-aortic dissection [64].



Unlike with low-risk early-stage endometrial carcinoma, high-risk histology and late-stage disease have a much higher rate of metastasis and recurrence. Comprehensive surgical staging including pelvic and para-aortic lymphadenectomy should be performed in these cases, regardless of definitive evidence of extrauterine disease at the time of surgery [64,70]. Concerns for extra-uterine disease or nonresectable disease leads women toward neoadjuvant systemic therapy and/or primary pelvic radiation with reevaluation for subsequent response and surgical management [64].




3.2. Adjuvant Treatment


The indication for adjuvant therapy is based upon tumor histology, grade, and surgical stage. The majority of endometrial carcinomas are low-grade endometrioid carcinomas and do not require adjuvant therapy. NCCN guidelines recommend adjuvant therapy for high-risk histologic carcinomas [64]. There is no consensus on adjuvant therapy, but options include vaginal brachytherapy, external pelvic beam radiation therapy (EBRT), systemic chemotherapy, or a combination of these. Even with mixed evidence, the general principle stands that higher stage, higher grade, and higher risk histologic endometrial carcinomas are treated with more aggressive adjuvant therapy. For example, the GOG 99 study found that for low-grade endometrioid, stage Ib disease, adjuvant vaginal brachytherapy alone is recommended to reduce the risk of local recurrence [71].



There is no consensus on the ideal treatment for recurrent, metastatic, or high-risk disease. There are data to support a multimodal approach [17]. Options include surgical therapy, systemic chemotherapy, and radiotherapy [64]. Regimens may differ in type and number of chemotherapy medications, or the order of chemotherapy and radiation. As there are no clear cut guidelines for high-risk tumors, each case is often brought to a multidisciplinary tumor board meeting. The GOG-177 study was the first study to report a survival advantage to early proposed treatment regimens. Paclitaxel–doxorubicin–cisplatin was significantly superior to doxorubicin–cisplatin alone with regard to recurrence rates and overall survival, but the triplet regimen also had substantially higher neurotoxicity [72]. Since that time, carboplatin and paclitaxel have become the preferred regimen for systemic therapy. In the current literature, they have similar recurrence risk and survival outcomes to previously used multi-regimen therapies, but with much better tolerance [73,74]. The NCCN guidelines recommend carboplatin and paclitaxel as the preferred systemic chemotherapy regimen for the treatment of high-risk or recurrent endometrial cancer [64]. Further clinical trials are needed to understand the optimal adjuvant chemotherapy regimen, with both treatment and tolerance endpoints. Further investigation is also required for the evaluation of the ideal combination of chemotherapy and radiotherapy modalities for the primary treatment of high risk, advanced, and recurrent endometrial carcinoma.




3.3. Hormone Therapy


Hormone therapy with progestins and anti-estrogens are used for a variety of purposes in the treatment of endometrial cancer. Instead of hysterectomy, hormone therapy may be an option for select women who wish to preserve fertility. Studies have tested oral medroxyprogesterone acetate and levonorgestrel-containing intrauterine systems. The majority of women with low-grade endometrioid carcinomas, who are treated with a levonorgestrel-containing intrauterine system, had disease regression but not all [16]. Medroxyprogesterone acetate (MPA) is also used for fertility-sparing treatment. A study conducted in Japan found a complete response rate of 90.7% in women with early-stage low-grade endometrioid carcinoma, and 20% of women went on to have a successful pregnancy. However, 5-year recurrence-free survival was only 33% [75]. Thus, it is critical that women understand that fertility-sparing treatment is not a cure.



Progestin-based therapy has been widely used to treat advanced or recurrent endometrial cancer. In a phase II trial of high-dose megestrol acetate, 24% of patients showed a response. However, this response was not sustained, as only 31% of the responses lasted more than 18 months, and the median progression-free survival was only 2.5 months [76]. In a multicenter study based in Korea, medroxyprogesterone acetate treatment combined with a levonorgestrel-containing intrauterine system was evaluated in 35 women aged 27–40 with low-grade endometrioid endometrial cancer. After six months of treatment, 37.1% showed a complete regression, and 25.7% showed a partial response [77]. The expression of progesterone receptor was not examined in these tumors.



Hormonal therapy may also be a viable option for women with recurrent disease, women who require palliative care, or women who are poor surgical candidates. Assessment of steroid hormone receptor status (i.e., progesterone and estrogen receptor) can be clinically useful in these women. Decreased hormone efficacy in endometrial cancer has been proposed to be due to reduced PR expression due to selective hypermethylation [78,79]. In addition to progestin therapy, anti-estrogen regimens are an option [68]. Recently, a systemic review examined the response rate of women with advanced-stage or recurrent endometrial carcinomas to anti-estrogen treatments [80]. Anti-estrogens included tamoxifen, other selective estrogen receptor modulators, selective estrogen receptor downregulators, and aromatase inhibitors. All anti-estrogens as monotherapy had a statistically significant response rate. However, the effect of aromatase inhibitors was slight. Combination actionable target therapies such as mTOR inhibitors with an anti-estrogen, also had a statistically significant response. Not surprising, carcinomas which retained estrogen receptors had a higher response rate. While the response rates were statistically significant, the response rates were less than 50%, and there were limited effects on progression-free survival or overall survival [80]. Progestins and anti-estrogen therapies can be part of the systemic and locally-released treatments for endometrial carcinomas.




3.4. Targeted Therapy for HER2+ Tumors


An actionable target is an identified molecular feature in a cancer that has a specific treatment against that molecular feature. Amplification of ERBB2 (Erb-B2 receptor tyrosine kinase 2, also known as HER2) is an actionable target. ERBB2 is an epidermal growth factor receptor whose phosphorylation leads to the activation of proliferation and migration. Trastuzumab is a monoclonal antibody to ERBB2 that leads to antibody-dependent cytotoxicity. Overexpression of ERBB2 in early endometrial carcinomas is associated with disease recurrence [81]. Whole exome sequencing of clear cell endometrial carcinomas showed 11% of tumors harbored amplification in ERBB2 [82]. Serous endometrial carcinomas frequently have overexpression or amplification of ERBB2. Up to 53% of serous endometrial carcinomas have overexpression of ERBB2. Furthermore, some serous tumors had areas of both low and high HER2 expression [83,84]. As many endometrial carcinomas have this molecular feature that has a potential adjuvant therapy, some pathologists recommend routine immunohistochemistry staining for HER2 [83].



A case report of amplification of ERBB2 in uterine carcinosarcoma led to the treatment of a woman with trastuzumab and complete remission of recurrent disease [85]. Another study described the progression of disease on trastuzumab with paclitaxel in three women with HER2+ recurrent high-risk histology tumors including two serous and one endometrioid [86]. In vitro experiments in cells that overexpress ERBB2 showed that oncogenic mutations in PI3K resulted in resistance to afatinib, a tyrosine kinase inhibitor that inhibits ErbB signaling [87]. A randomized trial of systemic chemotherapy (carboplatin and paclitaxel) with trastuzumab in serous carcinomas increased median progression-free survival from 8.0 months to 12.6 months. The experimental treatment regimen was well tolerated and had no increase in toxicity [88]. Thus, ERBB2 remains an actionable target for some women.




3.5. Immune Therapy for MSI-H Carcinomas


Immune checkpoint inhibitors hold significant promise for women with endometrial carcinoma. Endometrial cancers are the most frequent cancers to have mismatch repair deficiency [89]. Furthermore, programmed cell death-1 (PD-1) and its ligand PD-L1 are highly overexpressed in primary and metastatic endometrial carcinomas [90]. This overexpression is associated with the microsatellite instability-high (MSI-H) status of tumors [91]. Without MSI testing, women with recurrent endometrial cancer who had failed multiple lines of testing were enrolled in a study to receive pembrolizumab, an immune checkpoint inhibitor, and lenvatinib, a VEGF receptor kinase inhibitor. The overall response rate was 48% [92]. A clinical trial examined the response of PD-1 blockade in patients with mismatch repair deficiency across different solid tumor types. Out of the 86 total participants, 15 participants had endometrial cancer, and three of the 15 (20%) showed a complete response to the pembrolizumab regimen. For the endometrial cancer patients, the objective response rate and disease control rate were 53% and 73%, respectively. The disease control rate was defined as the percentage of individuals who showed a complete response, partial response, or stable disease for 12 weeks or longer [89]. Thus, immune checkpoint inhibitors hold significant promise in women with endometrial carcinoma. However, there may be a need to determine patient selection characteristics based on the molecular features of the tumor.




3.6. Select Studies from Promising Molecular Targeted Therapies


NCCN guidelines recommend a genetic risk evaluation for all ovarian carcinomas, but those guidelines have not extended to endometrial carcinomas. A recent study examined the prevalence of detailed molecular characterization and the use of actionable treatments for gynecologic cancers including both ovarian and endometrial carcinomas. This dataset included 46 women with endometrial cancer. A majority of endometrial cancers (73%) had actionable targets identified. Low-risk tumors had more actionable mutations. After the discovery of actionable targets, treatment plans were changed in 56% of women with endometrial cancer. Most of the targeted therapies involved hormonal therapy (i.e., tamoxifen, letrozole, or medroxyprogesterone acetate) or mTOR inhibition (i.e., everolimus or temsirolimus) [67]. The frequency of actionable mutations was similar to the frequency of actionable mutations in ovarian cancer. Clinically, all ovarian cancers should have next-generation sequencing to determine actionable mutations. Endometrial cancer guidelines do not yet recommend this technology. However, this study highlights the fact that endometrial cancers have as many actionable targets identified that clinically change therapy and should be studied further [67].



As many endometrial cancers harbor mutations in PTEN, mammalian target of rapamycin (mTOR) inhibitors are a logical treatment option. The mTOR inhibitor temsirolimus has been studied in phase II trials in women with recurrent or metastatic endometrial cancer. In the group of 20 women who had not previously received chemotherapy, 14% showed a partial response, and 69% had stable disease. In the group of 25 women who had previously received chemotherapy, 4% showed a partial response, and 48% had stable disease. When compared to single-agent chemotherapeutic or hormonal agent regiments, temsirolimus had a lower proportion (17%) of patients that exhibited disease progression [93]. Unfortunately, studies of mTOR inhibitors (i.e., everolimus, temsirolimus, or ridaforolimus) have shown modest effects. These modest effects may be attributed to the crosstalk with the PI3K/AKT pathway and other pathways [65]. For example, KRAS mutations lead to resistance to everolimus [94]. Positively, an in vitro study suggests that inhibition of mTOR increases sensitivity to PARP inhibitors (i.e., olaparib, talazoparib, and BKM-120) [95].



Obesity and insulin resistance are known risk factors for endometrial cancer [17]. Insulin-like growth factor 1 (IGF-1) may have a role in the increased rates of endometrial cancer seen in diabetic patients. After binding of IGF-1 to its receptor IGF1-R, activation of the PI3K signaling pathway can occur, promoting cell growth, and inhibiting apoptosis. Inhibition of the IGF1-R pathway has been shown to have anticancer effects [96]. Metformin, conventional therapy for treating insulin resistance, likely acts similarly to mTOR inhibitors. Metformin activates AMP-activated protein kinase (AMPK), thereby regulating energy metabolism. AMPK is activated via phosphorylation by the kinase LKB1 and plays an active role in the regulation of the mTOR pathway [97]. Polycystic ovary syndrome (PCOS) is a multisystem disorder with reproductive, metabolic, and cardiovascular effects. Insulin resistance is a concern in individuals with PCOS, and reducing insulin levels has been associated with an improvement in menstrual dysfunction and reestablishment of ovulation cycles [98]. When given to women with PCOS, metformin resulted in restored ovulation and improved fertility [99]. When tested on endometrial cancer cell lines (ECC1 and Ishikawa), metformin treatment resulted in the inhibition of cell growth, induction of apoptosis, and decreased TERT (telomerase reverse transcriptase) expression, which is an oncogenic determinant [97]. Unfortunately, multiple ECC1 isolates have been genotyped as Ishikawa cells [100]. Others have shown the in vitro effects of metformin on Ishikawa cells including cell cycle arrest, apoptosis, sensitization to paclitaxel, and sensitization to progesterone [101,102,103]. A pooled meta-analysis of seven clinical studies showed that metformin reduced the risk of endometrial carcinoma recurrence (odds ratio (OR) = 0.5, 95% confidence interval (CI) 0.28–0.92, p < 0.05) and improved overall survival (hazard ratio (HR) = 0.61, 95% CI 0.48–0.77, p < 0.05). The overall survival was further enhanced in women with diabetes (HR = 0.47, 95% CI 0.33–0.67, p < 0.05) [104]. These are encouraging results for the use of metformin in women at high-risk for endometrial cancer as a preventative strategy and improving patient outcomes [97,99].



The poly-ADP ribosylation of DNA repair proteins is catalyzed by the enzyme poly(ADP-ribose) polymerase (PARP). PARP inhibitors were first designed to act against cells containing BRCA1 or BRCA2 mutations; however, clinical trials have indicated that these agents may be applicable in other cancers as cells that are deficient in PTEN have been shown to display sensitivity to PARP inhibitors [105]. Studies of endometrioid endometrial cancer showed that PTEN-deficient cell lines were not responsive to monotherapy of the PARP inhibitor, Olaparib. However, cell growth was inhibited in vitro when treated with the PARP inhibitior, Olaparib, combined with PI3K inhibition by BKM120. Importantly, this combination also showed inhibition of tumor growth in a genetically engineered mouse model of endometrial cancer (AdCre; Ptenf/f; Lkb1f/f) [106].



ARID1A is frequently mutated in endometrial carcinomas (Table 3). Pre-clinical studies show that EZH2 inhibitors lead to the inhibition of ARID1A-mutant cancer cell lines via spheroid size and regression of tumors in vivo [107]. Similarly, studies in ARID1A-mutated ovarian cancer cell lines showed that the pan histone deacetylase inhibitor, suberoylanilide hydroxamine, also leads to decreased in vitro and in vivo tumor size [108]. Expanding beyond ARID1A to other members of the SWI/SNF complex subunit, Januario et al. showed that SMARCA4-mutant tumors were also sensitive to EZH2 inhibition, although no endometrial cancer cell lines were studied [109]. Furthermore, EZH2 inhibition in ARID1A-mutant cells may result in EZH2 inhibition that may be overcome by the addition of BCL2 inhibitors [110]. Understanding the complex synthetic lethality pathways and resistance pathways in other cancers may be useful toward treatments in similarly mutant endometrial cancers.



Mutations of epidermal growth factor receptor (EGFR) and its family are found in 43%-67% of endometrial carcinomas [111,112]. Erlotinib is a tyrosine kinase inhibitor for EGFR that likely leads to cell cycle arrest and angiogenesis inhibition [113]. A preclinical orthotopic mouse study showed the antitumor effects of erlotinib on both Ishikawa and HEC1A cells with a high expression of EGFR [114]. A phase II study of erlotinib for women with recurrent or advanced endometrial cancer showed an objective response rate of 12.5% and disease stabilization in nearly 50%. The response did not correlate with EGFR amplification or mutation. The authors speculate that erlotinib may be targeting EGFR, but affecting novel downstream pathways involved in PI3K signaling and progesterone resistance [113].





4. Model Systems


4.1. Mouse Models


Many genetically engineered mouse models of endometrial cancer have been created (Supplementary Table S1). However, none of the genetically engineered mouse models of endometrial cancer recapitulate the high-risk histologic carcinomas. Recently in Belgium, patient-derived xenograft (PDX) models were created from uterine carcinosarcomas. Out of seven samples, only two uterine carcinosarcomas engrafted. Importantly, tumors from these PDX models were molecularly characterized using molecular immunohistochemistry, copy number analysis, and RNA sequencing. Uterine carcinosarcomas maintained cytokeratin and vimentin staining in PDX when compared to the initial samples. Copy similarities ranged from 47.4–65.8%. A comparison of the transcriptomic profile of the original tumor sample to PDX showed that only one of the two samples clustered with its original tumor sample [115]. Similarly, PDX models of high-risk histologic tumors were created in China and compared to the original tumors using molecular immunohistochemistry and RNA-sequencing technology. Tumor samples from 18 women included ten high-grade endometrioid, six serous, one clear cell, and one carcinosarcoma. Interestingly, tumors were implanted into hormone depleted female mice. The clear cell carcinoma sample did not engraft, 2/6 serous carcinoma samples did not engraft, and one high-grade endometrioid carcinoma sample did not engraft. Only six PDX models had sufficient samples for immunophenotypic analysis. All PDX and original samples showed a similar expression of estrogen receptor, progesterone receptor, cytokeratin, and p53. Genomic analysis was only performed on two high-grade endometrioid samples. DNA mutation and transcriptomic changes correlated well between the original tumor and the PDX model [116]. Thus, additional genetically engineered mouse models of high-risk histologic carcinoma are needed. Furthermore, efforts to create PDX models of diverse racial and ethnic backgrounds will be necessary.




4.2. In Vitro Systems


Many human endometrial cancer cell lines have been created (Supplementary Table S2). Importantly, the CRISPR/Cas9 gene-editing tool has allowed for the development of engineered cancer cell models. The endonuclease Cas9 makes a double-strand break at the target site. The break can then be imperfectly repaired by the cellular mechanism non-homologous end joining, thereby introducing a mutation or gene knockout [117]. CRISPR technology was used to show that serum deprivation-response protein affects the expression of ALDH1 in HEC1B, HEC-108, HEC-116, and SNG-M cells. These studies essentially represent endometrioid carcinomas [118]. In serous carcinoma cell lines, CRISPR technology was used to introduce mutations in FBXW7, F-box, and WD repeat domain containing 7. Both the ARK1 and ARK2 cell lines with FBXW7 mutations showed increased sensitivity to SRC inhibitors as well as dinaciclib, a CDK2 inhibitor [119]. The generation of such modified cell lines that genetically and phenotypically mimic cancer types allows for downstream functional studies and the potential to advance the field of targeted cancer therapeutics.





5. Future Systems


As an innovative technology, liquid biopsy has become an important diagnostic and prognostic test, moving in the direction of precision oncology [120,121]. This tool can detect circulating biomarkers such as circulating tumor DNA (ctDNA) and circulating free DNA (cfDNA) to gain information on the genetic basis of cancers, thereby diagnosing inaccessible tumors, predicting disease recurrence, assessing drug resistance, and providing direction for personalized treatment [120,122]. Additional advantages of the liquid biopsy include that it is minimally invasive, can provide early detection of cancer, and only requires up to 6–10 mL of blood [121]. Assessment of liquid biopsies has proven to be an accurate tool for cancers of the lung, prostate, and breast [123,124,125], but there have been few studies in comparison to gynecological cancers [126].



However, uterine lavage has been used to study proprotein convertases (PCs). PCs have a role in the cleavage of precursor proteins such as growth factors, hormones, and receptors, thereby activating them. PCs are associated with tumor development, though they are also found in normal tissue cells [127]. After assessing the expression of various PCs in the cell lines, only the upregulation of furin was consistently observed in all of the tested cell lines, providing evidence for its association with the development of endometrial carcinomas. Furthermore, endometrial cancer patients were found to have significantly increased total PC activity in uterine lavage when compared to the control patients [128,129]. This new, non-invasive technique of analyzing PC expression in uterine lavage fluid has been proposed as a new screening technique in postmenopausal women for early detection of endometrial cancer [127,128,129]. Additionally, PC inhibitors may play a future role in precision cancer therapy [127].



Additionally, there is ongoing research on using cervical fluid samples retrieved during routine Papanicolaou (Pap) as the basis of a new screening tool called PapSEEK [130]. The PapSEEK test is currently in development as an early endometrial and ovarian cancer diagnostic tool. This tool uses a cervical cytobrush to collect epithelial cells and the DNA that has been shed from the uterine lining. Next-generation sequencing is utilized to detect tumor DNA, potentially at a stage before cells are even available for histologic analysis [130]. Further studies are required to determine the optimal cytobrush. One limitation of these molecular assays is that similar mutations in benign and malignant endometrium may affect the test’s specificity. To complicate this even more, the endometrium is composed of both epithelial and stromal cells. Recent studies show that endometrial epithelium and stroma contain distinct mutation profiles, even from benign endometrium from the same woman [131]. Potential oncogenic mutations found included PIK3CA, KRAS, PIK3R1, and FGFR2 in benign epithelial endometrium from women with uterine fibroids, and ARID1A mutations in endometrial stroma from women with endometriosis [131]. Finally, because the PapSEEK test is designed for both ovarian and endometrial cancer, clinical next steps have not been determined. As ovarian cancer screening algorithms have led to significant morbidity and mortality from next step diagnostic tests, these next steps are critical for the evaluation of a screening test [132]. Importantly, making screening and diagnosis less daunting may improve compliance with guideline-concordant care.




6. Conclusions


Despite medical developments, survival has not improved in women with endometrial cancer. While surgery alone or in combination with systemic or radiation therapy for confined diseases can be curative, individuals with metastatic or recurrent disease have reduced response rates to hormonal and chemotherapeutic agents. Further research on risk factors, genetics, and medical therapies is essential to counter the increasing death rates. In recent years, there have been widespread efforts toward incorporating molecular testing into the clinical evaluation and for these tests to serve as prognostic indicators. The identification of molecular aberrations, genetic mutations, and dysregulated pathways in endometrial carcinomas will be of great significance in the development of further immunotherapeutic and personalized therapeutic agents.








Supplementary Materials


The following are available online at https://www.mdpi.com/2072-6694/11/11/1665/s1, Table S1: (A). Genes important in mouse models of endometrial cancer. (B) Genetically engineered endometrial cancer mouse models. Table S2. Endometrial cancer cell lines.





Author Contributions


P.P. and S.M.H. constructed the outline of the review, synthesized, and referenced the works included, and wrote and edited the manuscript. D.E.J. wrote the treatment portion and edited the manuscript. X.W. provided additional details to each part of the review including details of the tables, and edited the manuscript. K.E.C. wrote the section on stem cells and edited the review.




Funding


P.P. was funded by the Indiana University Comprehensive Cancer Center CUPID (Cancer in the Under-Privileged Indigent or Disadvantaged) summer program.




Acknowledgments


The librarians at the Indiana University School of Medicine were instrumental in formatting the references for this manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: Globocan estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA. Cancer J. Clin. 2018, 68, 394–424. [Google Scholar] [CrossRef] [PubMed]

	



Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2019. CA Cancer J. Clin. 2019, 69, 7–34. [Google Scholar] [CrossRef] [PubMed]

	



Creasman, W.T.; Odicino, F.; Maisonneuve, P.; Quinn, M.A.; Beller, U.; Benedet, J.L.; Heintz, A.; Ngan, H.; Pecorelli, S. Carcinoma of the corpus uteri. Int. J. Gynaecol. Obs. 2006, 95 (Suppl. 1), S105–S143. [Google Scholar] [CrossRef]

	



Vogel, T.J.; Knickerbocker, A.; Shah, C.A.; Schiff, M.A.; Isacson, C.; Garcia, R.L.; Goff, B.A. An analysis of current treatment practice in uterine papillary serous and clear cell carcinoma at two high volume cancer centers. J. Gynecol. Oncol. 2015, 26, 25–31. [Google Scholar] [CrossRef] [PubMed]

	



Versluis, M.A.; de Jong, R.A.; Plat, A.; Bosse, T.; Smit, V.T.; Mackay, H.; Powell, M.; Leary, A.; Mileshkin, L.; Kitchener, H.C.; et al. Prediction model for regional or distant recurrence in endometrial cancer based on classical pathological and immunological parameters. Br. J. Cancer 2015, 113, 786–793. [Google Scholar] [CrossRef] [PubMed]

	



Bokhman, J.V. Two pathogenetic types of endometrial carcinoma. Gynecol. Oncol. 1983, 15, 10–17. [Google Scholar] [CrossRef]

	



Murali, R.; Soslow, R.A.; Weigelt, B. Classification of endometrial carcinoma: More than two types. Lancet Oncol. 2014, 15, e268–e278. [Google Scholar] [CrossRef]

	



Cancer Genome Atlas Research, N.; Kandoth, C.; Schultz, N.; Cherniack, A.D.; Akbani, R.; Liu, Y.; Shen, H.; Robertson, A.G.; Pashtan, I.; Shen, R.; et al. Integrated genomic characterization of endometrial carcinoma. Nature 2013, 497, 67–73. [Google Scholar] [CrossRef]

	



Park, S.Y.; Park, M.H.; Ko, H.S.; Cha, E.J.; Sohn, J.S.; Jung, U.S.; Kim, C.J.; Kim, J.S. Dedifferentiated endometrioid adenocarcinoma of the uterus: Highly aggressive and poor prognostic tumor. Korean J. Pathol. 2014, 48, 327–330. [Google Scholar] [CrossRef]

	



Silva, E.G.; Deavers, M.T.; Bodurka, D.C.; Malpica, A. Association of low-grade endometrioid carcinoma of the uterus and ovary with undifferentiated carcinoma: A new type of dedifferentiated carcinoma? Int. J. Gynecol. Pathol. 2006, 25, 52–58. [Google Scholar] [CrossRef]

	



Han, J.; Ki, E.Y.; Rha, S.E.; Hur, S.; Lee, A. Dedifferentiated endometrioid carcinoma of the uterus: Report of four cases and review of literature. World J. Surg. Oncol. 2017, 15, 17. [Google Scholar] [CrossRef] [PubMed]

	



Murali, R.; Davidson, B.; Fadare, O.; Carlson, J.A.; Crum, C.P.; Gilks, C.B.; Irving, J.A.; Malpica, A.; Matias-Guiu, X.; McCluggage, W.G.; et al. High-grade endometrial carcinomas: Morphologic and immunohistochemical features, diagnostic challenges and recommendations. Int. J. Gynecol. Pathol. 2019, 38 (Suppl. 1), S40–S63. [Google Scholar] [CrossRef]

	



Morrow, C.P.; Bundy, B.N.; Kurman, R.J.; Creasman, W.T.; Heller, P.; Homesley, H.D.; Graham, J.E. Relationship between surgical-pathological risk factors and outcome in clinical stage I and II carcinoma of the endometrium: A gynecologic oncology group study. Gynecol. Oncol. 1991, 40, 55–65. [Google Scholar] [CrossRef]

	



Creutzberg, C.L.; van Putten, W.L.; Koper, P.C.; Lybeert, M.L.; Jobsen, J.J.; Warlam-Rodenhuis, C.C.; De Winter, K.A.; Lutgens, L.C.; van den Bergh, A.C.; van de Steen-Banasik, E.; et al. Surgery and postoperative radiotherapy versus surgery alone for patients with stage-1 endometrial carcinoma: Multicentre randomised trial. Portec study group. Post operative radiation therapy in endometrial carcinoma. Lancet 2000, 355, 1404–1411. [Google Scholar] [CrossRef]

	



Bell, D.W.; Ellenson, L.H. Molecular genetics of endometrial carcinoma. Annu. Rev. Pathol. 2019, 14, 339–367. [Google Scholar] [CrossRef] [PubMed]

	



Pal, N.; Broaddus, R.R.; Urbauer, D.L.; Balakrishnan, N.; Milbourne, A.; Schmeler, K.M.; Meyer, L.A.; Soliman, P.T.; Lu, K.H.; Ramirez, P.T.; et al. Treatment of low-risk endometrial cancer and complex atypical hyperplasia with the levonorgestrel-releasing intrauterine device. Obs. Gynecol. 2018, 131, 109–116. [Google Scholar] [CrossRef] [PubMed]

	



Practice bulletin, no. 149: Endometrial cancer. Obs. Gynecol. 2015, 125, 1006–1026. [Google Scholar]

	



Doll, K.M.; Winn, A.N. Assessing endometrial cancer risk among us women: Long-term trends using hysterectomy-adjusted analysis. Am. J. Obs. Gynecol. 2019, 221, 318 e311–318 e319. [Google Scholar] [CrossRef]

	



Society, A.C. Available online: https://cancerstatisticscenter.Cancer.Org/?_ga=2.52590632.1871139538.1567904511-2075823212.1550770543#!/cancer-site/uterine%20corpus (accessed on 9 July 2019).

	



Cote, M.L.; Ruterbusch, J.J.; Olson, S.H.; Lu, K.; Ali-Fehmi, R. The growing burden of endometrial cancer: A major racial disparity affecting black women. Cancer Epidemiol. Biomark. Prev. 2015, 24, 1407–1415. [Google Scholar] [CrossRef]

	



Doll, K.M.; Khor, S.; Odem-Davis, K.; He, H.; Wolff, E.M.; Flum, D.R.; Ramsey, S.D.; Goff, B.A. Role of bleeding recognition and evaluation in black-white disparities in endometrial cancer. Am. J. Obs. Gynecol. 2018, 219, 593. [Google Scholar] [CrossRef]

	



Rodriguez, A.C.; Blanchard, Z.; Maurer, K.A.; Gertz, J. Estrogen signaling in endometrial cancer: A key oncogenic pathway with several open questions. Horm Cancer 2019, 10, 51–63. [Google Scholar] [CrossRef] [PubMed]

	



Reya, T.; Morrison, S.J.; Clarke, M.F.; Weissman, I.L. Stem cells, cancer, and cancer stem cells. Nature 2001, 414, 105–111. [Google Scholar] [CrossRef] [PubMed]

	



Sankaran, V.G.; Orkin, S.H. Genome-wide association studies of hematologic phenotypes: A window into human hematopoiesis. Curr. Opin. Genet. Dev. 2013, 23, 339–344. [Google Scholar] [CrossRef] [PubMed]

	



Orkin, S.H.; Zon, L.I. Hematopoiesis and stem cells: Plasticity versus developmental heterogeneity. Nat. Immunol. 2002, 3, 323–328. [Google Scholar] [CrossRef]

	



Santamaria, X.; Mas, A.; Cervello, I.; Taylor, H.; Simon, C. Uterine stem cells: From basic research to advanced cell therapies. Hum. Reprod Update 2018, 24, 673–693. [Google Scholar] [CrossRef]

	



Erikson, D.W.; Barragan, F.; Piltonen, T.T.; Chen, J.C.; Balayan, S.; Irwin, J.C.; Giudice, L.C. Stromal fibroblasts from perimenopausal endometrium exhibit a different transcriptome than those from the premenopausal endometrium. Biol. Reprod 2017, 97, 387–399. [Google Scholar] [CrossRef]

	



Taylor, H.S. Endometrial cells derived from donor stem cells in bone marrow transplant recipients. JAMA 2004, 292, 81–85. [Google Scholar] [CrossRef]

	



Tal, R.; Shaikh, S.; Pallavi, P.; Tal, A.; Lopez-Giraldez, F.; Lyu, F.; Fang, Y.Y.; Chinchanikar, S.; Liu, Y.; Kliman, H.J.; et al. Adult bone marrow progenitors become decidual cells and contribute to embryo implantation and pregnancy. PLoS. Biol. 2019, 17, e3000421. [Google Scholar] [CrossRef]

	



Sasson, I.E.; Taylor, H.S. Stem cells and the pathogenesis of endometriosis. Ann. N. Y. Acad. Sci. 2008, 1127, 106–115. [Google Scholar] [CrossRef]

	



Du, H.; Taylor, H.S. Contribution of bone marrow-derived stem cells to endometrium and endometriosis. Stem Cells 2007, 25, 2082–2086. [Google Scholar] [CrossRef]

	



Aghajanova, L.; Houshdaran, S.; Balayan, S.; Manvelyan, E.; Irwin, J.C.; Huddleston, H.G.; Giudice, L.C. In vitro evidence that platelet-rich plasma stimulates cellular processes involved in endometrial regeneration. J. Assist. Reprod. Genet. 2018, 35, 757–770. [Google Scholar] [CrossRef] [PubMed]

	



Roy, L.; Cowden Dahl, K.D. Can stemness and chemoresistance be therapeutically targeted via signaling pathways in ovarian cancer? Cancers 2018, 10, 241. [Google Scholar] [CrossRef] [PubMed]

	



Rowswell-Turner, R.B.; Rutishauser, J.A.; Kim, K.K.; Khazan, N.; Sivagnanalingam, U.; Jones, A.M.; Singh, R.K.; Moore, R.G. Novel small molecule mek inhibitor urml-3881 enhances cisplatin sensitivity in clear cell ovarian cancer. Transl. Oncol. 2019, 12, 917–924. [Google Scholar] [CrossRef] [PubMed]

	



Chang, S.J.; Wang, T.Y.; Tsai, C.Y.; Hu, T.F.; Chang, M.D.; Wang, H.W. Increased epithelial stem cell traits in advanced endometrial endometrioid carcinoma. BMC Genom. 2009, 10, 613. [Google Scholar] [CrossRef]

	



Gotte, M.; Wolf, M.; Staebler, A.; Buchweitz, O.; Kelsch, R.; Schuring, A.N.; Kiesel, L. Increased expression of the adult stem cell marker musashi-1 in endometriosis and endometrial carcinoma. J. Pathol. 2008, 215, 317–329. [Google Scholar] [CrossRef]

	



Nakamura, M.; Kyo, S.; Zhang, B.; Zhang, X.; Mizumoto, Y.; Takakura, M.; Maida, Y.; Mori, N.; Hashimoto, M.; Ohno, S.; et al. Prognostic impact of cd133 expression as a tumor-initiating cell marker in endometrial cancer. Hum. Pathol. 2010, 41, 1516–1529. [Google Scholar] [CrossRef]

	



Rutella, S.; Bonanno, G.; Procoli, A.; Mariotti, A.; Corallo, M.; Prisco, M.G.; Eramo, A.; Napoletano, C.; Gallo, D.; Perillo, A.; et al. Cells with characteristics of cancer stem/progenitor cells express the cd133 antigen in human endometrial tumors. Clin. Cancer Res. 2009, 15, 4299–4311. [Google Scholar] [CrossRef]

	



Rahadiani, N.; Ikeda, J.; Mamat, S.; Matsuzaki, S.; Ueda, Y.; Umehara, R.; Tian, T.; Wang, Y.; Enomoto, T.; Kimura, T.; et al. Expression of aldehyde dehydrogenase 1 (aldh1) in endometrioid adenocarcinoma and its clinical implications. Cancer Sci. 2011, 102, 903–908. [Google Scholar] [CrossRef]

	



Gorai, I.; Yanagibashi, T.; Taki, A.; Udagawa, K.; Miyagi, E.; Nakazawa, T.; Hirahara, F.; Nagashima, Y.; Minaguchi, H. Uterine carcinosarcoma is derived from a single stem cell: An in vitro study. Int. J. Cancer 1997, 72, 821–827. [Google Scholar] [CrossRef]

	



Ishiwata, I.; Ishiwata, C.; Nagayama, T.; Ishikawa, H. Histogenesis and culture of human uterine carcinosarcoma. Cancer Res. 1981, 41, 1978–1983. [Google Scholar]

	



Choijamts, B.; Jimi, S.; Kondo, T.; Naganuma, Y.; Matsumoto, T.; Kuroki, M.; Iwasaki, H.; Emoto, M. Cd133+ cancer stem cell-like cells derived from uterine carcinosarcoma (malignant mixed mullerian tumor). Stem Cells 2011, 29, 1485–1495. [Google Scholar] [CrossRef] [PubMed]

	



Buechel, M.; Dey, A.; Dwivedi, S.K.D.; Crim, A.; Ding, K.; Zhang, R.; Mukherjee, P.; Moore, K.N.; Cao, L.; Branstrom, A.; et al. Inhibition of bmi1, a therapeutic approach in endometrial cancer. Mol. Cancer 2018, 17, 2136–2143. [Google Scholar] [CrossRef] [PubMed]

	



Lim, D.; Ip, P.P.; Cheung, A.N.; Kiyokawa, T.; Oliva, E. Immunohistochemical comparison of ovarian and uterine endometrioid carcinoma, endometrioid carcinoma with clear cell change, and clear cell carcinoma. Am. J. Surg. Pathol. 2015, 39, 1061–1069. [Google Scholar] [CrossRef] [PubMed]

	



Han, G.; Sidhu, D.; Duggan, M.A.; Arseneau, J.; Cesari, M.; Clement, P.B.; Ewanowich, C.A.; Kalloger, S.E.; Kobel, M. Reproducibility of histological cell type in high-grade endometrial carcinoma. Mod. Pathol. 2013, 26, 1594–1604. [Google Scholar] [CrossRef] [PubMed]

	



McConechy, M.K.; Hoang, L.N.; Chui, M.H.; Senz, J.; Yang, W.; Rozenberg, N.; Mackenzie, R.; McAlpine, J.N.; Huntsman, D.G.; Clarke, B.A.; et al. In-depth molecular profiling of the biphasic components of uterine carcinosarcomas. J. Pathol. Clin. Res. 2015, 1, 173–185. [Google Scholar] [CrossRef] [PubMed]

	



Miller, E.M.; Tymon-Rosario, J.; Sunkara, J.; Harmon, B.E.; Karabakhtsian, R.G.; Novetsky, A.P. Comparative use of napsin a and glypican 3 to distinguish endometrial clear cell from serous and endometrioid carcinomas. Int. J. Gynecol. Cancer 2018, 28, 1318–1324. [Google Scholar] [CrossRef]

	



Alkushi, A.; Kobel, M.; Kalloger, S.E.; Gilks, C.B. High-grade endometrial carcinoma: Serous and grade 3 endometrioid carcinomas have different immunophenotypes and outcomes. Int. J. Gynecol. Pathol. 2010, 29, 343–350. [Google Scholar] [CrossRef]

	



Lopez-Garcia, M.A.; Palacios, J. Pathologic and molecular features of uterine carcinosarcomas. Semin. Diagn. Pathol. 2010, 27, 274–286. [Google Scholar] [CrossRef]

	



Kounelis, S.; Kapranos, N.; Kouri, E.; Coppola, D.; Papadaki, H.; Jones, M.W. Immunohistochemical profile of endometrial adenocarcinoma: A study of 61 cases and review of the literature. Mod. Pathol. 2000, 13, 379–388. [Google Scholar] [CrossRef]

	



Reid-Nicholson, M.; Iyengar, P.; Hummer, A.J.; Linkov, I.; Asher, M.; Soslow, R.A. Immunophenotypic diversity of endometrial adenocarcinomas: Implications for differential diagnosis. Mod. Pathol. 2006, 19, 1091–1100. [Google Scholar] [CrossRef]

	



de Jong, R.A.; Nijman, H.W.; Wijbrandi, T.F.; Reyners, A.K.; Boezen, H.M.; Hollema, H. Molecular markers and clinical behavior of uterine carcinosarcomas: Focus on the epithelial tumor component. Mod. Pathol. 2011, 24, 1368–1379. [Google Scholar] [CrossRef] [PubMed]

	



Fadare, O.; Desouki, M.M.; Gwin, K.; Hanley, K.Z.; Jarboe, E.A.; Liang, S.X.; Quick, C.M.; Zheng, W.; Parkash, V.; Hecht, J.L. Frequent expression of napsin a in clear cell carcinoma of the endometrium: Potential diagnostic utility. Am. J. Surg. Pathol. 2014, 38, 189–196. [Google Scholar] [CrossRef] [PubMed]

	



Dupont, J.; Wang, X.; Marshall, D.S.; Leitao, M.; Hedvat, C.V.; Hummer, A.; Thaler, H.; O’Reilly, R.J.; Soslow, R.A. Wilms tumor gene (wt1) and p53 expression in endometrial carcinomas: A study of 130 cases using a tissue microarray. Gynecol. Oncol. 2004, 94, 449–455. [Google Scholar] [CrossRef] [PubMed]

	



Koivisto-Korander, R.; Butzow, R.; Koivisto, A.M.; Leminen, A. Immunohistochemical studies on uterine carcinosarcoma, leiomyosarcoma, and endometrial stromal sarcoma: Expression and prognostic importance of ten different markers. Tumour Biol. 2011, 32, 451–459. [Google Scholar] [CrossRef]

	



Acs, G.; Pasha, T.; Zhang, P.J. Wt1 is differentially expressed in serous, endometrioid, clear cell, and mucinous carcinomas of the peritoneum, fallopian tube, ovary, and endometrium. Int. J. Gynecol. Pathol. 2004, 23, 110–118. [Google Scholar] [CrossRef]

	



Jones, S.; Stransky, N.; McCord, C.L.; Cerami, E.; Lagowski, J.; Kelly, D.; Angiuoli, S.V.; Sausen, M.; Kann, L.; Shukla, M.; et al. Genomic analyses of gynaecologic carcinosarcomas reveal frequent mutations in chromatin remodelling genes. Nat. Commun. 2014, 5, 5006. [Google Scholar] [CrossRef]

	



Le Gallo, M.; Rudd, M.L.; Urick, M.E.; Hansen, N.F.; Zhang, S.; Program, N.C.S.; Lozy, F.; Sgroi, D.C.; Vidal Bel, A.; Matias-Guiu, X.; et al. Somatic mutation profiles of clear cell endometrial tumors revealed by whole exome and targeted gene sequencing. Cancer 2017, 123, 3261–3268. [Google Scholar] [CrossRef]

	



Dedes, K.J.; Wetterskog, D.; Ashworth, A.; Kaye, S.B.; Reis-Filho, J.S. Emerging therapeutic targets in endometrial cancer. Nat. Rev. Clin. Oncol. 2011, 8, 261–271. [Google Scholar] [CrossRef]

	



McConechy, M.K.; Ding, J.; Cheang, M.C.; Wiegand, K.; Senz, J.; Tone, A.; Yang, W.; Prentice, L.; Tse, K.; Zeng, T.; et al. Use of mutation profiles to refine the classification of endometrial carcinomas. J. Pathol. 2012, 228, 20–30. [Google Scholar] [CrossRef]

	



Leskela, S.; Perez-Mies, B.; Rosa-Rosa, J.M.; Cristobal, E.; Biscuola, M.; Palacios-Berraquero, M.L.; Ong, S.; Matias-Guiu Guia, X.; Palacios, J. Molecular basis of tumor heterogeneity in endometrial carcinosarcoma. Cancers 2019, 11, 964. [Google Scholar] [CrossRef]

	



Stelloo, E.; Bosse, T.; Nout, R.A.; MacKay, H.J.; Church, D.N.; Nijman, H.W.; Leary, A.; Edmondson, R.J.; Powell, M.E.; Crosbie, E.J.; et al. Refining prognosis and identifying targetable pathways for high-risk endometrial cancer; a transportec initiative. Mod. Pathol. 2015, 28, 836–844. [Google Scholar] [CrossRef] [PubMed]

	



Hussein, Y.R.; Weigelt, B.; Levine, D.A.; Schoolmeester, J.K.; Dao, L.N.; Balzer, B.L.; Liles, G.; Karlan, B.; Kobel, M.; Lee, C.H.; et al. Clinicopathological analysis of endometrial carcinomas harboring somatic pole exonuclease domain mutations. Mod. Pathol. 2015, 28, 505–514. [Google Scholar] [CrossRef] [PubMed]

	



Koh, W.J.; Abu-Rustum, N.R.; Bean, S.; Bradley, K.; Campos, S.M.; Cho, K.R.; Chon, H.S.; Chu, C.; Cohn, D.; Crispens, M.A.; et al. Uterine neoplasms, version 1.2018, nccn clinical practice guidelines in oncology. J. Natl. Compr. Canc. Netw. 2018, 16, 170–199. [Google Scholar] [CrossRef] [PubMed]

	



Arend, R.C.; Jones, B.A.; Martinez, A.; Goodfellow, P. Endometrial cancer: Molecular markers and management of advanced stage disease. Gynecol. Oncol. 2018, 150, 569–580. [Google Scholar] [CrossRef]

	



Arango, N.P.; Brusco, L.; Mills Shaw, K.R.; Chen, K.; Eterovic, A.K.; Holla, V.; Johnson, A.; Litzenburger, B.; Khotskaya, Y.B.; Sanchez, N.; et al. A feasibility study of returning clinically actionable somatic genomic alterations identified in a research laboratory. Oncotarget 2017, 8, 41806–41814. [Google Scholar] [CrossRef]

	



Huang, M.; Hunter, T.; Slomovitz, B.; Schlumbrecht, M. Impact of molecular testing in clinical practice in gynecologic cancers. Cancer Med. 2019, 8, 2013–2019. [Google Scholar] [CrossRef]

	



Carlson, M.J.; Thiel, K.W.; Leslie, K.K. Past, present, and future of hormonal therapy in recurrent endometrial cancer. Int. J. Womens Health. 2014, 6, 429–435. [Google Scholar]

	



ASTEC Study Group; Kitchener, H.; Swart, A.M.; Qian, Q.; Amos, C.; Parmar, M.K. Efficacy of systematic pelvic lymphadenectomy in endometrial cancer (mrc astec trial): A randomised study. Lancet 2009, 373, 125–136. [Google Scholar]

	



Guo, W.; Cai, J.; Li, M.; Wang, H.; Shen, Y. Survival benefits of pelvic lymphadenectomy versus pelvic and para-aortic lymphadenectomy in patients with endometrial cancer: A meta-analysis. Medicine 2018, 97, e9520. [Google Scholar] [CrossRef]

	



Keys, H.M.; Roberts, J.A.; Brunetto, V.L.; Zaino, R.J.; Spirtos, N.M.; Bloss, J.D.; Pearlman, A.; Maiman, M.A.; Bell, J.G.; Gynecologic Oncology, G. A phase III trial of surgery with or without adjunctive external pelvic radiation therapy in intermediate risk endometrial adenocarcinoma: A gynecologic oncology group study. Gynecol. Oncol. 2004, 92, 744–751. [Google Scholar] [CrossRef]

	



Fleming, G.F.; Brunetto, V.L.; Cella, D.; Look, K.Y.; Reid, G.C.; Munkarah, A.R.; Kline, R.; Burger, R.A.; Goodman, A.; Burks, R.T. Phase III trial of doxorubicin plus cisplatin with or without paclitaxel plus filgrastim in advanced endometrial carcinoma: A gynecologic oncology group study. J. Clin. Oncol. 2004, 22, 2159–2166. [Google Scholar] [CrossRef] [PubMed]

	



Sovak, M.A.; Hensley, M.L.; Dupont, J.; Ishill, N.; Alektiar, K.M.; Abu-Rustum, N.; Barakat, R.; Chi, D.S.; Sabbatini, P.; Spriggs, D.R.; et al. Paclitaxel and carboplatin in the adjuvant treatment of patients with high-risk stage III and IV endometrial cancer: A retrospective study. Gynecol. Oncol. 2006, 103, 451–457. [Google Scholar] [CrossRef]

	



Vale, C.L.; Tierney, J.; Bull, S.J.; Symonds, P.R. Chemotherapy for advanced, recurrent or metastatic endometrial carcinoma. Cochrane Database Syst. Rev. 2012, 8, CD003915. [Google Scholar] [CrossRef]

	



Yamagami, W.; Susumu, N.; Makabe, T.; Sakai, K.; Nomura, H.; Kataoka, F.; Hirasawa, A.; Banno, K.; Aoki, D. Is repeated high-dose medroxyprogesterone acetate (mpa) therapy permissible for patients with early stage endometrial cancer or atypical endometrial hyperplasia who desire preserving fertility? J. Gynecol. Oncol. 2018, 29, e21. [Google Scholar] [CrossRef] [PubMed]

	



Lentz, S.S.; Brady, M.F.; Major, F.J.; Reid, G.C.; Soper, J.T. High-dose megestrol acetate in advanced or recurrent endometrial carcinoma: A gynecologic oncology group study. J. Clin. Oncol. 1996, 14, 357–361. [Google Scholar] [CrossRef] [PubMed]

	



Kim, M.K.; Seong, S.J.; Kang, S.B.; Bae, D.S.; Kim, J.W.; Nam, J.H.; Lim, M.C.; Lee, T.S.; Kim, S.; Paek, J. Six months response rate of combined oral medroxyprogesterone/levonorgestrel-intrauterine system for early-stage endometrial cancer in young women: A korean gynecologic-oncology group study. J. Gynecol. Oncol. 2019, 30, e47. [Google Scholar] [CrossRef] [PubMed]

	



Yang, S.; Xiao, X.; Jia, Y.; Liu, X.; Zhang, Y.; Wang, X.; Winters, C.J.; Devor, E.J.; Meng, X.; Thiel, K.W.; et al. Epigenetic modification restores functional pr expression in endometrial cancer cells. Curr. Pharm. Des. 2014, 20, 1874–1880. [Google Scholar] [CrossRef]

	



Sasaki, M.; Kaneuchi, M.; Fujimoto, S.; Tanaka, Y.; Dahiya, R. Hypermethylation can selectively silence multiple promoters of steroid receptors in cancers. Mol. Cell Endocrinol. 2003, 202, 201–207. [Google Scholar] [CrossRef]

	



van Weelden, W.J.; Massuger, L.; Enitec; Pijnenborg, J.M.A.; Romano, A. Anti-estrogen treatment in endometrial cancer: A systematic review. Front. Oncol. 2019, 9, 359. [Google Scholar] [CrossRef]

	



Abdel Azim, S.; Sprung, S.; Mutz-Dehbalaie, I.; Fessler, S.; Zeimet, A.G.; Marth, C. L1cam and her2 expression in early endometrioid uterine cancer. Int. J. Gynecol. Pathol. 2017, 36, 356–363. [Google Scholar] [CrossRef]

	



DeLair, D.F.; Burke, K.A.; Selenica, P.; Lim, R.S.; Scott, S.N.; Middha, S.; Mohanty, A.S.; Cheng, D.T.; Berger, M.F.; Soslow, R.A.; et al. The genetic landscape of endometrial clear cell carcinomas. J. Pathol. 2017, 243, 230–241. [Google Scholar] [CrossRef] [PubMed]

	



Buza, N.; English, D.P.; Santin, A.D.; Hui, P. Toward standard her2 testing of endometrial serous carcinoma: 4-year experience at a large academic center and recommendations for clinical practice. Mod. Pathol. 2013, 26, 1605–1612. [Google Scholar] [CrossRef] [PubMed]

	



Buza, N.; Roque, D.M.; Santin, A.D. Her2/neu in endometrial cancer: A promising therapeutic target with diagnostic challenges. Arch. Pathol. Lab. Med. 2014, 138, 343–350. [Google Scholar] [CrossRef] [PubMed]

	



Musselman, K.; Glynn, S.; Mosquera, J.M.; Elemento, O.; Sboner, A.; Beltran, H.; Holcomb, K. Identification of a therapeutic target using molecular sequencing for treatment of recurrent uterine serous adenocarcinoma. Gynecol. Oncol. Rep. 2019, 28, 54–57. [Google Scholar] [CrossRef]

	



Koskas, M.; Depreeuw, J.; Moens, S.; Annibali, D.; Cuppens, T.; Moerman, P.; Lambrechts, D.; Amant, F. Genomic characterisation and response to trastuzumab and paclitaxel in advanced or recurrent her2-positive endometrial carcinoma. Anticancer Res. 2016, 36, 5381–5384. [Google Scholar] [CrossRef] [PubMed]

	



Bonazzoli, E.; Cocco, E.; Lopez, S.; Bellone, S.; Zammataro, L.; Bianchi, A.; Manzano, A.; Yadav, G.; Manara, P.; Perrone, E.; et al. Pi3k oncogenic mutations mediate resistance to afatinib in her2/neu overexpressing gynecological cancers. Gynecol. Oncol. 2019, 153, 158–164. [Google Scholar] [CrossRef] [PubMed]

	



Fader, A.N.; Roque, D.M.; Siegel, E.; Buza, N.; Hui, P.; Abdelghany, O.; Chambers, S.K.; Secord, A.A.; Havrilesky, L.; O’Malley, D.M.; et al. Randomized phase II trial of carboplatin-paclitaxel versus carboplatin-paclitaxel-trastuzumab in uterine serous carcinomas that overexpress human epidermal growth factor receptor 2/neu. J. Clin. Oncol. 2018, 36, 2044–2051. [Google Scholar] [CrossRef]

	



Le, D.T.; Durham, J.N.; Smith, K.N.; Wang, H.; Bartlett, B.R.; Aulakh, L.K.; Lu, S.; Kemberling, H.; Wilt, C.; Luber, B.S.; et al. Mismatch repair deficiency predicts response of solid tumors to pd-1 blockade. Science 2017, 357, 409–413. [Google Scholar] [CrossRef]

	



Mo, Z.; Liu, J.; Zhang, Q.; Chen, Z.; Mei, J.; Liu, L.; Yang, S.; Li, H.; Zhou, L.; You, Z. Expression of pd-1, pd-l1 and pd-l2 is associated with differentiation status and histological type of endometrial cancer. Oncol. Lett. 2016, 12, 944–950. [Google Scholar] [CrossRef]

	



Makker, V.; Green, A.K.; Wenham, R.M.; Mutch, D.; Davidson, B.; Miller, D.S. New therapies for advanced, recurrent, and metastatic endometrial cancers. Gynecol. Oncol. Res. Pr. 2017, 4, 19. [Google Scholar] [CrossRef]

	



Matanes, E.; Gotlieb, W.H. Immunotherapy of gynecological cancers. Best Pr. Res. Clin. Obs. Gynaecol 2019. [Google Scholar] [CrossRef] [PubMed]

	



Oza, A.M.; Elit, L.; Tsao, M.S.; Kamel-Reid, S.; Biagi, J.; Provencher, D.M.; Gotlieb, W.H.; Hoskins, P.J.; Ghatage, P.; Tonkin, K.S.; et al. Phase II study of temsirolimus in women with recurrent or metastatic endometrial cancer: A trial of the ncic clinical trials group. J. Clin. Oncol. 2011, 29, 3278–3285. [Google Scholar] [CrossRef] [PubMed]

	



Meyer, L.A.; Slomovitz, B.M.; Djordjevic, B.; Westin, S.N.; Iglesias, D.A.; Munsell, M.F.; Jiang, Y.; Schmandt, R.; Broaddus, R.R.; Coleman, R.L.; et al. The search continues: Looking for predictive biomarkers for response to mammalian target of rapamycin inhibition in endometrial cancer. Int. J. Gynecol. Cancer 2014, 24, 713–717. [Google Scholar] [CrossRef] [PubMed]

	



Philip, C.A.; Laskov, I.; Beauchamp, M.C.; Marques, M.; Amin, O.; Bitharas, J.; Kessous, R.; Kogan, L.; Baloch, T.; Gotlieb, W.H.; et al. Inhibition of pi3k-akt-mtor pathway sensitizes endometrial cancer cell lines to parp inhibitors. BMC Cancer 2017, 17, 638. [Google Scholar] [CrossRef] [PubMed]

	



Dai, C.; Li, N.; Song, G.; Yang, Y.; Ning, X. Insulin-like growth factor 1 regulates growth of endometrial carcinoma through pi3k signaling pathway in insulin-resistant type 2 diabetes. Am. J. Transl. Res. 2016, 8, 3329–3336. [Google Scholar]

	



Cantrell, L.A.; Zhou, C.; Mendivil, A.; Malloy, K.M.; Gehrig, P.A.; Bae-Jump, V.L. Metformin is a potent inhibitor of endometrial cancer cell proliferation--implications for a novel treatment strategy. Gynecol. Oncol. 2010, 116, 92–98. [Google Scholar] [CrossRef]

	



Dronavalli, S.; Ehrmann, D.A. Pharmacologic therapy of polycystic ovary syndrome. Clin. Obs. Gynecol. 2007, 50, 244–254. [Google Scholar] [CrossRef]

	



MacKintosh, M.L.; Crosbie, E.J. Prevention strategies in endometrial carcinoma. Curr. Oncol. Rep. 2018, 20, 101. [Google Scholar] [CrossRef]

	



Korch, C.; Spillman, M.A.; Jackson, T.A.; Jacobsen, B.M.; Murphy, S.K.; Lessey, B.A.; Jordan, V.C.; Bradford, A.P. DNA profiling analysis of endometrial and ovarian cell lines reveals misidentification, redundancy and contamination. Gynecol. Oncol. 2012, 127, 241–248. [Google Scholar] [CrossRef]

	



Takahashi, A.; Kimura, F.; Yamanaka, A.; Takebayashi, A.; Kita, N.; Takahashi, K.; Murakami, T. Metformin impairs growth of endometrial cancer cells via cell cycle arrest and concomitant autophagy and apoptosis. Cancer Cell Int. 2014, 14, 53. [Google Scholar] [CrossRef]

	



Hanna, R.K.; Zhou, C.; Malloy, K.M.; Sun, L.; Zhong, Y.; Gehrig, P.A.; Bae-Jump, V.L. Metformin potentiates the effects of paclitaxel in endometrial cancer cells through inhibition of cell proliferation and modulation of the mtor pathway. Gynecol. Oncol. 2012, 125, 458–469. [Google Scholar] [CrossRef]

	



Zhang, Z.; Dong, L.; Sui, L.; Yang, Y.; Liu, X.; Yu, Y.; Zhu, Y.; Feng, Y. Metformin reverses progestin resistance in endometrial cancer cells by downregulating gloi expression. Int. J. Gynecol. Cancer 2011, 21, 213–221. [Google Scholar] [CrossRef]

	



Chu, D.; Wu, J.; Wang, K.; Zhao, M.; Wang, C.; Li, L.; Guo, R. Effect of metformin use on the risk and prognosis of endometrial cancer: A systematic review and meta-analysis. BMC Cancer 2018, 18, 438. [Google Scholar] [CrossRef]

	



Reinbolt, R.E.; Hays, J.L. The role of parp inhibitors in the treatment of gynecologic malignancies. Front. Oncol. 2013, 3, 237. [Google Scholar] [CrossRef]

	



Bian, X.; Gao, J.; Luo, F.; Rui, C.; Zheng, T.; Wang, D.; Wang, Y.; Roberts, T.M.; Liu, P.; Zhao, J.J.; et al. Pten deficiency sensitizes endometrioid endometrial cancer to compound parp-pi3k inhibition but not parp inhibition as monotherapy. Oncogene 2018, 37, 341–351. [Google Scholar] [CrossRef]

	



Bitler, B.G.; Aird, K.M.; Garipov, A.; Li, H.; Amatangelo, M.; Kossenkov, A.V.; Schultz, D.C.; Liu, Q.; Shih Ie, M.; Conejo-Garcia, J.R.; et al. Synthetic lethality by targeting ezh2 methyltransferase activity in arid1a-mutated cancers. Nat. Med. 2015, 21, 231–238. [Google Scholar] [CrossRef]

	



Fukumoto, T.; Park, P.H.; Wu, S.; Fatkhutdinov, N.; Karakashev, S.; Nacarelli, T.; Kossenkov, A.V.; Speicher, D.W.; Jean, S.; Zhang, L.; et al. Repurposing pan-hdac inhibitors for arid1a-mutated ovarian cancer. Cell Rep. 2018, 22, 3393–3400. [Google Scholar] [CrossRef]

	



Januario, T.; Ye, X.; Bainer, R.; Alicke, B.; Smith, T.; Haley, B.; Modrusan, Z.; Gould, S.; Yauch, R.L. Prc2-mediated repression of smarca2 predicts ezh2 inhibitor activity in swi/snf mutant tumors. Proc. Natl. Acad. Sci. USA 2017, 114, 12249–12254. [Google Scholar] [CrossRef]

	



Wu, S.; Fatkhutdinov, N.; Fukumoto, T.; Bitler, B.G.; Park, P.H.; Kossenkov, A.V.; Trizzino, M.; Tang, H.Y.; Zhang, L.; Gardini, A.; et al. Swi/snf catalytic subunits’ switch drives resistance to ezh2 inhibitors in arid1a-mutated cells. Nat. Commun. 2018, 9, 4116. [Google Scholar] [CrossRef]

	



Cai, S.; Zhang, Y.X.; Han, K.; Ding, Y.Q. Expressions and clinical significance of cox-2, vegf-c, and efgr in endometrial carcinoma. Arch. Gynecol. Obs. 2017, 296, 93–98. [Google Scholar] [CrossRef]

	



Di Tucci, C.; Capone, C.; Galati, G.; Iacobelli, V.; Schiavi, M.C.; Di Donato, V.; Muzii, L.; Panici, P.B. Immunotherapy in endometrial cancer: New scenarios on the horizon. J. Gynecol. Oncol. 2019, 30, e46. [Google Scholar] [CrossRef]

	



Oza, A.M.; Eisenhauer, E.A.; Elit, L.; Cutz, J.C.; Sakurada, A.; Tsao, M.S.; Hoskins, P.J.; Biagi, J.; Ghatage, P.; Mazurka, J.; et al. Phase II study of erlotinib in recurrent or metastatic endometrial cancer: Ncic ind-148. J. Clin. Oncol. 2008, 26, 4319–4325. [Google Scholar] [CrossRef]

	



Nishimura, T.; Nakamura, K.; Yamashita, S.; Ikeda, S.; Kigure, K.; Minegishi, T. Effect of the molecular targeted drug, erlotinib, against endometrial cancer expressing high levels of epidermal growth factor receptor. BMC Cancer 2015, 15, 957. [Google Scholar] [CrossRef]

	



Cuppens, T.; Depreeuw, J.; Annibali, D.; Thomas, D.; Hermans, E.; Gomme, E.; Trinh, X.B.; Debruyne, D.; Moerman, P.; Lambrechts, D.; et al. Establishment and characterization of uterine sarcoma and carcinosarcoma patient-derived xenograft models. Gynecol. Oncol. 2017, 146, 538–545. [Google Scholar] [CrossRef]

	



Zhu, M.; Jia, N.; Nie, Y.; Chen, J.; Jiang, Y.; Lv, T.; Li, Y.; Yao, L.; Feng, W. Establishment of patient-derived tumor xenograft models of high-risk endometrial cancer. Int. J. Gynecol. Cancer 2018, 28, 1812–1820. [Google Scholar] [CrossRef]

	



Wang, H.; La Russa, M.; Qi, L.S. Crispr/cas9 in genome editing and beyond. Annu. Rev. Biochem. 2016, 85, 227–264. [Google Scholar] [CrossRef]

	



Tahara, S.; Nojima, S.; Ohshima, K.; Hori, Y.; Kurashige, M.; Wada, N.; Motoyama, Y.; Okuzaki, D.; Ikeda, J.I.; Morii, E. Serum deprivation-response protein regulates aldehyde dehydrogenase 1 through integrin-linked kinase signaling in endometrioid carcinoma cells. Cancer Sci. 2019, 110, 1804–1813. [Google Scholar] [CrossRef]

	



Urick, M.E.; Bell, D.W. In vitro effects of fbxw7 mutation in serous endometrial cancer: Increased levels of potentially druggable proteins and sensitivity to si-2 and dinaciclib. Mol. Carcinog 2018, 57, 1445–1457. [Google Scholar] [CrossRef]

	



Martignetti, J.A.; Pandya, D.; Nagarsheth, N.; Chen, Y.; Camacho, O.; Tomita, S.; Brodman, M.; Ascher-Walsh, C.; Kolev, V.; Cohen, S.; et al. Detection of endometrial precancer by a targeted gynecologic cancer liquid biopsy. Cold Spring Harb. Mol. Case Stud. 2018, 4, a003269. [Google Scholar] [CrossRef]

	



Mathai, R.A.; Vidya, R.V.S.; Reddy, B.S.; Thomas, L.; Udupa, K.; Kolesar, J.; Rao, M. Potential utility of liquid biopsy as a diagnostic and prognostic tool for the assessment of solid tumors: Implications in the precision oncology. J. Clin. Med. 2019, 8, 373. [Google Scholar] [CrossRef]

	



Muinelo-Romay, L.; Casas-Arozamena, C.; Abal, M. Liquid biopsy in endometrial cancer: New opportunities for personalized oncology. Int. J. Mol. Sci. 2018, 19, 2311. [Google Scholar] [CrossRef]

	



Vandekerkhove, G.; Struss, W.J.; Annala, M.; Kallio, H.M.L.; Khalaf, D.; Warner, E.W.; Herberts, C.; Ritch, E.; Beja, K.; Loktionova, Y.; et al. Circulating tumor DNA abundance and potential utility in de novo metastatic prostate cancer. Eur. Urol. 2019, 75, 667–675. [Google Scholar] [CrossRef]

	



Aggarwal, C.; Thompson, J.C.; Black, T.A.; Katz, S.I.; Fan, R.; Yee, S.S.; Chien, A.L.; Evans, T.L.; Bauml, J.M.; Alley, E.W.; et al. Clinical implications of plasma-based genotyping with the delivery of personalized therapy in metastatic non-small cell lung cancer. JAMA Oncol. 2019, 5, 173–180. [Google Scholar] [CrossRef]

	



Tzanikou, E.; Markou, A.; Politaki, E.; Koutsopoulos, A.; Psyrri, A.; Mavroudis, D.; Georgoulias, V.; Lianidou, E. PIK3CA hotspot mutations in circulating tumor cells and paired circulating tumor DNA in breast cancer: A direct comparison study. Mol. Oncol. 2019. [Google Scholar] [CrossRef]

	



Pereira, E.R.; Speck, N.M.; Rodrigues, D.A.; De Freitas, V.G.; Ribalta, J.C. Prevention, diagnosis and treatment of cervical cancer precursor lesions at the xingu indigenous park, brazil. Eur. J. Gynaecol. Oncol. 2015, 36, 376–382. [Google Scholar]

	



Singh, H.; Heng, S.; Nicholls, P.K.; Li, Y.; Tai, L.T.; Jobling, T.; Salamonsen, L.A.; Nie, G. Proprotein convertases in post-menopausal endometrial cancer: Distinctive regulation and non-invasive diagnosis. Biochem. Biophys. Res. Commun. 2012, 419, 809–814. [Google Scholar] [CrossRef]

	



Heng, S.; Stephens, A.N.; Jobling, T.W.; Nie, G. Measuring pc activity in endocervical swab may provide a simple and non-invasive method to detect endometrial cancer in post-menopausal women. Oncotarget 2016, 7, 46573–46578. [Google Scholar] [CrossRef]

	



Heng, S.; Stephens, A.N.; Jobling, T.W.; Nie, G. Total pc activity is increased in uterine lavage of post-menopausal endometrial but not ovarian cancer patients. J. Cancer 2016, 7, 1812–1814. [Google Scholar] [CrossRef]

	



Wang, Y.; Li, L.; Douville, C.; Cohen, J.D.; Yen, T.T.; Kinde, I.; Sundfelt, K.; Kjaer, S.K.; Hruban, R.H.; Shih, I.M.; et al. Evaluation of liquid from the papanicolaou test and other liquid biopsies for the detection of endometrial and ovarian cancers. Sci. Transl. Med. 2018, 10, eaap8793. [Google Scholar] [CrossRef]

	



Suda, K.; Nakaoka, H.; Yoshihara, K.; Ishiguro, T.; Adachi, S.; Kase, H.; Motoyama, T.; Inoue, I.; Enomoto, T. Different mutation profiles between epithelium and stroma in endometriosis and normal endometrium. Hum. Reprod. 2019. [Google Scholar] [CrossRef]

	



Force, U.S.P.S.T.; Grossman, D.C.; Curry, S.J.; Owens, D.K.; Barry, M.J.; Davidson, K.W.; Doubeni, C.A.; Epling, J.W., Jr.; Kemper, A.R.; Krist, A.H.; et al. Screening for ovarian cancer: Us preventive services task force recommendation statement. JAMA 2018, 319, 588–594. [Google Scholar]








[image: Table] 





Table 1. General clinical characteristics.
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Characteristic

	
Low-Risk Histology (85%)

	
High-Risk Histology (15%)






	
Characteristic histology

	
Low-grade endometrioid

	
• Uterine carcinosarcoma

• High-grade endometrioid

• High-grade clear cell

• High-grade serous




	
5-year survival

	
83%

	
44%




	
Primary therapy

	
• Removal of uterus and ovaries

	
• Removal of uterus and ovaries




	
• Obesity may limit surgical options

	
• Aggressive tumor debulking




	
• Fertility preservation with progesterone IUD




	
Adjuvant therapy

	
Usually none

	
Chemotherapy+/-radiotherapy




	
Timing of presentation

	
• Young women (Lynch)

	
• Postmenopausal




	
• Peri-menopausal




	
• Postmenopausal




	
Precursor lesion

	
• Proliferative endometrium

	
• Atrophic endometrium




	
• Endometrial hyperplasia
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Table 2. Markers.






Table 2. Markers.














	Marker
	Low-Grade Endometrioid
	High-Grade Endometrioid
	Clear Cell
	Serous
	Uterine Carcinosarcoma
	References





	ARID1A-
	8%
	33–46%
	13–22%
	0–9%
	7%
	[12,44,45,46]



	Estrogen receptor+
	84–96%
	31–82%
	9–21%
	31–54%
	8–36%
	[12,44,47,48,49,50,51,52]



	HNF1β+
	39%
	5%
	67–83%
	22%
	
	[44,45]



	Napsin A+
	0%
	0%
	70–88%
	8%
	0%
	[44,47,53]



	p16+
	1–7%
	11–25%
	45–80%
	80–100%
	60–78%
	[12,47,48,49,51]



	p53+
	3–18%
	18–69%
	22–25%
	44–94%
	26–80%
	[12,46,48,50,52,54,55]



	Progesterone receptor+
	83–100%
	42–68%
	11–45%
	6–54%
	0–42%
	[12,44,47,48,49,51,52,55]



	PTEN-
	53%
	28–75%
	33%
	6–100%
	39%
	[12,48,52]



	Vimentin+
	88–90%
	77–92%
	38–91%
	27–83%
	100%
	[12,45,51]



	WT1+
	0–3%
	0–27%
	0–50%
	33–63%
	70%
	[12,54,56]
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Table 3. Common genetic changes.






Table 3. Common genetic changes.





	Genetic Change
	Low-Grade Endometrioid
	High-Grade Endometrioid
	Clear Cell
	Serous
	Uterine Carcinosarcoma
	Reference





	ARID1A mutation
	46.7%
	60%
	14–22%
	8–10.8%
	12–23.8%
	[15,58,60,61]



	CTNNB1 mutation
	23.8%
	20%
	0%
	1–2.7%
	2–4.8%
	[60,61,62]



	KRAS mutation
	15–24%
	26.7%
	0–13%
	3–8.1%
	9–29%
	[15,60,61]



	PIK3CA mutation
	38–56%
	56.7%
	14–37%
	17–43%
	15–41%
	[8,15,58,60]



	PTEN mutation
	67–80%
	90%
	0–25%
	2.7–10%
	18–47%
	[15,60,61]



	TP53 mutation
	10%
	30%
	31–50%
	> 85%
	64–91%
	[8,15,60]



	Microsatellite instability
	30%
	56%
	0–19%
	0%
	3.5–21%
	[15,58,62,63]
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