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Endometrial carcinoma is a heterogeneous malignancy driven by diverse molecular alterations.
Immunohistochemical and molecular biomarkers have increasingly been incorporated into
diagnostic algorithms, linking histopathology with genomic profiling and facilitating precision
oncology. This systematic searching approach followed PRISMA 2020 guidelines and was
registered in PROSPERO (CRD420251184261). A comprehensive search of PubMed, Scopus,
Web of Science, ScienceDirect, and Google Scholar (January 2000-March 2025) identified
studies evaluating immunohistochemical and/or molecular biomarkers in atypical endometrial
hyperplasia/endometrioid intraepithelial neoplasia or endometrial carcinoma. Fifty-nine
studies met the inclusion criteria. Investigated biomarkers included PTEN, PAX2, B-catenin,
p53, mismatch repair proteins, HER2, ER, PR, Ki67, and PD-L1. These markers delineate the
molecular continuum from precursor lesions to invasive carcinoma and correspond closely
to The Cancer Genome Atlas molecular subtypes. MMR deficiency and PD-L1 expression
predict response to immune checkpoint inhibitors, whereas HER2 amplification characterizes
aggressive serous carcinoma. PTEN and PAX2 loss characterized AEH/EIN, while p53
abnormalities identify copy-number-high tumors associated with adverse prognosis.
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Introduction

Endometrial carcinoma (EC) is the most common malignancy of the uterine corpus and
remains a major global health burden, with incidence continuing to rise due to increasing
life expectancy, obesity, metabolic syndrome, and hormonal factors [36,41]. Although
many cases are diagnosed at an early stage and associated with favorable outcomes, a
substantial proportion exhibit biologically aggressive behavior characterized by high-
grade histology, deep myometrial invasion, lymphovascular space involvement, and
metastatic potential. Improving diagnostic accuracy and refining risk stratification are
therefore essential for optimizing management and outcomes.

Historically, EC has been categorized according to the dualistic Bokhman
model, dividing tumors into estrogen-dependent endometrioid (Type 1) and estrogen-
independent non-endometrioid (Type II) groups [5]. While this framework provided
important clinical distinctions, accumulating evidence demonstrates that EC represents
a heterogeneous disease continuum rather than two discrete entities. The advent of
molecular profiling—particularly the landmark genomic classification proposed by
The Cancer Genome Atlas (TCGA)—has fundamentally reshaped our understanding of
EC biology. TCGA delineates four molecular subtypes: POLE-ultramutated, mismatch
repair-deficient/microsatellite instability-high (IMMR/MSI-H), p53-abnormal (copy-
number high), and no specific molecular profile (NSMP), each associated with distinct
clinical behavior, treatment response, and prognosis [12, 23, 39, 44].

Immunohistochemistry (IHC) has emerged as a practical surrogate for genomic
testing, offering a cost-effective and clinically accessible means of implementing
molecular classification. Markers such as PTEN, PAX2, B-catenin, p53, MMR
proteins, ER, PR, HER2, Ki67, and PD-L1 provide insights into the pathways driving
carcinogenesis and enable clearer distinction between precursor lesions and invasive
carcinoma. Atypical endometrial hyperplasia/endometrioid intraepithelial neoplasia
(AEH/EIN), the precursor of most endometrioid carcinomas, is frequently associated
with PTEN and PAX2 loss, as well as activation of PI3K/AKT and Wnt/B-catenin
signaling pathways [30,40,46]. In contrast, endometrial glandular dysplasia (EmGD),
a precursor of serous carcinoma, is characterized by aberrant p53 overexpression and
HER?2 amplification [1, 21].

Given the molecular diversity of EC and the increasing emphasis on precision
oncology, integrating immunohistochemical and molecular biomarkers into diagnostic
and therapeutic decision-making has become essential. This systematic review
synthesizes current evidence on key biomarkers involved in endometrial carcinogenesis,
evaluates their diagnostic, prognostic, and predictive roles, and contextualizes them
within the modern molecular classification framework.

This systematic searching approach was conducted in accordance with PRISMA
2020 guidelines and was prospectively registered in PROSPERO (CRD420251184261).
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1. PRISMA-Based Systematic Review Approach

1.1. Study design

This study was conducted as a systematic review following the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA 2020) guidelines. The
review protocol was prospectively registered in the International Prospective Register
of Systematic Reviews (PROSPERO; Registration ID: CRD420251184261).

1.2. Eligibility criteria
Studies were included if they met the following criteria:

1. Population: Human subjects with atypical endometrial hyperplasia/
endometrioid intraepithelial neoplasia (AEH/EIN) or endometrial carcinoma.

2. Concept: Evaluation of immunohistochemical and/or molecular biomarkers.

3. Context: Original studies involving diagnostic, prognostic, predictive, or
translational biomarker assessment.

4. Study type: Clinical, translational, molecular, or systematic research.

5. Language: Published in English.

6. Availability: Full-text accessible.

Exclusion criteria:

e Animal or in vitro studies;

Case reports, editorials, commentaries, letters, conference abstracts;
Studies lacking clear methodology or biomarker assessment;

e Non-original articles unless containing pooled biomarker data.

1.3. Information sources
A comprehensive search was conducted across the following databases:

PubMed
Scopus

Web of Science
ScienceDirect
Google Scholar

The search covered the period January 2000 to March 2025. Additionally,
reference lists of all eligible studies and recent reviews were manually screened to
identify further relevant articles.

1.4. Search strategy

The search strategy combined controlled vocabulary (MeSH terms) and free-text
keywords. The full PubMed search string (as required by PRISMA) was: (“endometrial
carcinoma” or “endometrial cancer”) and (“biomarker” or “immunohistochemistry” or
“molecular classification”) and (“atypical endometrial hyperplasia” or “endometrioid
intraepithelial neoplasia”). Reference lists of included studies and relevant reviews
were also screened manually to identify additional eligible sources. Equivalent search
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terms were adapted for Scopus, Web of Science, ScienceDirect, and Google Scholar.
The complete set of search strategies for all databases will be included in Appendix 1.

1.5. Selection process

Two independent reviewers (Reviewer A and Reviewer B) screened titles and
abstracts for potential eligibility. Full texts were retrieved when eligibility could not
be determined from abstracts alone. Disagreements were resolved through discussion
and consensus. A PRISMA flow diagram illustrates the selection process, the number
of records identified, screened, included, and excluded.

1.6. Data extraction
Data were extracted using a standardized form and included:

e authors and publication year;

e study design and sample size;

e population characteristics;

e biomarker type (IHC, molecular, or combined);

e methodology details;

e molecular classification when available;

e diagnostic, prognostic, and predictive implications.

Extraction was performed independently by two reviewers; discrepancies were
resolved by consensus

1.7. Risk of bias assessment
Given the scope and purpose of this review - synthesizing mechanistic and translational
biomarker evidence - standardized risk-of-bias tools (ROBINS-I, QUADAS-2,
Cochrane RoB) were deemed not applicable. This is consistent with PRISMA
2020 guidelines for reviews that analyze heterogeneous biomarker studies without
comparative clinical outcomes.

A narrative appraisal of study quality was performed where applicable.

1.8. Synthesis methods

Due to heterogeneity in study designs, biomarkers evaluated, laboratory
methods, antibody clones, and scoring systems, meta-analysis was not feasible.
Therefore, a narrative synthesis was conducted, organized by:

e biomarker function (diagnostic, prognostic, predictive);

e molecular subtype (POLE-mutated, AIMMR/MSI-H, p53-abnormal, NSMP);
¢ relevance to precursor lesions (AEH/EIN, EmGD).

Quantitative summaries were provided where possible.

1.9. Certainty of evidence

The GRADE framework was not applicable because no pooled effect estimates or meta-
analytic comparisons were performed. Instead, certainty of evidence was addressed
descriptively based on study quality, methodological consistency, and reproducibility
of biomarker findings.
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Identificationof studies via databases and registers

Records removed before
screening:
Duplicate records removed
Records identified from (n = 58)
databases: 205 — Records marked as ineligible

by automation tools (n 42)
Records removed for other
reasons (n = 40)

|

Records screened 5 Records excluded
(n=140) (n=60)
Reports excluded:;

Reason 1(n=9)
Reason2(n=T7)
Reason 3 (n=2)

Reports assessed for eligibility
(n = 80)

Studies included in review
(n=49)

Fig. 1. PRISMA flow diagram summarizing search, screening, inclusion, and exclusion steps.
The literature search identified 205 records; after removing duplicates and screening for
relevance, 49 studies met inclusion criteria.

2. Data from systematic review

2.1. Study selection
The database search yielded 205 records. After removing duplicates and screening
titles and abstracts, 78 articles were retrieved for full-text assessment. Of these, 49
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studies met the inclusion criteria and were included in the final synthesis. A PRISMA
flow diagram (Fig. 1) provides a detailed summary of the identification, screening,
eligibility assessment, and inclusion process.

2.2. Study characteristics

The 49 included studies comprised clinical investigations, molecular analyses,
immunohistochemical evaluations, and combined IHC—genomic assessments. The most
frequently investigated biomarkers included PTEN, PAX2, B-catenin, p53, mismatch
repair (MMR) proteins (MLH1, MSH2, MSH6, PMS2), HER2, ER, PR, Ki67, PD-L1,
and POLE mutations. The studies covered a wide spectrum of precursor lesions (AEH/
EIN, EmGD) and endometrial carcinoma subtypes (endometrioid, serous, mixed, and
molecularly annotated EC). Tables 2 and 3 summarize the principal biomarkers, their
clinical applications, key findings, and representative studies.

2.3. Risk of bias in included studies

As detailed in the Methods section, formal risk-of-bias tools (e.g., QUADAS-2,
ROBINS-I) were not applicable due to the mechanistic and heterogeneous nature of
biomarker studies. Nevertheless, variability across studies was observed in:

IHC antibody clones and staining protocols, scoring thresholds for biomarker
positivity, availability of molecular confirmation (e.g., sequencing for POLE, TP53,
CTNNBI1), reporting completeness.These factors were considered during narrative
synthesis.

2.4, Individual study results

2.4.1. Diagnostic biomarkers in precursor lesions (AEH/EIN and EmGD)

PTEN and PAX2 loss were consistently associated with AEH/EIN and early
neoplastic transformation. B-catenin nuclear localization was linked to progression risk
in EIN. In contrast, EmGD lesions demonstrated aberrant p53 expression and HER2
amplification, mirroring serous carcinoma profiles.

2.4.2. Biomarker distribution across molecular subtypes

The biomarkers aligned with the TCGA classification:

POLE-ultramutated tumors: high TILs, elevated PD-L1, excellent prognosis.

dMMR/MSI-H tumors: loss of MMR proteins, hypermutation, increased
immunogenicity.

p53-abnormal tumors: TP53 mutations, HER2 amplification, high-grade serous
morphology.

NSMP tumors: PTEN, PIK3CA, and CTNNBI1 alterations, often low-grade
endometrioid morphology.

2.4.3. Prognostic biomarkers

p53 abnormalities strongly correlated with poor outcomes.

ER/PR loss was associated with dedifferentiation and reduced hormonal
responsiveness.
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Ki67 index correlated with proliferative activity and tumor aggressiveness.
POLE mutations predicted excellent survival independent of traditional risk
factors.

2.4.4. Predictive biomarkers

MMR deficiency and PD-L1 expression predicted response to immune checkpoint
inhibitors.

HER2 amplification supported the use of anti-HER2 targeted therapy in serous
EC.

AMH/AMHRII remained experimental without sufficient clinical validation.

2.4.5. Quantitative summary

Among the included studies, diagnostic biomarkers were the most freguently
investigatedq followed by prognostic and predictive biomarkers, 10 (18%) on predictive
markers. Across predictive studies. PD-L1, MMR status, and HER2 amplification
demonstrated the strongest correlation with therapeutic responsiveness.

2.5. Synthesis of results

The combined evidence highlights a clear molecular continuum linking AEH/EIN
to endometrioid carcinoma and EmGD to serous carcinoma. Immunohistochemical
surrogates offer a practical and cost-effective alternative to genomic sequencing for
molecular classification. Integration of biomarker expression with TCGA subtypes
enhances diagnostic reproducibility, refines risk stratification, and informs tailored
therapeutic approaches. Tables 2,3 and 4 provide a consolidated overview of biomarker
functions, molecular associations, and clinical implications across included studies.

Table 2. Overview of principal immunohistochemical and molecular biomarkers in endometrial
carcinoma and their translational relevance across early detection, personalized therapy, and
prognostic stratification.

Key benefit / .. .. Representative References
A f appl fi

ok rea of application / Significance e meTig)
Earl Ejﬁ:l;fico(;ginnm(;Ielc?lr;;lo}rnztl(g)a?:c)}iongilc; Talhouk A et al. [42];

Yy . P! and prech McConechy MK et al. [26];
detection and | disease; screening and risk-reducing .

q 7 . . . . Mutter GL [29]; Bagaria M et

diagnosis management; identification of atypical

rricaallasd I al. [3]; Cabrera S et al. [9]

Genomic reclassification of EC and
Personalized |identification of actionable alterations;
treatment integration of molecular and IHC markers
plans for post-surgical adjuvant treatment and
predictive modelling.

TCGA / Getz G et al. [14];
Stelloo E et al. [39]; Mitric C,
Bernardini MQ [27]; Le Gallo
Met al. [21]
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Key benefit / .. .. Representative References
ok Area of application / Significance (ot moheri)
Enhanced prognostic assessment through
e molec.ular ma.lrkers; favorable outcomes | Raffone A et al. [33];
R associated with POLE exonuclease McConechy MK et al. [26];
mutations; validation of grading systems | Ledn-Castillo A et al. [23]
within molecular subtypes.
Development and repurposing of
Targeted hormopal, ‘HER2—tar'geted and immune R0§s DS et al. [3'4]; Buza N,
Tyt therapies; identification of actionable Hui P [7,8]; Aoki D et al. [2];
genomic profiles enabling therapy Getz G et al. [14]
selection and trials.
Integration of MSI/MMR, PI3K-AKT, Stelloo E et al. [39]; Zighelboim
Better risk | Wnt/B-catenin and TP53 pathways for I/ McConechy MK context
stratification |risk assessment; PTEN alterations as [26]; Hecht JL, Mutter GL
early markers for high-risk lesions. [16,30]
Optimized management of endometrial
Prevention hyperpla51a.t0 Prevent mghgnant . Gallos ID et al. [13]; Restaino
of disease transt?orrr.latlon, comparative evalganon S et al. [33]; Mufioz Sanchez R
. of guidelines and long-term surveillance
progression . et al. [28]
strategies.

The results demonstrate a clear molecular continuum from precursor lesions
to invasive carcinoma. Early alterations such as PTEN and PAX2 loss, frequently
observed in AEH/EIN, represent some of the earliest molecular events in endometrioid
carcinogenesis and align with previous reports describing their diagnostic utility [25,
30, 46]. Activation of the Wnt/B-catenin pathway, driven by CTNNB1 mutations,
was also implicated in the transition from EIN to carcinoma, consistent with earlier
molecular and immunohistochemical studies [18, 35, 48].

In contrast, lesions along the serous pathway exhibited aberrant p53 expression
and HER2 amplification, consistent with their established roles in serous EC and its
precursor, endometrial glandular dysplasia (EmGD) [1, 21, 47]. These biomarker
patterns strongly correspond to the four TCGA molecular subtypes—POLE-
ultramutated, MMR-deficient/MSI-H, p53-abnormal, and NSMP—each characterized
by distinct genetic drivers, immunohistochemical profiles, and prognostic implications
[12 ,42, 44].
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2.6. Diagnostic and translational implications
The integration of immunohistochemical markers with molecular classification
frameworks greatly enhances diagnostic accuracy:

p53 IHC remains the most reliable surrogate for identifying copy-number—high
tumors, with strong prognostic significance [11, 19]. MMR protein loss allows rapid
identification of dMMR/MSI-H tumors, which possess high immunogenicity and
sensitivity to immune checkpoint blockade [2, 22, 27]. POLE mutations, though less
frequent, distinguish tumors with ultramutated profiles and exceptionally favorable
prognosis [16, 23]. HER2 amplification in serous carcinoma provides a targetable
alteration with increasing therapeutic relevance [8, 47].

Collectively, these biomarkers form the basis of a practical, cost-effective molecular
classification system that can be readily implemented in pathology laboratories and
aligned with TCGA-guided clinical algorithms [33, 39 ,49].

2.7. Strengths of the evidence
This review demonstrates consistent evidence supporting:

The reproducibility of IHC surrogate markers for molecular subtyping, particularly
for p53 and MMR proteins [11, 27, 39].

The strong correlation between PTEN/PAX2 loss and early endometrioid
neoplasia, providing robust diagnostic value in distinguishing AEH/EIN from benign
hyperplasia [13, 25].

The emerging predictive significance of PD-L1 expression and MMR deficiency
in immunotherapy response [2, 43].

The established clinical impact of HER2-targeted therapy in serous carcinoma
[8, 47].

2.8. Limitations
Several limitations were identified across included studies:

Methodological heterogeneity was common, including variable IHC protocols,
antibody clones, scoring systems, and cut-off thresholds, consistent with prior reviews
of biomarker performance [10, 39]. Limited sequencing validation in many studies may
affect the accuracy of molecular subtype assignment [22, 26]. Population variability,
including geographic and ethnic differences in p53-abnormal and MSI-H frequencies,
remains insufficiently explored [43, 48, 49]. Meta-analysis was not feasible due to
the substantial heterogeneity in biomarker assessment, study design, and reporting
patterns.

2.9. Implications for research
Future studies should focus on:

Standardizing IHC interpretation criteria, particularly for p53, MMR proteins,
and PB-catenin, to reduce interobserver variability [11 ,18].

Expanding genomic sequencing in diverse populations to clarify suspected ethnic
variations in EC molecular profiles [24, 43 49].
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Implementing Al-assisted digital pathology for quantitative biomarker
assessment [6].

Designing biomarker-driven clinical trials to evaluate tailored therapies, including
HER2-targeted and immunotherapy regimens [2, 8].

2.10. Implications for clinical practice
The clinical utility of these biomarkers is substantial:

Incorporating IHC surrogates (p53, MMR, ER/PR, HER2) into routine diagnostics
supports rapid and accurate molecular classification aligned with TCGA [33, 39].

MMR and PD-L1 testing enhances identification of candidates for immunotherapy,
now a standard component in the management of MMR-deficient EC [2, 22].

HER?2 testing is increasingly crucial in high-grade serous carcinoma, enabling
targeted treatment strategies with demonstrated benefit [8, 47].

Identification of POLE mutations supports therapy de-escalation in selected
patients with excellent prognosis [16, 23].

2.11. Conclusions

The integration of immunohistochemical and molecular biomarkers into contemporary
EC diagnostics represents a paradigm shift in gynecologic oncology. By linking
traditional morphology with genomic insights, these biomarkers refine diagnosis,
enhance reproducibility, guide tailored therapy, and ultimately improve patient
outcomes. Continued refinement of biomarker assessment and adoption of standardized
molecular classification systems are essential for advancing precision medicine in
endometrial carcinoma.

Conclusions from the systematic review

Immunohistochemical and molecular biomarkers provide essential insights into the
pathogenesis, diagnostic stratification, prognostic assessment, and therapeutic guidance
of endometrial carcinoma. Early alterations such as PTEN and PAX2 loss delineate
the development of atypical endometrial hyperplasia/endometrioid intraepithelial
neoplasia (AEH/EIN), while aberrant p53 expression and HER2 amplification
characterize serous carcinoma and its precursors. The integration of these biomarker
profiles with the TCGA molecular classification enables more precise characterization
of tumor biology, allowing clinicians to tailor management strategies to individual
patient risk.

Predictive biomarkers—including mismatch repair (MMR) deficiency, PD-
L1 expression, and HER2 amplification—have emerged as key determinants of
response to immunotherapy and targeted therapies, marking a significant shift toward
personalized treatment approaches. Although predictive biomarker availability
remains limited, their incorporation into routine practice represents a critical
advancement in precision oncology.
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Despite variability in methodologies across studies, the collective evidence
demonstrates that standardized biomarker assessment improves diagnostic
reproducibility and refines risk stratification. Continued advancements in molecular
diagnostics, integration of genomic data with immunohistochemical surrogates, and
the development of biomarker-driven treatment pathways are essential for further
improving outcomes in endometrial carcinoma.
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