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Abstract

Endometrial carcinoma represents the most prevalent gynaecological malignancy in
developed nations, with an alarming global incidence exceeding 417,000 cases
annually and a mortality rate that continues to escalate at 1.9% per year. This
comprehensive review synthesises contemporary understanding of endometrial
carcinoma pathogenesis, examining the complex interplay between hormonal,
genetic, and environmental risk factors that contribute to malignant transformation of
the endometrial epithelium. The traditional dualistic classification system,
distinguishing between oestrogen-dependent Type I and oestrogen-independent Type
II carcinomas, has been revolutionised by The Cancer Genome Atlas (TCGA) molecular
classification, which identifies four distinct molecular subgroups: POLE ultramutated
(7%), microsatellite instability hypermutated (28%), copy number low (39%), and copy
number high serous-like tumours (26%). Each subgroup exhibits unique biological
behaviour, prognostic implications, and therapeutic vulnerabilities that fundamentally
challenge traditional histology-based treatment paradigms.

This review critically evaluates current hypotheses regarding endometrial
carcinogenesis, from the established oestrogen-driven pathway leading to
endometrioid adenocarcinomas through endometrial intraepithelial neoplasia, to the
more aggressive serous and clear cell variants arising through p53-mediated pathways
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independent of hormonal stimulation. Contemporary epidemiological data reveal
significant racial and socioeconomic disparities in disease incidence and outcomes,
with obesity emerging as the predominant modifiable risk factor, accounting for
approximately 50% of cases through mechanisms involving peripheral aromatisation,
insulin resistance, and chronic inflammation. The biological behaviour of endometrial
carcinomas varies dramatically across molecular subgroups, with POLE-mutated
tumours demonstrating exceptional prognosis despite high-grade histology due to
enhanced immunogenicity from hypermutation, whilst copy number high tumours
exhibit aggressive clinical behaviour necessitating multimodal therapeutic
approaches regardless of stage at presentation.

Understanding these molecular distinctions has profound implications for
personalised treatment strategies, surveillance protocols, and prognostic counselling.
The integration of molecular classification with traditional clinicopathological
parameters through tools such as the ProMisE algorithm has enabled practical
implementation in routine clinical practice, facilitating biomarker-driven therapeutic
decisions including immunotherapy selection for microsatellite instability-high
tumours. This review provides a comprehensive analysis of current knowledge whilst
identifying critical gaps that warrant future investigation, particularly regarding the
role of tumour microenvironment, immune infiltration patterns, therapeutic resistance
mechanisms across different molecular subgroups, and the development of novel
targeted therapies based on molecular vulnerabilities.

Keywords: Endometrial carcinoma; molecular classification; TCGA; POLE mutations;
microsatellite instability; oestrogen; pathogenesis; biological behaviour; risk factors;
endometrioid adenocarcinoma; serous carcinoma; clear cell carcinoma; ProMisE;
immunotherapy; precision medicine

1. Introduction

Endometrial carcinoma stands as a paradigmatic example of how molecular insights
can fundamentally transform our understanding of cancer biology and clinical
management, representing one of the most significant success stories in the
translation of genomic discoveries to clinical practice. As the most prevalent
gynaecological malignancy in developed nations and the fourth most common cancer
affecting women globally, endometrial carcinoma presents a complex clinical
challenge that has evolved significantly with advances in molecular pathology and
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genomic medicine (Ferlay et al., 2021). The disease affects the inner epithelial lining of
the uterus, arising from the endometrial glandular epithelium through a series of well-
characterised and increasingly understood molecular events that reflect the intricate
relationship between hormonal influences, genetic predisposition, and environmental
factors (Kandoth et al., 2013).

The contemporary epidemiological landscape of endometrial carcinoma reveals both
encouraging and concerning trends that demand urgent attention from the global
oncology community. Globally, the disease was diagnosed in 417,367 women in 2020,
with the highest disease burden concentrated in North America and Western Europe,
regions characterised by elevated rates of obesity and lifestyle-related risk factors
(Bray et al., 2018). This geographic distribution underscores the profound influence of
modifiable risk factors, particularly obesity, which accounts for approximately 50% of
endometrial carcinoma cases and represents the most significant preventable cause of
this malignancy through complex mechanisms involving peripheral aromatisation of
androgens to oestrogens in adipose tissue, insulin resistance with consequent
hyperinsulinaemia, and chronic inflammatory states (Crosbie et al., 2010). The
incidence has increased by more than 130% over the past three decades, with
projections suggesting that annual diagnoses in the United States alone will double to
122,000 cases by 2030 if current trends persist, representing a public health crisis of
unprecedented magnitude (Siegel et al., 2023).

Paradoxically, whilst overall incidence continues to rise, mortality rates have also
increased by an average of 1.9% per year based on pooled analyses from 1971-2014,
reflecting both the growing disease burden and the challenges associated with
managing advanced-stage disease in an increasingly complex patient population
(Torre et al., 2015). This concerning trend contrasts sharply with improvements in
survival observed for many other malignancies and highlights the urgent need for
enhanced prevention strategies, earlier detection methods, and more effective
therapeutic interventions tailored to the molecular characteristics of individual
tumours.

The traditional understanding of endometrial carcinoma pathogenesis has been
fundamentally anchored in the dualistic classification system proposed by Bokhman
in 1983, which distinguished between Type I and Type II carcinomas based on their
relationship to oestrogen exposure and clinical behaviour (Bokhman, 1983). This
classification system, whilst revolutionary for its time, has proven increasingly
inadequate to capture the full biological complexity of endometrial carcinoma as
revealed by contemporary molecular analyses. Type I carcinomas, comprising
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approximately 80% of all endometrial cancers, are characteristically endometrioid in
histology, arise in the context of unopposed oestrogen stimulation, and generally
exhibit favourable prognosis when diagnosed at early stages (Amant et al., 2005).
These tumours typically develop through a well-defined precursor pathway,
progressing from simple endometrial hyperplasia through complex hyperplasia to
atypical endometrial hyperplasia, now termed endometrial intraepithelial neoplasia
(EIN), before ultimately transforming into invasive endometrioid adenocarcinoma
(Mutter et al., 2000).

The molecular landscape of Type I carcinomas is characterised by a predictable
sequence of genetic alterations, with frequent mutations in PTEN representing the
earliest detectable genetic alteration, occurring in up to 80% of cases and often
present even in morphologically normal endometrium adjacent to carcinomas (Mutter
et al., 2000). This is followed by mutations in KRAS (occurring in 15-30% of cases),
ARID1A (a chromatin remodelling gene mutated in 40-50% of endometrioid
carcinomas), and PIK3CA (mutated in 20-30% of cases), alongside microsatellite
instability in approximately 20-30% of cases due to deficient mismatch repair
mechanisms (Kandoth et al., 2013). The temporal sequence of these mutations
provides insights into the natural history of endometrioid carcinogenesis and offers
potential targets for both prevention and therapeutic intervention.

In contrast, Type II carcinomas represent a more heterogeneous group of aggressive
malignancies, including serous, clear cell, undifferentiated, and carcinosarcomatous
histologies, which arise independently of oestrogen stimulation and are characterised
by high-grade nuclear features, aggressive clinical behaviour, and poor prognosis even
when diagnosed at early stages (Soslow et al., 2007). These tumours typically harbour
TP53 mutations as early driver events, occurring in over 90% of serous carcinomas,
and exhibit chromosomal instability with frequent copy number alterations affecting
oncogenes and tumour suppressor genes (Kandoth et al., 2013). The pathogenesis of
Type II carcinomas appears to involve direct malignant transformation of atrophic
endometrium through p53-mediated pathways, bypassing the hyperplasia-carcinoma
sequence characteristic of Type I tumours and often arising from precursor lesions
such as serous endometrial intraepithelial carcinoma (SEIC) (Zheng et al., 2004).

However, this traditional binary classification system, whilst clinically useful for
several decades, has proven insufficient to capture the full biological complexity of
endometrial carcinoma as revealed by comprehensive genomic analyses. The
landmark study by The Cancer Genome Atlas (TCGA) Research Network in 2013
revolutionised our understanding by identifying four distinct molecular subgroups
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based on mutational burden and copy number alterations: POLE ultramutated (7%),
microsatellite instability (MSI) hypermutated (28%), copy number low (CNL) (39%),
and copy number high (CNH) serous-like tumours (26%) (Kandoth et al., 2013). This
molecular classification has profound implications for understanding disease biology,
predicting clinical outcomes, and guiding therapeutic decisions, representing a
paradigm shift from morphology-based to molecularly-informed cancer classification.

The POLE ultramutated subgroup, representing approximately 7% of endometrial
carcinomas, is characterised by mutations in the exonuclease domain of DNA
polymerase epsilon, resulting in an extraordinarily high mutational burden exceeding
100 mutations per megabase, making these among the most highly mutated human
cancers (Kandoth et al., 2013). Despite often presenting with high-grade histological
features that would traditionally predict poor outcomes, these tumours demonstrate
exceptional prognosis, with virtually no disease-related deaths reported in several
large cohort studies and 5-year overall survival approaching 100% (Church et al.,
2013). The favourable outcomes appear to result from the combination of inherent
tumour biology and robust immune infiltration secondary to the high neoantigen
burden generated by the hypermutated phenotype, leading to enhanced recognition
and elimination by the adaptive immune system (Howitt et al., 2015).

The MSI hypermutated subgroup, comprising approximately 28% of endometrial
carcinomas, results from deficient mismatch repair (MMR) mechanisms, either through
germline mutations associated with Lynch syndrome (occurring in 2-5% of all
endometrial carcinomas) or somatic alterations affecting MLH1, MSH2, MSH6, PMS2,
or EPCAM (Kandoth et al., 2013). These tumours exhibit a mutational burden
approximately 10-fold higher than microsatellite stable tumours and are characterised
by extensive tumour-infiltrating lymphocytes, suggesting enhanced immunogenicity
that has important therapeutic implications for immunotherapy selection (Le et al.,
2015). The clinical behaviour of MSI tumours is generally intermediate between POLE
and CNH subgroups, with outcomes influenced by stage, grade, and the specific MMR
gene affected, though recent evidence suggests that MSI status may be a more
powerful prognostic factor than traditional histological parameters (Stelloo et al.,
2015).

The copy number low subgroup represents the largest molecular category,
encompassing approximately 39% of endometrial carcinomas and consisting
predominantly of low-grade endometrioid tumours with relatively few copy number
alterations and a near-diploid karyotype (Kandoth et al., 2013). These tumours
frequently harbour CTNNB1 mutations affecting the Wnt signalling pathway (occurring
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in 25-40% of cases) and are associated with younger patient age and generally
favourable prognosis, although a subset with chromosome 1q amplification
demonstrates significantly worse outcomes, highlighting the importance of molecular
subclassification even within morphologically similar tumours (Stelloo et al., 2015).
The biological behaviour of CNL tumours generally aligns with traditional Type I
carcinomas, reflecting their origin through oestrogen-driven pathways and their
dependence on hormonal stimulation for growth and progression.

The copy number high subgroup, representing approximately 26% of endometrial
carcinomas, encompasses the most aggressive tumours, including all serous
carcinomas and approximately 25% of high-grade endometrioid carcinomas,
demonstrating that molecular classification can override traditional histological
boundaries (Kandoth et al., 2013). These tumours are characterised by extensive
chromosomal instability, frequent TP53 mutations (occurring in >90% of cases), and
amplifications of oncogenes such as CCNE1 (associated with increased replication
stress and chemoresistance), ERBB2 (a potential therapeutic target), and MYC (driving
proliferation and metabolic reprogramming) (Kandoth et al., 2013). The clinical
behaviour of CNH tumours is uniformly poor, with high rates of recurrence and
disease-related mortality even in early-stage disease, necessitating aggressive
multimodal therapeutic approaches regardless of traditional prognostic factors.

The molecular classification has been successfully translated into clinical practice
through the development of surrogate immunohistochemical and molecular assays,
most notably the ProMisE (Proactive Molecular Risk Classifier for Endometrial Cancer)
algorithm developed by Talhouk and colleagues (Talhouk et al., 2015). This approach
utilises immunohistochemistry for MMR proteins (MLH1, MSH2, MSH6, PMS2) and p53,
combined with POLE sequencing, to classify tumours into molecular subgroups that
closely approximate the TCGA classification: MMRd (mismatch repair deficient), POLE
(ultramutated), p53abn (p53 abnormal), and p53wt (p53 wild-type) (Talhouk et al.,
2017). The clinical utility of molecular classification extends beyond prognostic
stratification to include therapeutic decision-making, with emerging evidence
supporting differential responses to adjuvant therapies across molecular subgroups
and the potential for treatment de-escalation in favourable molecular subtypes.

Contemporary understanding of endometrial carcinoma risk factors reflects the
complex interplay between hormonal, genetic, and environmental influences, with
obesity representing the most significant modifiable risk factor in the modern era. The
relationship between obesity and endometrial carcinoma risk operates through
multiple interconnected mechanisms, including peripheral aromatisation of
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androgens to oestrogens in adipose tissue (particularly in postmenopausal women
where adipose tissue becomes the primary source of oestrogen production), insulin
resistance with consequent hyperinsulinaemia (leading to increased bioavailable
oestrogen through suppression of sex hormone-binding globulin), and chronic
inflammatory states characterised by elevated levels of pro-inflammatory cytokines
such as tumour necrosis factor-alpha and interleukin-6 (Crosbie et al., 2010). The
relationship between obesity and endometrial carcinoma risk is particularly
pronounced for Type I tumours, with relative risks exceeding 3.0 for severely obese
women (BMI >40 kg/m²) compared to normal-weight women, whilst the association
with Type II tumours is less consistent and may operate through different mechanisms
(Setiawan et al., 2013).

Other established risk factors include early menarche (before age 12), late menopause
(after age 52), nulliparity, polycystic ovary syndrome, diabetes mellitus, and
exogenous oestrogen therapy without progestin opposition, all of which increase
lifetime oestrogen exposure and promote endometrial proliferation (Purdie & Green,
2001). The protective effects of pregnancy, oral contraceptive use, and progestin
therapy operate through mechanisms involving progestin-induced endometrial
atrophy and apoptosis, highlighting the central role of the oestrogen-progestin
balance in endometrial carcinogenesis (Brinton et al., 1992). Recent epidemiological
studies have also identified novel risk factors including certain dietary patterns
(particularly those high in glycaemic index and saturated fats), sedentary lifestyle, and
exposure to endocrine-disrupting chemicals, suggesting that endometrial carcinoma
risk is influenced by a complex web of environmental and lifestyle factors that may be
amenable to intervention (Felix et al., 2010).

Hereditary factors contribute significantly to endometrial carcinoma risk, with Lynch
syndrome representing the most important hereditary cancer predisposition
syndrome affecting the endometrium. Lynch syndrome, caused by germline mutations
in mismatch repair genes (MLH1, MSH2, MSH6, PMS2) or the EPCAM gene, affects
approximately 1 in 300-400 individuals in the general population and confers lifetime
endometrial carcinoma risks ranging from 13% to 60%, depending on the specific gene
affected (Møller et al., 2017). Remarkably, for women with Lynch syndrome, the risk of
developing endometrial carcinoma often exceeds that for colorectal carcinoma,
particularly for MSH6 and PMS2 mutation carriers, highlighting the importance of
gynaecological surveillance in these high-risk individuals (Bonadona et al., 2011). The
recognition of Lynch syndrome-associated endometrial carcinomas has important
implications for genetic counselling, surveillance strategies, and risk-reducing
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interventions, including prophylactic hysterectomy and bilateral salpingo-
oophorectomy in women who have completed childbearing.

The biological behaviour of endometrial carcinomas varies dramatically across
histological subtypes and molecular subgroups, reflecting fundamental differences in
underlying biology, patterns of spread, and therapeutic vulnerabilities. Understanding
these differences is crucial for optimising treatment strategies, predicting outcomes,
and developing novel therapeutic approaches tailored to the specific characteristics of
individual tumours. The integration of molecular classification with traditional
clinicopathological parameters promises to enhance prognostic accuracy and enable
more personalised therapeutic approaches, moving beyond the one-size-fits-all
treatment paradigms that have dominated gynaecological oncology for decades.

The patterns of metastatic spread in endometrial carcinoma follow predictable
anatomical pathways that are influenced by both tumour biology and anatomical
constraints. Local extension typically involves direct invasion through the
myometrium to the uterine serosa, with subsequent involvement of adjacent
structures including the cervix, parametria, and pelvic organs (Amant et al., 2005).
Lymphatic spread occurs through well-defined pathways, with pelvic lymph nodes
(including obturator, internal iliac, external iliac, and common iliac nodes)
representing the first echelon of regional metastasis, followed by para-aortic lymph
nodes in cases of more extensive disease (Mariani et al., 2008). The risk of lymph node
metastasis is strongly correlated with traditional prognostic factors including
histological subtype, grade, depth of myometrial invasion, and lymphovascular space
invasion, though molecular subgroup is emerging as an independent predictor of
metastatic potential (Stelloo et al., 2016).

Haematogenous spread typically occurs later in the disease course and most
commonly involves the lungs, liver, bone, and brain, with patterns varying according to
histological subtype and molecular characteristics (McMeekin et al., 2007). Serous
carcinomas demonstrate a particular propensity for peritoneal dissemination, often
presenting with widespread intra-abdominal disease similar to ovarian carcinoma,
whilst clear cell carcinomas may exhibit unusual patterns of spread including
involvement of the kidneys and retroperitoneum (Crotzer et al., 2004). The molecular
subgroups also demonstrate distinct patterns of recurrence, with POLE-mutated
tumours rarely recurring, MSI tumours showing intermediate recurrence rates with
good responses to salvage therapy, and copy number high tumours exhibiting high
recurrence rates with poor responses to conventional treatments (Stelloo et al., 2015).
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This comprehensive review aims to synthesise current understanding of endometrial
carcinoma pathogenesis, risk factors, and biological behaviour within the framework
of contemporary molecular classification. By examining the complex relationships
between hormonal influences, genetic alterations, and environmental factors, we seek
to provide a foundation for understanding this heterogeneous group of malignancies
and to identify opportunities for improved prevention, diagnosis, and treatment
strategies. The ultimate goal is to translate molecular insights into clinical practice,
enabling personalised approaches to patient care that optimise outcomes whilst
minimising treatment-related morbidity.

The implications of molecular classification extend far beyond academic interest,
offering the potential to revolutionise clinical practice through more precise risk
stratification, tailored therapeutic approaches, and novel treatment strategies based
on molecular vulnerabilities. As we enter an era of precision medicine in
gynaecological oncology, understanding the molecular basis of endometrial
carcinoma becomes not merely an intellectual exercise but a clinical imperative that
will determine the success of future therapeutic endeavours and ultimately improve
outcomes for the thousands of women diagnosed with this disease each year.

2. Methodology

This comprehensive review employed a systematic and rigorous approach to identify,
evaluate, and synthesise current literature pertaining to endometrial carcinoma
pathogenesis, risk factors, and biological behaviour, with particular emphasis on
contemporary molecular classification systems and their clinical implications. The
methodology was designed to ensure comprehensive coverage of the rapidly evolving
field whilst maintaining focus on the most recent advances in molecular pathology
and their translation to clinical practice.

2.1 Literature Search Strategy

A comprehensive literature search was conducted using multiple electronic databases
including PubMed/MEDLINE, Embase, Web of Science, Cochrane Library, and Google
Scholar, covering publications from January 2000 to December 2023 to capture both
foundational knowledge and recent advances. The search strategy employed a
combination of Medical Subject Headings (MeSH) terms and free-text keywords to
maximise sensitivity whilst maintaining specificity for relevant publications. Primary
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search terms included: "endometrial carcinoma," "endometrial cancer," "uterine
cancer," "molecular classification," "TCGA," "POLE mutations," "microsatellite
instability," "mismatch repair," "pathogenesis," "risk factors," "biological behaviour,"
"ProMisE," and "precision medicine."

Boolean operators were utilised to combine search terms effectively, with the
following comprehensive search string serving as the foundation: (("endometrial
carcinoma" OR "endometrial cancer" OR "uterine cancer" OR "corpus uteri cancer")
AND ("pathogenesis" OR "molecular classification" OR "TCGA" OR "biological
behaviour" OR "risk factors" OR "POLE" OR "microsatellite instability" OR "mismatch
repair" OR "p53" OR "immunotherapy")). Additional targeted searches were
performed using specific molecular markers, classification systems, and therapeutic
approaches to ensure comprehensive coverage of recent advances in the field.

2.2 Inclusion and Exclusion Criteria

Studies were included if they met the following stringent criteria: (1) original research
articles, systematic reviews, meta-analyses, or landmark clinical trials published in
peer-reviewed journals; (2) studies focusing on endometrial carcinoma pathogenesis,
molecular classification, risk factors, biological behaviour, or therapeutic implications;
(3) publications in English language; (4) studies with adequate sample sizes and
appropriate methodology for the research question; (5) relevance to contemporary
understanding of endometrial carcinoma biology; and (6) availability of full-text
articles for detailed review.

Exclusion criteria comprised: (1) case reports or small case series (n<10) unless
reporting novel molecular findings; (2) studies focusing exclusively on treatment
outcomes without biological insights; (3) publications in languages other than English;
(4) conference abstracts without full-text availability; (5) studies with significant
methodological limitations or inadequate data presentation; and (6) duplicate
publications or overlapping datasets without additional insights.

2.3 Data Extraction and Quality Assessment

Data extraction was performed systematically using a standardised form capturing
study characteristics, methodology, key findings, clinical implications, and molecular
insights. Particular attention was paid to studies reporting molecular classification
data, risk factor analyses, biological behaviour correlations, and therapeutic
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implications. Quality assessment was conducted using appropriate tools including the
Newcastle-Ottawa Scale for observational studies, AMSTAR-2 for systematic reviews,
and the Cochrane Risk of Bias tool for randomised controlled trials.

2.4 Synthesis Approach and Framework

Given the heterogeneous nature of the literature encompassing basic science,
translational research, epidemiological studies, and clinical trials, a narrative synthesis
approach was employed to integrate diverse study types whilst maintaining focus on
the most robust and clinically relevant findings. The synthesis was structured around
the established TCGA molecular classification system, with systematic evaluation of
each molecular subgroup's characteristics, biological behaviour, and clinical
implications.
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3. Histological and Molecular Illustrations

Figure 1: Normal Endometrial Architecture and Carcinoma
Development

Figure 1. High-resolution photomicrograph demonstrating the progression from
normal endometrial architecture through hyperplasia to carcinoma. The image shows
the characteristic features of endometrial hyperplasia with increased gland-to-stroma
ratio, irregular gland architecture, and crowding of endometrial glands. This
represents the precursor pathway for Type I endometrioid carcinomas, illustrating the
morphological changes that occur during oestrogen-driven carcinogenesis. The
progression from simple hyperplasia through complex hyperplasia to atypical
hyperplasia (endometrial intraepithelial neoplasia) represents a well-characterised
pathway of malignant transformation. Source: Pathology Outlines
(www.pathologyoutlines.com)
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Figure 2: Endometrioid Adenocarcinoma - Classic Type I Histology

Figure 2. Haematoxylin and eosin (H&E) stained section of endometrioid
adenocarcinoma demonstrating the characteristic glandular architecture with back-to-
back glands, loss of intervening stroma, and nuclear stratification. This represents the
most common histological subtype of endometrial carcinoma, accounting for
approximately 80% of cases. The tumour shows well-differentiated glandular
structures with mild to moderate nuclear atypia, consistent with Grade 1 endometrioid
adenocarcinoma. The preservation of glandular architecture distinguishes this from
higher-grade tumours and reflects the generally favourable prognosis associated with
low-grade endometrioid carcinomas. Source: Libre Pathology (librepathology.org)
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Figure 3: High-Grade Endometrial Carcinoma Histological Variability

Figure 3. Panel of H&E-stained sections demonstrating the remarkable histological
variability observed in high-grade endometrial carcinomas. This collection illustrates
the challenges in reproducible histological classification and emphasises the critical
importance of molecular characterisation for accurate prognostic assessment. The
varying architectural patterns, cellular features, and degrees of differentiation shown
highlight why molecular classification has become essential for optimal patient
management, as morphologically similar tumours may belong to different molecular
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subgroups with vastly different clinical behaviours and therapeutic responses. Source:
Nature (www.nature.com)

Figure 4: Endometrial Intraepithelial Neoplasia (EIN)

Figure 4. Photomicrograph showing endometrial intraepithelial neoplasia (EIN), the
recognised precursor lesion for endometrioid adenocarcinoma. The image
demonstrates the characteristic features of EIN including altered gland architecture,
increased gland density, and cytological changes in the epithelial cells. EIN represents
the modern terminology for what was previously called atypical endometrial
hyperplasia and is associated with a significant risk of progression to invasive
carcinoma if left untreated. The recognition of EIN is crucial for appropriate
management and prevention of invasive disease. Source: Wikipedia (en.wikipedia.org)

Montgomery, R. M., 2025)Endometrial Carcinoma: Contemporary Understanding of Pathogenesis, Risk Factors, and Biological Behaviour in the Era of Molecular Classification. Scottish Science Society, V1I2(1-41).15

15



Figure 5: EIN with Secretory Changes

Figure 5. Detailed histological section of endometrial intraepithelial neoplasia with
secretory changes, demonstrating the complex morphological patterns that can occur
in precursor lesions. The image shows the characteristic crowded glandular
architecture of EIN with superimposed secretory changes, illustrating how hormonal
influences can modify the morphological appearance of premalignant lesions. This
highlights the importance of understanding the hormonal context when interpreting
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endometrial biopsies and the need for careful morphological assessment in the
diagnosis of precursor lesions. Source: Nature (www.nature.com)

Figure 6: POLE Ultramutated Endometrial Carcinoma

Figure 6. Histological section of POLE ultramutated endometrial carcinoma
demonstrating the characteristic high-grade morphology with marked nuclear
pleomorphism, increased mitotic activity, and prominent lymphocytic infiltration.
Despite the aggressive histological appearance, POLE-mutated tumours have
exceptional prognosis due to their hypermutated phenotype and enhanced
immunogenicity. The dense lymphocytic infiltrate reflects the robust immune
response generated by the high neoantigen burden characteristic of these tumours.
This exemplifies how molecular classification can override traditional morphological
assessment in determining prognosis and treatment decisions. Source: Pathology
Outlines (www.pathologyoutlines.com)
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Figure 7: Molecular Mechanisms in Endometrial Cancer

Figure 7. Schematic diagram illustrating the molecular mechanisms underlying
endometrial carcinogenesis, including the role of DNA polymerase epsilon (POLE)
mutations in generating hypermutated tumours. The diagram shows how POLE
mutations in the exonuclease domain lead to defective proofreading activity, resulting
in accumulation of mutations and enhanced immunogenicity. This molecular
understanding has revolutionised our approach to endometrial carcinoma
classification and treatment, moving beyond traditional histological assessment to
incorporate genomic features that better predict clinical behaviour. Source: Nature
(www.nature.com)
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Figure 8: Mismatch Repair Protein Expression

Figure 8. Immunohistochemical staining patterns for mismatch repair proteins (MLH1,
MSH2, MSH6, PMS2) in endometrial carcinoma. The image demonstrates both intact
(positive) and deficient (negative) staining patterns that are used to identify
microsatellite instability-high tumours. Loss of mismatch repair protein expression
indicates deficient DNA repair mechanisms and identifies tumours that may respond
to immune checkpoint inhibitor therapy. This practical approach to molecular
classification has enabled widespread implementation of precision medicine
approaches in endometrial carcinoma management. Source: Nature
(www.nature.com)
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Figure 9: Molecular Classification Algorithm

Figure 9. Comprehensive flowchart illustrating the molecular classification algorithm
for endometrial carcinoma, including the integration of immunohistochemistry and
molecular testing to assign tumours to appropriate molecular subgroups. The
algorithm demonstrates the practical implementation of the ProMisE classification
system, which uses readily available laboratory techniques to approximate the TCGA
molecular classification. This approach has enabled the translation of research
discoveries into routine clinical practice, facilitating personalised treatment decisions
based on molecular characteristics. Source: MDPI (www.mdpi.com)
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Figure 10: p53 Immunohistochemistry Patterns

Figure 10. Representative images showing different p53 immunohistochemical
staining patterns in endometrial carcinoma. The panel demonstrates wild-type p53
expression (heterogeneous, moderate intensity staining) versus abnormal p53
expression patterns (either complete absence of staining or diffuse, strong
overexpression) that characterise copy number high tumours. p53
immunohistochemistry serves as a surrogate marker for TP53 mutations and is a key
component of molecular classification algorithms. Abnormal p53 expression identifies
tumours with aggressive biological behaviour requiring intensive treatment
approaches. Source: Nature (www.nature.com)
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Figure 11: Comparative Mismatch Repair Testing Methods

Figure 11. Comprehensive comparison of different methods for testing mismatch
repair status in endometrial carcinoma, including immunohistochemistry,
microsatellite instability testing, and molecular approaches. The figure illustrates the
concordance between different testing methodologies and highlights the practical
considerations for implementing mismatch repair testing in routine clinical practice.
Understanding the strengths and limitations of each approach is crucial for accurate
molecular classification and appropriate patient selection for targeted therapies,
particularly immunotherapy. Source: MDPI (www.mdpi.com)
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Figure 12: TP53 Mutation Impact on Histology

Figure 12. Detailed analysis of TP53 immunohistochemistry impact on histological
classification in endometrial carcinoma. The image demonstrates how molecular
markers can refine traditional histological diagnosis and improve prognostic accuracy.
The integration of TP53 status with morphological assessment enables more precise
classification of high-grade endometrial carcinomas and identifies tumours that may
benefit from specific therapeutic approaches. This exemplifies the evolution towards
integrated morphological and molecular diagnosis in modern pathology practice.
Source: Nature (www.nature.com)

4. Discussion

The evolution of endometrial carcinoma classification from the traditional dualistic
system to contemporary molecular taxonomy represents one of the most significant
paradigm shifts in gynaecological oncology, fundamentally altering our understanding
of disease biology and clinical management approaches whilst simultaneously
creating new challenges and opportunities for patient care. This transformation
exemplifies the broader movement towards precision medicine, where therapeutic
decisions are increasingly guided by molecular characteristics rather than solely
histological features, yet the implementation of molecular classification in clinical
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practice presents both remarkable opportunities and significant challenges that
warrant careful consideration and systematic evaluation.

4.1 Advantages and Clinical Benefits of Molecular Classification

The primary advantage of the TCGA-based molecular classification lies in its superior
prognostic stratification compared to traditional histological grading systems,
providing clinicians with more accurate tools for predicting patient outcomes and
tailoring treatment approaches accordingly (Stelloo et al., 2015). The identification of
POLE ultramutated tumours as a distinct entity with exceptional prognosis, despite
often high-grade histological features, represents a paradigmatic example of how
molecular insights can override morphological assessment and fundamentally change
clinical decision-making (Church et al., 2013). This discovery has profound clinical
implications, potentially sparing patients with POLE-mutated tumours from
unnecessary adjuvant therapies whilst identifying those who may benefit from
treatment de-escalation strategies, thereby reducing treatment-related morbidity
without compromising oncological outcomes (Talhouk et al., 2017).

The biological rationale underlying the favourable prognosis of POLE-mutated
tumours—namely the enhanced immunogenicity resulting from high neoantigen
burden—provides a mechanistic framework for understanding treatment responses
and developing novel therapeutic approaches (Howitt et al., 2015). The hypermutated
phenotype of these tumours generates numerous neoantigens that are recognised by
the adaptive immune system, leading to robust anti-tumour immune responses that
effectively control disease progression even in the absence of conventional adjuvant
therapy (Van Gool et al., 2018). This understanding has opened new avenues for
research into immune-based therapies and has provided insights into the fundamental
mechanisms of immune surveillance in cancer.

Similarly, the recognition of microsatellite instability as a distinct molecular subgroup
has opened new therapeutic avenues, particularly in the realm of immunotherapy,
representing one of the most successful examples of biomarker-driven therapy in solid
tumours (Le et al., 2015). The success of immune checkpoint inhibitors in MSI-high
endometrial carcinomas reflects the enhanced immunogenicity of these tumours due
to deficient DNA mismatch repair mechanisms, which leads to accumulation of
mutations and increased neoantigen presentation (Marabelle et al., 2020). The FDA
approval of pembrolizumab for MSI-high solid tumours, including endometrial
carcinoma, represents a landmark achievement in biomarker-driven therapy and
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demonstrates the translational potential of molecular insights in improving patient
outcomes (Oaknin et al., 2022).

The molecular classification also provides enhanced understanding of disease
heterogeneity within traditional histological categories, revealing that morphologically
similar tumours may have vastly different molecular characteristics and clinical
behaviours (León-Castillo et al., 2020). The recognition that high-grade endometrioid
carcinomas comprise multiple molecular subgroups with vastly different prognoses
has important implications for patient counselling and treatment planning, enabling
more accurate prognostic discussions and personalised therapeutic approaches
(Stelloo et al., 2016). This molecular heterogeneity explains the historical challenges in
predicting outcomes for high-grade endometrioid tumours and provides a framework
for more precise prognostic assessment that goes beyond traditional morphological
parameters.

Furthermore, the molecular classification has facilitated the development of practical
clinical tools such as the ProMisE algorithm, which enables molecular subgroup
assignment using readily available immunohistochemical and molecular techniques
that can be implemented in routine pathology laboratories (Talhouk et al., 2015). This
accessibility has democratised molecular classification, making it feasible for
implementation in routine clinical practice across diverse healthcare settings,
including community hospitals and resource-limited environments where
comprehensive genomic profiling may not be available (Kommoss et al., 2018). The
development of standardised protocols and quality assurance measures has further
enhanced the reliability and reproducibility of molecular classification across different
institutions and healthcare systems.

4.2 Limitations, Challenges, and Areas of Concern

Despite these significant advantages, the implementation of molecular classification
faces several important limitations that must be acknowledged and addressed to
ensure optimal patient care and equitable access to precision medicine approaches.
The most fundamental challenge relates to the complexity of translating research-
based molecular classifications into routine clinical practice, where resource
constraints, technical limitations, and varying levels of expertise may impact the
quality and consistency of molecular testing (Vermij et al., 2016). Whilst the ProMisE
algorithm represents an important step towards clinical implementation,
discordances between surrogate markers and comprehensive genomic profiling
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remain a concern, with studies reporting concordance rates of 80-90% between
simplified algorithms and full molecular classification (León-Castillo et al., 2020).

The accuracy of p53 immunohistochemistry in identifying copy number high tumours,
whilst generally reliable, is not absolute, and cases with wild-type p53 expression may
still harbour TP53 mutations or other high-risk molecular features that could impact
prognosis and treatment decisions (Singh et al., 2019). Similarly, the interpretation of
mismatch repair protein immunohistochemistry can be challenging, particularly in
cases with heterogeneous staining patterns or technical artifacts, requiring
experienced pathologists and robust quality control measures to ensure accurate
results (Stelloo et al., 2017). These technical challenges highlight the need for ongoing
education, standardisation of protocols, and development of quality assurance
programmes to maintain the accuracy and reliability of molecular classification.

The cost and accessibility of molecular testing represent significant barriers to
widespread implementation, particularly in resource-limited settings where the
burden of endometrial carcinoma is increasing due to changing demographics and
lifestyle factors (Njoku et al., 2020). The requirement for specialised laboratory
infrastructure, trained personnel, and quality assurance programmes creates
disparities in access to molecular classification that may exacerbate existing
healthcare inequalities and limit the benefits of precision medicine to patients in well-
resourced healthcare systems (Urick & Bell, 2019). This challenge is particularly
relevant given the documented racial and socioeconomic disparities in endometrial
carcinoma outcomes, which may be further amplified by differential access to
molecular testing and targeted therapies (Cote et al., 2015).

Another significant limitation relates to the temporal stability of molecular
classifications and the potential for molecular evolution during disease progression or
following therapeutic intervention (Zannoni et al., 2019). Whilst the TCGA classification
has proven robust across multiple validation cohorts, the potential for intratumoral
heterogeneity and clonal evolution to impact molecular classification accuracy and
clinical decision-making requires further investigation through longitudinal studies
and analysis of paired primary and recurrent tumours (Raffone et al., 2019). The
implications of molecular evolution for treatment selection and resistance
mechanisms remain incompletely understood and represent important areas for
future research.

The integration of molecular classification with traditional staging systems also
presents ongoing challenges that require careful consideration and systematic
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evaluation (Wortman et al., 2018). Current staging systems, including the 2023 FIGO
staging revision, have begun to incorporate molecular features, but the optimal
approach for combining molecular and clinicopathological parameters remains an
area of active investigation requiring large-scale prospective studies (Concin et al.,
2021). The relative importance of molecular subgroup versus traditional prognostic
factors such as stage, grade, and lymphovascular invasion requires clarification
through well-designed clinical trials that can inform evidence-based treatment
guidelines.

4.3 Future Directions and Research Priorities

The future of endometrial carcinoma research lies in addressing the current
limitations whilst expanding our understanding of disease biology through emerging
technologies and analytical approaches that promise to further revolutionise our
understanding of this heterogeneous group of malignancies. Single-cell sequencing
technologies offer unprecedented opportunities to dissect intratumoral heterogeneity
and understand the cellular ecosystems that contribute to disease progression and
therapeutic resistance (Izar et al., 2020). These approaches may reveal additional
molecular subgroups or identify rare cell populations that drive aggressive behaviour
within established molecular categories, potentially leading to further refinement of
classification systems and identification of novel therapeutic targets.

The role of the tumour microenvironment in determining clinical outcomes across
molecular subgroups represents a critical area for future investigation that could
provide insights into mechanisms of immune evasion and therapeutic resistance
(Coscia et al., 2020). Whilst the importance of immune infiltration in POLE and MSI
tumours is well-established, the microenvironmental characteristics of copy number
low and copy number high tumours remain incompletely characterised, representing
an important knowledge gap that could inform the development of novel therapeutic
approaches (Piulats et al., 2017). Understanding these differences may reveal novel
therapeutic targets and explain the variable responses to immunotherapy across
molecular subgroups, potentially enabling the development of combination strategies
that enhance immune responses in traditionally immunotherapy-resistant tumours.

Artificial intelligence and machine learning approaches hold significant promise for
enhancing molecular classification accuracy and accessibility whilst reducing
dependence on specialised molecular testing (Santacana et al., 2014). Deep learning
algorithms capable of predicting molecular subgroups from routine histological
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images could democratise molecular classification and reduce costs, making precision
medicine approaches more accessible in resource-limited settings (Kather et al., 2019).
Similarly, radiomics approaches that extract molecular information from routine
imaging studies may enable non-invasive molecular characterisation and monitoring,
facilitating treatment selection and response assessment without the need for tissue
sampling (Ytre-Hauge et al., 2018).

The development of liquid biopsy approaches for endometrial carcinoma represents
another promising avenue for advancing molecular classification and monitoring
treatment response (Casadio et al., 2019). Circulating tumour DNA analysis may enable
molecular subgroup determination from peripheral blood samples, facilitating
monitoring of molecular evolution and early detection of recurrence whilst providing
insights into mechanisms of therapeutic resistance (Bolivar et al., 2019). The
integration of liquid biopsy with traditional tissue-based approaches could provide a
more comprehensive understanding of disease biology and treatment response,
enabling real-time monitoring of molecular changes during therapy.

4.4 Clinical Implementation Challenges and Solutions

The successful implementation of molecular classification in routine clinical practice
requires addressing several practical challenges through systematic approaches that
ensure quality, accessibility, and standardisation across healthcare systems (Suarez et
al., 2017). Standardisation of testing methodologies, interpretation criteria, and
reporting formats is essential to ensure consistency across institutions and healthcare
systems, requiring the development of international guidelines similar to those
established for colorectal and lung cancers (Vermij et al., 2016). The establishment of
proficiency testing programmes and external quality assurance schemes would help
maintain standards and ensure reliable results across different laboratories and
healthcare settings.

Education and training programmes for pathologists, oncologists, and other
healthcare providers are crucial for successful implementation of molecular
classification, given the complexity of molecular pathology and the need for accurate
interpretation of results (McAlpine et al., 2018). The development of continuing
medical education programmes, certification processes, and multidisciplinary training
initiatives would help ensure that healthcare providers have the knowledge and skills
necessary to implement molecular classification effectively and make appropriate
treatment decisions based on molecular characteristics (Talhouk & McAlpine, 2016).
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The economic implications of molecular classification also require careful
consideration and systematic evaluation to demonstrate value and support
reimbursement decisions (Hutt et al., 2019). Whilst the initial costs of molecular testing
may be substantial, the potential for improved treatment selection and reduced
unnecessary interventions could result in overall cost savings through more efficient
use of healthcare resources and improved patient outcomes (Morice et al., 2016).
Health economic analyses are needed to demonstrate the value proposition of
molecular classification and support policy decisions regarding reimbursement and
implementation in different healthcare systems.

4.5 Global Health Perspectives and Equity Considerations

The global burden of endometrial carcinoma is increasing, with particular growth in
low- and middle-income countries where access to advanced molecular testing may
be limited by resource constraints and infrastructure limitations (Passarello et al.,
2019). Addressing these disparities requires innovative approaches to molecular
classification that are feasible in resource-limited settings, including the development
of simplified testing algorithms, point-of-care molecular assays, and telemedicine-
based consultation services that can bridge gaps in expertise and access (Ray-Coquard
et al., 2018). The development of cost-effective testing strategies and the
establishment of regional reference laboratories could help ensure that the benefits of
molecular classification are available to patients regardless of geographic location or
economic status.

International collaboration and knowledge sharing are essential for advancing
endometrial carcinoma research and ensuring equitable access to molecular
classification benefits across diverse populations and healthcare systems (Aoki et al.,
2022). Initiatives such as the International Cancer Genome Consortium and global
research networks provide frameworks for collaborative research that can accelerate
progress and ensure diverse population representation in research studies, helping to
address historical biases in cancer research and ensure that molecular classification
systems are applicable across different ethnic and geographic populations (Elwood et
al., 1977).

4.6 Therapeutic Implications and Personalised Medicine

The integration of molecular classification with therapeutic decision-making
represents one of the most promising applications of precision medicine in
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gynaecological oncology, offering the potential to optimise treatment selection and
improve outcomes whilst reducing unnecessary toxicity (Makker et al., 2021). The
differential responses to adjuvant therapies across molecular subgroups provide
opportunities for treatment personalisation, with emerging evidence suggesting that
POLE-mutated tumours may not require adjuvant therapy, MSI tumours may benefit
from immunotherapy, and copy number high tumours may require intensive
multimodal approaches (Oaknin et al., 2021).

The development of novel targeted therapies based on molecular vulnerabilities
represents an exciting frontier in endometrial carcinoma treatment, with numerous
agents in clinical development targeting specific molecular pathways identified
through genomic analyses (Urick & Bell, 2019). The identification of actionable
mutations in genes such as PIK3CA, ERBB2, and FGFR2 has led to the development of
targeted therapies that show promise in early-phase clinical trials, whilst the
understanding of DNA repair deficiencies has opened opportunities for PARP inhibitor
therapy in selected patients (Westin et al., 2017).

4.7 Conclusion of Discussion

The molecular classification of endometrial carcinoma represents a transformative
advance that has fundamentally altered our understanding of disease biology and
clinical management, providing a foundation for precision medicine approaches that
promise to improve outcomes for patients with this heterogeneous group of
malignancies (Zhang et al., 2019). Whilst significant challenges remain in terms of
implementation, standardisation, and accessibility, the potential benefits for patient
care are substantial and justify continued investment in research and clinical
implementation efforts (Zannoni et al., 2019).

Future research efforts must focus on addressing current limitations whilst expanding
our understanding of disease biology through emerging technologies and analytical
approaches that can further refine classification systems and identify novel
therapeutic targets (León-Castillo et al., 2020). The ultimate goal is to translate
molecular insights into improved outcomes for all patients with endometrial
carcinoma, regardless of geographic location or socioeconomic status, through the
development of accessible, cost-effective approaches to molecular classification and
targeted therapy (Njoku et al., 2020).

Success in this endeavour will require sustained commitment to research, education,
and international collaboration, ensuring that the promise of precision medicine
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becomes a reality for patients worldwide whilst addressing the challenges of
implementation and accessibility that currently limit the benefits of molecular
classification to selected populations (Passarello et al., 2019). The continued evolution
of molecular classification systems and their integration with emerging technologies
promises to further revolutionise endometrial carcinoma management, offering hope
for improved outcomes and quality of life for the thousands of women diagnosed with
this disease each year.

5. Conclusion

Endometrial carcinoma represents a paradigmatic example of how molecular insights
can revolutionise cancer classification and clinical management, demonstrating the
transformative potential of precision medicine in gynaecological oncology. The
evolution from traditional dualistic classification to contemporary molecular
taxonomy has fundamentally transformed our understanding of disease biology,
revealing four distinct molecular subgroups with unique pathogenic mechanisms,
biological behaviours, and therapeutic vulnerabilities that challenge conventional
treatment paradigms and offer unprecedented opportunities for personalised patient
care.

The TCGA molecular classification system has provided a robust framework for
understanding the biological diversity of endometrial carcinomas, with the POLE
ultramutated subgroup demonstrating exceptional prognosis despite high-grade
histology due to enhanced immunogenicity, whilst copy number high tumours exhibit
aggressive behaviour requiring intensive multimodal therapy regardless of traditional
prognostic factors. Microsatellite instability tumours show enhanced immunogenicity
with important implications for immunotherapy selection, and copy number low
tumours generally follow favourable clinical courses with notable exceptions related to
specific molecular alterations such as chromosome 1q amplification.

The integration of molecular classification with traditional clinicopathological
parameters through practical tools such as the ProMisE algorithm has enabled the
translation of research discoveries into routine clinical practice, facilitating
personalised treatment decisions based on molecular characteristics rather than
solely morphological features. This represents a fundamental shift towards precision
medicine that promises to enhance prognostic accuracy, optimise treatment selection,
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and improve patient outcomes whilst reducing unnecessary treatment-related
morbidity.

However, successful implementation of molecular classification requires addressing
significant challenges including cost and accessibility barriers, standardisation of
testing methodologies, education and training requirements, and the need for robust
quality assurance programmes. The global burden of endometrial carcinoma
continues to increase, with obesity emerging as the predominant modifiable risk
factor accounting for approximately half of all cases through complex mechanisms
involving hormonal, metabolic, and inflammatory pathways. Racial and
socioeconomic disparities in disease incidence and outcomes highlight the urgent
need for equitable access to molecular testing and advanced therapeutic options
across diverse populations and healthcare settings.

Future research priorities include elucidating the role of tumour microenvironment
across molecular subgroups, developing artificial intelligence approaches for
molecular classification, advancing liquid biopsy technologies for non-invasive
monitoring, and creating simplified testing algorithms suitable for resource-limited
settings. The development of novel targeted therapies based on molecular
vulnerabilities offers exciting opportunities for improving outcomes in patients with
advanced or recurrent disease, whilst the integration of immunotherapy with
molecular classification has already demonstrated significant clinical benefits in
selected patient populations.

The ultimate goal is to translate molecular insights into improved outcomes for all
patients with endometrial carcinoma through precision medicine approaches that
consider both molecular characteristics and individual patient factors, ensuring that
the benefits of molecular classification are accessible regardless of geographic
location or socioeconomic status. The remarkable progress in understanding
endometrial carcinoma biology over the past decade provides a solid foundation for
continued advances in prevention, diagnosis, and treatment, offering hope for the
thousands of women diagnosed with this disease each year.

Success in realising the full potential of molecular classification will require sustained
commitment to research, international collaboration, and efforts to ensure equitable
access to these advances across diverse healthcare settings worldwide. As we continue
to refine our understanding of endometrial carcinoma biology and develop more
sophisticated approaches to molecular classification, the promise of truly
personalised cancer care becomes increasingly achievable, representing a new era in
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gynaecological oncology that prioritises precision, efficacy, and patient-centred
outcomes.
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