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Evolving Molecular Classifications and Personalized Therapeutics in Endometrial Cancer: A Narrative Review
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ABSTRACT

	Endometrial cancer (EC) is the most common gynecological malignancy worldwide and an increasing public health concern. Although most cases are diagnosed at an early stage with favorable outcomes, advanced and high-risk disease remains associated with poor survival, highlighting the need for improved risk stratification. The traditional dualistic Type I/Type II classification inadequately reflects the molecular heterogeneity of EC. The Cancer Genome Atlas (TCGA) introduced a molecular classification defining four prognostically distinct subtypes: POLE ultramutated, microsatellite instability-high (MSI-H), copy-number low, and copy-number high. This framework has been translated into clinically applicable classifiers, including ProMisE and TransPORTEC, which stratify tumors into four clinically relevant molecular subgroups: POLE-mutated (POLEmut), mismatch repair-deficient (MMRd), no specific molecular profile (NSMP), and TP53-abnormal (p53abnormal). This classification has also been incorporated into the 2023 FIGO staging system. POLEmut tumors demonstrate favorable prognosis supporting treatment de-escalation; MSI-H/MMRd tumors show intermediate prognosis and derive benefit from immune checkpoint inhibitors; NSMP tumors are heterogeneous with variable outcomes requiring further molecular refinement; whereas p53abnormal tumors exhibit aggressive behavior and poor prognosis, often necessitating intensified multimodal and targeted therapies. This review highlights the clinical relevance of molecular classification, multiple-classifier tumors, and emerging diagnostic approaches including next-generation sequencing, underscoring a shift toward precision oncology in EC management.
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1. INTRODUCTION
Endometrial cancer (EC) is emerging as a significant public health concern and is currently the most prevalent gynecological malignancy worldwide. According to GLOBOCAN 2020, over 417,000 new cases and approximately 97,000 deaths from endometrial cancer were reported worldwide, making it the sixth most commonly diagnosed cancer among women (Concin et al., 2025). Epidemiological trends further suggest that the global burden of EC is expected to increase by 50% worldwide by 2040 (Agarwal et al., 2023). The rising incidence is linked to several factors such as longer life expectancy, increasing rates of obesity, sedentary lifestyles, declining fertility, and factors related to hormonal changes.
Early detection plays a crucial role in the effective management of endometrial cancer. Recognition of symptoms, particularly abnormal postmenopausal bleeding, often prompts further clinical evaluation and facilitates timely diagnosis. Transvaginal ultrasound is commonly used as the first-line imaging modality to assess endometrial thickness, especially in postmenopausal women. When abnormal endometrial thickening or suspicious findings are observed, hysteroscopy is considered the gold standard for direct visualization of the uterine cavity and allows targeted biopsy for definitive histopathological diagnosis. Comparative studies have shown that hysteroscopy provides higher diagnostic accuracy for intracavitary uterine pathologies compared with ultrasound alone (Palermo et al., 2023).
Accurate diagnosis through these modalities enables appropriate treatment planning and improves clinical outcomes in patients with endometrial cancer.The encouraging fact remains that nearly 90% of EC cases are diagnosed at an early stage (Pados et al., 2024) where treatment outcomes are favourable, yielding a five-year survival rate of approximately 95% in stage I but significantly drops to 68% and 17% with regional and distant metastasis, respectively (Goel et al., 2023) underscoring the critical need for early detection, awareness programs, and effective treatment strategies to improve outcomes and reduce mortality. 
Regional Perspective: India
India has made notable progress in women’s health through national cancer awareness and prevention initiatives, including the introduction of the indigenous HPV vaccine, Cervavac, for cervical cancer prevention (Sharma et al., 2024). However, as the epidemiological profile of gynecological cancers evolves, increasing attention should be directed toward emerging malignancies such as endometrial cancer. Often described as a “silent threat,” its rising incidence highlights the need for improved awarenessto facilitate early diagnosis and better clinical outcomes. Although the incidence of EC in India remains lower than that reported in many high-income countries, recent evidence suggests a gradual upward trend. According to GLOBOCAN 2020, India reported 16,413 new cases of endometrial cancer and 6,385 related deaths, with a cumulative lifetime risk of diagnosis of approximately 0.75% (Agarwal et al., 2023). The age-standardized incidence rate (ASIR) was estimated at 2.1 per 100,000 women (Gupta et al., 2023). Currently, endometrial cancer ranks as the third most common gynecological malignancy among Indian women after breast and cervical cancers (Crosbie et al., 2022).In this context, accurate characterization of endometrial cancer has become essential for guiding prognosis and treatment decisions.
2. Traditional Classification: The Dualistic Model
Historically, EC has been classified into two distinct categories—Type I and Type II carcinomas—based on clinical, histopathological, and molecular features. This traditional dualistic model has been instrumental in guiding clinical practice for decades.

Type I ECs represent approximately 70%–80% of cases and are generally low-grade, estrogen-dependent endometrioid adenocarcinomas. They predominantly occur in obese, perimenopausal, or postmenopausal women and are frequently associated with risk factors such as unopposed estrogen exposure, nulliparity, diabetes, and polycystic ovarian syndrome (Urick et al., 2019). The pathogenesis of Type I tumors typically follows a stepwise progression, beginning with simple endometrial hyperplasia without atypia, advancing to atypical hyperplasia—also recognized as endometrial intraepithelial neoplasia (EIN)—and ultimately evolving into invasive endometrioid carcinoma (Felix et al., 2010). Morphologically, these tumors are well to moderately differentiated and are graded according to the FIGO system, which classifies them into three grades based on the proportion of solid, non-glandular growth: Grade 1 (<5%), Grade 2 (6–50%), and Grade 3 (>50%) (Soslow et al., 2019). Immunohistochemically, Type I tumors are characteristically estrogen receptor (ER) and progesterone receptor (PR) positive, with wild-type p53 expression (p53−) and relatively low Ki-67 proliferation indices, correlating with their favorable prognosis (Swami et al., 2020). Diagnosing endometrial cancer can sometimes be tricky for pathologists. Challenges like fragmented tissue samples, differences in gland structure and cell appearance, and possible confusion caused by hormonal changes or polyps can make interpretation more difficult. On the molecular side, Type I tumors—which tend to grow more slowly—often show changes in genes like PTEN, KRAS, CTNNB1, and PIK3CA, and are commonly linked to microsatellite instability (MSI). These features help explain their generally less aggressive behavior (Urick et al., 2019).

Type II ECs, in contrast, account for 20%–30% of cases and are composed of high-grade, non-endometrioid, and estrogen-independent tumors (Talhouk et al., 2016). These include serous carcinoma, clear cell carcinoma, carcinosarcoma, undifferentiated carcinoma, and dedifferentiated carcinoma. They usually affect older women and often develop in an atrophic endometrium, without being preceded by a clearly defined hyperplastic phase. Serous endometrial intraepithelial carcinoma is recognized as a putative precursor lesion for serous carcinoma. Type II tumors display aggressive biological behavior, tend to present at advanced stages, and are associated with a higher likelihood of extrauterine spread and poor prognosis (Mahdy et al., 2025). Immunohistochemically, they are typically ER/PR negative, exhibit abnormal p53 accumulation (p53+), and have high Ki-67 proliferation indices (Olatunde et al., 2024). Type II tumors are frequently characterized by early TP53 mutations, which are strongly associated with genomic instability and aggressive progression (Urick et al., 2019).

3. Shortcomings of the Dualistic Model
Although the dualistic model of EC classification has been widely adopted, it has several limitations. One of the major limitation is the failure to capture the molecular complexity and heterogeneity observed within EC subtypes. For instance, Type I high-grade endometrioid carcinomas, often share morphologic and molecular characteristics with type II serous carcinoma, including TP53 mutations, leading to diagnostic ambiguity (Kumar et al., 2025).This overlap can complicate risk stratification, prognosis estimation, and clinical decision-making. Additionally, the traditional model overlooks distinct biological subsets that may have unique therapeutic vulnerabilities or prognostic profiles. With the advent of precision oncology, it became clear that a more nuanced classification system—one that incorporates genomic, transcriptomic, and epigenetic data—was necessary for a better guidance of disease management strategies and individualized patient care.

4. TCGA Molecular Classification: A Paradigm Shift
The Cancer Genome Atlas (TCGA) project marked a major breakthrough in the understanding of EC biology. By performing comprehensive genomic, transcriptomic, and epigenomic profiling on 373 EC tumors, TCGA investigators identified four molecularly distinct EC subgroups with prognostic and therapeutic significance(Kandoth et al., 2013): POLE ultramutated, microsatellite instability hypermutated, copy number low, and copy number high (Jamieson et al., 2021). This molecular classification system provides superior prognostic accuracy compared with the traditional dualistic model and is increasingly being incorporated into clinical guidelines and risk stratification algorithms worldwide. Its integration into routine practice holds promise for enabling tailored treatment approaches, ranging from therapy de-escalation in low-risk groups to intensified multimodal treatment for high-risk patients. 

Since the original methodology proposed by TCGA involves costly and complex genomic and proteomic analysis, different groups have studied simpler diagnostic algorithms (Kim et al., 2024). Two research teams independently worked and developed ‘Proactive Molecular Risk Classifier for Endometrial Cancer (ProMisE)’ and the ‘TransPORTEC classifier’. Both ProMisE/TransPORTEC classifiers validated a pragmatic EC classification system that recapitulated the survival curves of TCGA and identified molecular subtypes through clinically applicable, comparably low-cost and easy-to-interpret assays. Moreover, the International Federation of Gynecology and Obstetrics (FIGO) 2023 endometrial cancer staging system has integrated this molecular classification(Zheng et al., 2023) using the accumulated data on the prognostic significance of integrated molecular classification with clinicopathological factors. Based on TCGA, FIGO staging system as well as ProMisE/TransPORTEC classifiers have assigned ECs into prognostically relevant groups: POLE mutated (POLEmut), mismatch repair deficient (MMRd), p53abnormal (p53 abnormal), and no specific molecular profile (NSMP) (Kommoss et al., 2018; Jamieson et al., 2021).

The updated FIGO staging framework primarily refines prognostic assessment and staging accuracy by acknowledging the biological heterogeneity of endometrial cancer. Although integration of molecular classification into 2023 FIGO staging system has enhanced prognostic stratification, treatment decisions are guided by risk stratification models proposed by ESGO/ESTRO/ESP guidelines, which combine molecular subtypes with clinicopathological features such as stage, grade, lymphovascular space invasion, and histologic subtype to support personalized management for patients with endometrial cancer (Concin et al., 2025).


Based on TCGA and other clinically applicable classifiers, four molecular subtypes of endomentrial cancer are:

1. POLE Ultramutated/ POLEmut: These tumors carry exonuclease domain mutations (EDMs) in the DNA polymerase epsilon (POLE) gene, resulting in exceptionally high mutational burdens (>100 mutations per megabase). Despite their high-grade histologic appearance, POLEmut ECs are associated with an excellent prognosis and low recurrence rates, making them candidates for treatment de-escalation in some cases.
2. Microsatellite Instability-High (MSI-H)/Mismatch repair–deficient (MMRd): These tumors are characterized by defects in the DNA mismatch repair (MMR) system, and exhibit a hypermutated phenotype. They often respond well to immune checkpoint inhibitors due to their high neoantigen load.
3. Copy-Number Low/ No Specific Molecular Profile (NSMP): These tumors are microsatellite stable, lack POLE and TP53 mutations, and display low mutational and copy-number alterations. They generally correspond to low-grade endometrioid carcinomas with intermediate prognosis.
4. [bookmark: _GoBack]Copy-Number High/ p53-Abnormal (p53abnormal): This subgroup demonstrates extensive chromosomal instability and is characterized by ubiquitous TP53 mutations. It largely overlaps with serous carcinomas and carries the worst prognosis among the four groups. (Figure 1).
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Figure 1: Molecular Subtypes of Endometrial Cancer
(Adapted from: https://www.mdpi.com/1422-0067/25/11/5893)


5. Molecular Characteristics of Various Endometrial Cancer Subtypes
5.1. POLE Ultramutated/ POLEmut
POLE-mutant EC represents the smallest but clinically most favorable group, comprising approximately 7–12% of EC cases (Campbell et al., 2017). These tumors arise from mutations in the exonuclease domain of the POLE gene (exons 9–14), with recurrent hotspot mutations such as P286R and V411L resulting in defective proofreading during DNA replication (Rayner et al., 2016; Tian et al., 2022). This defect leads to an ultramutated phenotype, with an extraordinarily high tumor mutational burden (TMB > 100 mutations/Mb), which in turn generates numerous neoantigens. These neoantigens create an immunogenic tumor microenvironment, explaining the strong tumor-infiltrating lymphocyte (TIL) response often seen histologically. Clinically, POLE-mutant ECs are usually high-grade endometrioid carcinomas, often presenting at an early stage despite their aggressive histologic appearance. The paradox between their high-grade morphology and favorable prognosis has been one of the most intriguing aspects of this group. Treatment strategies increasingly focus on de-escalation: retrospective studies such as PORTEC-1 and -2 show nearly 100% disease-specific survival at 10 years without aggressive adjuvant therapy (Van Gool, 2018). As a result, ESGO/ESTRO/ESP guidelines now recommend omission of adjuvant radiotherapy and chemotherapy for stage I–II disease with isolated POLE mutation, sparing patients from unnecessary toxicity. The prognosis of POLE-mutated EC is excellent across stages, with minimal risk of recurrence even in high-grade tumors, lymphovascular space invasion (LVSI), or deep myometrial invasion. Evidence from the PORTEC-3 molecular analysis and an individual patient data meta-analysis shows that patients with POLE-mutated endometrial cancer have a favorable prognosis and derive little or no benefit from adjuvant therapy, indicating that adjuvant treatment can be safely omitted to avoid overtreatment in this subgroup (León-Castillo et al., 2020; McAlpine et al.,2021). The key challenge remains correct identification of pathogenic POLE mutations and differentiation from variants of uncertain significance (VUS), which requires careful molecular and bioinformatic interpretation.

5.2. MSI-H/ MMR-Deficient
MMR-deficient tumors account for about 20–30% of ECs and are most often associated with endometrioid histology, intermediate grade, and peritumoral lymphocytic infiltrates (Bonneville et al., 2017; Hause et al., 2016). MMR deficiency arises from either germline mutations in mismatch repair genes (MLH1, MSH2, MSH6, PMS2), as seen in Lynch syndrome, or somatic hypermethylation of the MLH1 promoter. Loss of MMR function results in microsatellite instability (MSI), characterized by frameshift mutations throughout the genome. Diagnosis relies on immunohistochemistry (IHC) for MMR proteins or PCR-based MSI testing (Bethesda panel: BAT25, BAT26, D5S346, D17S250, D2S123). However, alternative microsatellite marker panels and next‑generation sequencing‑based approaches are increasingly implemented in clinical practice for MSI testing across diverse tumor types, including endometrial cancer, at multiple institutions.Endometrial cancer patients harboring MMR gene variants are typically diagnosed at a younger age than those in the general population. One meta-analysis estimated that approximately 3% of EC patients have Lynch syndrome, a prevalence similar to colorectal cancer, with about 10% of MMRd/MSI endometrial cancers attributable to germline mutations in MLH1, PMS2, MSH2, and MSH6 infiltrates (Conte et al., 2023). From a therapeutic standpoint, MMRd/MSI-H tumors have high mutational loads that generate numerous neoantigens, making them highly immunogenic and responsive to immune checkpoint inhibitors (ICIs). Both pembrolizumab and dostarlimab, which block the PD-1 receptor pathway, have shown remarkable and durable responses in recurrent or metastatic MSI-H/MMRd ECs, leading to tissue-agnostic FDA approvals for these agents. In the KEYNOTE-158 trial, pembrolizumab showed promising activity in patients with MSI-H endometrial cancer, producing an objective response rate (ORR) of 57%, with 16% of patients achieving a complete response, and the median duration of response had not yet been reached (Marabelle et al., 2020). Similarly, the GARNET trial demonstrated that dostarlimab was effective in previously treated dMMR endometrial cancer patients, achieving an ORR of 43.5% and providing durable disease control (Oaknin et al., 2022). Prognostically, MSI-H/MMRd ECs have an intermediate outcome—better than p53-abnormal tumors but not as favorable as POLE-mutant tumors and survival outcomes are further improved when immune checkpoint blockade is used in advanced or recurrent disease (Talhouk et al., 2017).  


5.3. Copy-Number Low/ No Specific Molecular Profile (NSMP) Tumors
NSMP tumors represent the largest molecular subgroup of endometrial cancers, accounting for approximately 40–50% of cases (Talhouk et al., 2017). Histologically, they are typically low-grade endometrioid carcinomas and are characterized by ER/PR positivity, microsatellite stability, wild-type TP53, and absence of POLE mutations and hence falling in NSMP category. Despite their generally favorable prognosis, NSMP tumors are a heterogeneous group with variable clinical outcomes. These tumors are subdivided into low-risk and high-risk NSMP tumors.

Low-risk NSMP tumors typically present as low-grade endometrioid carcinomas with favorable histological features, including estrogen receptor (ER) positivity and minimal or absent LVSI. These tumors often harbor mutations in PTEN, PIK3CA, ARID1A, and CTNNB1. Notably, CTNNB1 mutations, particularly in exon 3, have been associated with a higher risk of recurrence even in early-stage, low-grade tumors. Studies have shown that patients with CTNNB1 mutations have reduced disease-free survival compared to those with wild-type CTNNB1, independent of other prognostic factors such as age and stage (Jamieson et al., 2021; Kurnit et al., 2017). On the other hand, high-risk NSMP tumors are characterized by CTNNB1 exon 3 mutations, significant LVSI, L1CAM overexpression, and occasionally p16 overexpression (Ravaggi et al., 2022). These tumors have a higher recurrence risk, approaching that of intermediate-risk groups, and may require adjuvant therapy even in early-stage disease (Marchetti et al., 2024; Vermij et al., 2023). The presence of CTNNB1 mutations in these tumors highlights the importance of molecular profiling in guiding treatment decisions. 

From a therapeutic standpoint, NSMP tumors pose a challenge due to the lack of actionable molecular targets. Their low mutational burden makes them less responsive to immunotherapy compared to POLE-mutated or MSI-H tumors. Current investigational approaches include the use of PI3K/AKT/mTOR inhibitors, given the frequent PI3K pathway alterations, and hormonal therapies that exploit ER/PR positivity. Current investigational strategies focus on targeting the frequently altered PI3K pathway with PI3K/AKT/mTOR inhibitors, and on taking advantage of estrogen and progesterone receptor positivity through the use of hormonal therapies (Karpel et al., 2023). Li et al. (2019) also explored novel prognostic models based on disulfidptosis-related lncRNA signatures, which may help identify therapeutic vulnerabilities in NSMP tumors. Prognostically, NSMP tumors generally better than p53-abnormal tumors but worse than POLE-mutated tumors. Moreover, the incorporation of molecular biomarkers such as CTNNB1 status, L1CAM expression, and hormone receptor levels are increasingly being recognized as essential for personalized treatment planning. The heterogeneity within NSMP underscores the need for continued research into its molecular drivers and the development of targeted therapies to improve outcomes.


5.4. Copy-Number High / TP53-Abnormal (p53abnormal) 
TP53-abnormal (p53abnormal) EC makes up about 20–25% of all ECs and largely corresponds to the copy-number high group in TCGA, including nearly all serous carcinomas and many high-grade endometrioid tumors (Tabata et al., 2023). These tumors are highly unstable genetically, with extensive chromosomal alterations and nearly universal TP53 mutations, which can be seen on immunohistochemistry as strong, diffuse nuclear staining, abnormal cytoplasmic staining, or no staining (“null pattern”). Clinically, p53abnormal EC is the most aggressive subtype, often presenting at advanced stage with deep myometrial invasion, ESGO, and extrauterine spread, and five-year recurrence-free survival is poor, around 40–50% compared to > 95% in POLE-mutant tumors (Stelloo et al., 2015). TP53-abnormal tumors frequently recur early and metastasize to the peritoneum and lymph nodes. Molecularly, they often have amplifications of oncogenes like ERBB2 (HER2), CCNE1, and MYC, and loss of tumor suppressors such as RB1 and PTEN, which provides opportunities for targeted therapy. For example, trastuzumab added to carboplatin/paclitaxel improves outcomes in HER2-positive serous EC (Fader et al., 2018). In addition, many p53abnormal ECs show homologous recombination deficiency (HRD), which makes them sensitive to PARP inhibitors such as olaparib. PARP inhibitors block alternative DNA repair pathways, causing synthetic lethality in HRD tumors and selectively killing cancer cells (De Jonge et al., 2019). Clinical studies, including the DUO-E trial, have shown that combining PARP inhibitors with immunotherapy or chemotherapy can improve progression-free survival in HRD-positive EC, suggesting these agents could be particularly useful in p53abnormal tumors (Tuninetti et al., 2024; Westin et al., 2023). Overall, while p53abnormal ECs are aggressive with poor prognosis, their molecular vulnerabilities, such as HRD, provide a rationale for targeted treatments including PARP inhibitors, either alone or in combination with immunotherapy, offering hope for improved outcomes. As these tumors have a high risk of recurrence, systemic therapy is often recommended even in early-stage disease if adverse histologic features are present. Recently, there has been growing interest in adding novel targeted agents such as WEE1 inhibitors (e.g., adavosertib). These drugs work by blocking the WEE1 kinase, which normally controls the G2/M cell cycle checkpoint. In TP53-mutated tumors, which often have defective DNA repair mechanisms, inhibiting WEE1 forces the cells into mitosis before they can repair DNA damage, leading to cell death. Clinical studies in pretreated patients with recurrent p53abnormal EC or uterine serous carcinoma have shown objective responses to WEE1 inhibitors and meaningful progression-free survival, highlighting the potential of WEE1 inhibitors in this aggressive subgroup (Liu et al., 2021). Still promising, further research is needed to optimize the dose and identify the patients that will benefit most. 


6. Multiple classifier tumors in EC
The molecular sub classification of EC has profoundly changed with the introduction of the four-tiered system proposed by TCGA. This classification is not only of academic importance but also directly influences prognosis, therapeutic decisions, and risk stratification. However, about 3% to 11% of EC tumors show more than one key molecular change — for example, when POLE mutations or MMR deficiency occur together with TP53 mutations. These are called “multiple-classifier” tumors. These include combinations like POLEmut–p53abnormal, MMRd–p53abnormal, POLEmut–MMRd, and even rare triple-positive (POLEmut–MMRd–p53abnormal) tumors. These overlapping profiles present a unique clinical challenge because they blur the expected prognostic and therapeutic implications traditionally associated with each single classifier. Thus, understanding the dominant biology among overlapping mutations is critical to guide patient management (León-Castillo et al., 2020).

One of the most well-studied overlapping subtypes is POLEmut–p53 abnormal, which has been reported in about 0.5–4% of ECs across different studies (León-Castillo et al., 2020; De Vitis et al., 2024; Szatkowski et al., 2025). These tumors are usually high-grade, appear at early stages, and mostly show endometrioid histology. Even though they have TP53 mutations or abnormal p53 IHC staining, the highly mutated nature caused by changes in the POLE gene’s exonuclease domain seems to control how the tumor behaves. Clinically, they show excellent outcomes, very few recurrences, and good overall survival, much like pure POLEmut tumors (León-Castillo et al., 2020; De Vitis et al., 2024; Kommoss et al., 2018). Therefore, when both POLEmut and TP53 mutations are found together, the POLEmut feature is considered dominant, and the TP53 mutation does not change the generally positive prognosis of patients having POLEmut–p53 abnormal subtype.

The MMRd–p53 abnormal group shows a more mixed picture, making up about 3–7% of all ECs, and is the most common multiple-classifier subtype (León-Castillo et al., 2020; De Vitis et al., 2024; Szatkowski et al., 2025). These tumors usually have an endometrioid structure and can occur across different grades and stages. The TP53 mutations in these tumors are often subclonal, meaning they appear later during tumor growth rather than driving it from the start. In both their microscopic features and clinical behavior, they are more similar to MMRd tumors — showing moderate outcomes, partial response to immune checkpoint therapy, and higher numbers of tumor-infiltrating lymphocytes (TILs) — rather than the poor prognosis usually linked with p53 abnormal ECs (León-Castillo et al., 2020; De Vitis et al., 2024). Hence, MMRd is considered the dominant type in this group. The discovery of such tumors highlights the importance of understanding not only which mutations are present but also when they occur during tumor development while deciding molecular subtypes.

A much rarer but scientifically interesting group is the POLEmut–MMRd subtype, which makes up about 0.5–2.5% of ECs (León-Castillo et al., 2020; De Vitis et al., 2024; Szatkowski et al., 2025). Like the POLEmut–p53 abnormal tumors, these also tend to be high-grade but still have very good clinical outcomes. Their mutation patterns show signs of both MMR deficiency and POLE-driven ultramutation, including very high tumor mutational burden (TMB), strong immune activity, and many lymphocytes within the tumor. These tumors may also respond well to immune checkpoint inhibitors because of their high number of neoantigens and immune-active environment (León-Castillo et al., 2020; De Vitis et al., 2024). As in other overlapping types, the POLE mutation is considered the most important factor in predicting patient outcomes in this subtype also.

The rarest and least understood group are the triple-positive tumors (POLEmut–MMRd–p53 abnormal), which make up less than 1% of ECs in most studies (León-Castillo et al., 2020; De Vitis et al., 2024; Szatkowski et al., 2025). Although these cases are extremely uncommon, early findings suggest that they behave like POLEmut tumors when a clear POLE mutation is identified (León-Castillo et al., 2020). This supports a molecular hierarchy model in EC classification, where POLE mutations have the strongest influence, followed by MMR deficiency, and finally TP53 mutations (León-Castillo et al., 2020; De Vitis et al., 2024; Kommoss et al., 2018).

This molecular hierarchy has been widely used to avoid confusion caused by overlapping classifiers. This system is supported by the outcome data: POLEmut tumors, including overlapping ones, consistently show the best survival, followed by MMRd and NSMP tumors, while p53 abnormal tumors have the poorest outcomes. In this system a tumor that has both POLE and TP53 mutations is placed in the POLEmut group; similarly, an MMRd–p53 abnormal tumor is classified as MMRd. This approach has been officially included in the European Society of gynecological Oncology (ESGO)–European Society for Radiotherapy and Oncology (ESTRO)–European Society of Pathology (ESP) guidelines for risk classification in EC (Concin et al., 2021).

Subclonal or mixed p53 staining patterns add another layer of complexity. Subclonal staining, which shows a mix of normal and mutant p53 IHC patterns, is more often seen in POLEmut and MMRd tumors. This likely reflects tumor diversity or later development of TP53 mutations. In a study of 957 ECs, subclonal p53 expression was found in about 4% of cases, with the highest rate (14%) in POLEmut tumors (Huvila et al., 2023). However, these subclonal changes generally do not affect prognosis when they occur alongside dominant POLEmut or MMRd features. This shows that not all TP53 mutations cause harmful effects — especially when they appear later in tumor development or act as incidental changes.

Therefore, while the TCGA molecular subtypes have advanced the field of endometrial cancer classification, multiple-classifier tumors reveal the biological complexity that defies strict categorization. The proposed molecular hierarchy by multiple classifier tumors POLEmut>MMRd> p53 abnormal—offers a pragmatic approach to risk stratification and treatment planning. 


7. Methods used for EC classification
TCGA has provided a highly detailed molecular classification of EC based on a broad range of genomic data, including whole-genome sequencing (WGS), whole-exome sequencing (WES), RNA sequencing (RNA-seq), and DNA methylation profiling. However, while TCGA has revolutionized our understanding of EC at the molecular level, it is not currently practical for routine clinical use due to the need for high-throughput sequencing technologies and complex bioinformatics that require significant resources and expertise (Paratore et al., 2025). This makes TCGA a powerful research tool but limits its application in day-to-day clinical practice, where time, cost, and accessibility are key considerations.On the other hand, the ProMisE and Trans PORTEC classifiers offer a streamlined, multi-step approach to the molecular classification of EC that is designed to be practical for clinical use. These systems combine a range of molecular testing platforms, including targeted sequencing, immunohistochemistry (IHC), and polymerase chain reaction (PCR) assays. ProMisE and TransPORTEC classifiers typically recommend POLE sequencing as the first step to identify POLE ultramutated tumors, which are known to have a high mutation burden and a generally better prognosis. However, if no POLE mutation is detected, the system proceeds with IHC for mismatch repair (MMR) proteins, and if expression is retained, p53 IHC is performed to further classify the tumor into different risk categories (Kim et al., 2024) (Figure2). These multistep approaches may be simpler than TCGA methods but has several limitations that need to be addressed before it is operationalized for everyday clinical practice (Kim et al., 2024).One of the main limitations is the reliance on POLE sequencing via PCR, which is primarily focused on known hotspot mutations. This approach can miss less common or novel POLE variants, especially as emerging research uncovers additional variants of uncertain pathogenicity (Paratore et al., 2025). Moreover, the targeted sequencing used in ProMisE and TransPORTEC classifiers is not universally accessible across all healthcare centers, especially in lower-resource settings, limiting the widespread application of these tests. Another challenge is the interpretation of IHC results. Particularly for MMR proteins and p53, subclonal or patchy staining patterns can occur, especially in cases where tissue fixation is delayed, which can lead to false-negative or inconclusive results. These issues can compromise the accuracy of the classifier and pose difficulties for pathologists (Kim et al., 2024).

In light of these challenges, next-generation sequencing (NGS) technologies have emerged as a promising solution for improving molecular subtyping in endometrial cancer. NGS offers a more comprehensive, multifaceted approach by simultaneously analyzing a broader range of genetic markers, mutations, and alterations in a single test. This enables a much more precise and detailed molecular profile of the tumor compared to traditional methods like IHC and PCR. Several studies have demonstrated the potential of NGS to provide highly accurate insights into the genetic landscape of EC, including the detection of rare or novel mutations that may be missed by targeted sequencing (Paratore et al., 2025). Importantly, NGS has the potential to simplify the diagnostic process, offering a single platform that could replace the sequential testing required in systems like ProMisE and TransPORTEC. Moreover, the development of simplified NGS panels that target the most clinically relevant genetic markers makes this technology more accessible and cost-effective for routine clinical use. By reducing the need for multiple complex assays, these panels streamline molecular classification, making it faster, more efficient, and less resource-intensive (Kim et al., 2024).

Currently, the integration of NGS panels into clinical workflows leads to a significant shift in the classification and management of EC. By providing a comprehensive, yet clinically feasible, solution for molecular profiling, NGS could reduce diagnostic delays, improve treatment accuracy, and guide more personalized treatment strategies for EC patients. However, further research is needed to refine these panels and ensure that they are standardized and validated for use across different cancer centers, particularly in diverse healthcare settings with varying levels of resources. Thus, while ProMisE and TransPORTEC provide important clinical tools, the future of EC molecular classification lies in the continued development of NGS-based approaches that can bring the comprehensive insights of TCGA classification into everyday clinical practice (Paratore et al., 2025).
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Figure 2: Workflow for molecular classification of endometrial carcinoma based on POLE sequencing, MMR and p53 immunohistochemistry.
(Adapted from: https://www.diagnostichistopathology.co.uk/article/S1756-2317(21)00140-7/fulltext)

8. Conclusion
Molecular classification has redefined endometrial cancer management, providing a shift from the traditional dualistic model to a precision, biology-driven approach. TCGA based molecular subtypes—POLEmut, MSI-H/MMRd, NSMP, and p53 abnormal—enable more accurate tumor characterization, improving prognostic stratification and guiding individualized therapeutic strategies. This framework supports treatment de-escalation in low-risk tumors and the use of targeted therapies in aggressive or recurrent disease. However, the NSMP category remains biologically heterogeneous and continues to pose challenges for precise prognostication and treatment selection. The identification of multiple-classifier tumors and the application of molecular hierarchy (POLEmut>MMRd> p53-abnormal) further refine risk assessment and clinical decision-making. In addition, next-generation sequencing offers a rapid, comprehensive, and clinically feasible method for comprehensive molecular profiling, allows precise prognostication and personalized therapy in endometrial cancer, transforming management and improving patient outcomes.
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