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Abstract

Endometrial cancer is the most common gynecologic malignancy in developed countries
and remains challenging in terms of risk stratification, treatment monitoring, and early
detection of recurrence. Liquid biopsy provides a minimally invasive approach for the
dynamic assessment of tumor-derived biomarkers and may complement tissue-based diag-
nosis and molecular classification. This narrative review summarizes current evidence on
circulating biomarkers in endometrial cancer, including circulating tumor DNA (ctDNA),
circulating tumor cells (CTCs), extracellular vesicles (EVs), circulating microRNAs, and
tumor-educated platelets, with attention to validity, applicability, and implementation
barriers. Among these biomarkers, ctDNA currently has the strongest evidence base, es-
pecially for longitudinal monitoring, prognostic stratification, molecular residual disease
assessment, and early detection of relapse in high-risk or recurrent disease. However, its
sensitivity remains limited in early-stage, low-volume, and low-shedding tumors. CTCs,
EVs, microRNAs, and platelet-derived signatures are promising but still largely investi-
gational. Artificial intelligence may support multimodal biomarker validation, although
clinical adoption will require external validation, locked algorithms, standardized work-
flows, and prospective utility trials. Overall, liquid biopsy represents a promising adjunct
to tissue-based diagnosis and molecular classification in endometrial cancer, particularly
for monitoring and follow-up. Prospective studies are now needed to demonstrate whether
liquid-biopsy-informed decisions can improve outcomes or safely reduce overtreatment.

Keywords: endometrial cancer; liquid biopsy; circulating tumor DNA (ctDNA); circulating
tumor cells (CTCs); extracellular vesicles (EVs); microRNAs; artificial intelligence; clinical
trials; precision oncology
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1. Epidemiology and Burden of Disease

Endometrial cancer is the most prevalent gynecologic malignancy in developed coun-
tries and represents a growing global health burden. In 2022, approximately 420,000 new
cases and nearly 98,000 deaths were estimated worldwide, with incidence increasing in
many regions, particularly in high-income countries [1,2]. The rising burden is closely
linked to population aging, declining fertility, obesity, diabetes, and other metabolic risk
factors; obesity alone is estimated to account for a substantial fraction of cases in developed
settings [2,3].

Most patients are postmenopausal, but 10-15% of cases occur in premenopausal
women, and a smaller subset develops in the setting of hereditary predisposition, particu-
larly Lynch syndrome [4,5]. Abnormal uterine bleeding often leads to early diagnosis, and
most tumors are detected at an apparently uterus-confined stage. Nevertheless, outcomes
remain poor in advanced, recurrent, high-grade, or biologically aggressive disease [3,5].

This epidemiologic and clinical heterogeneity creates a need for biomarkers that
complement histopathology and tissue-based molecular classification. In this context,
liquid biopsy is attractive not primarily as a replacement for diagnostic biopsy, but as a
minimally invasive strategy for dynamic risk refinement, treatment monitoring, molecular
residual disease assessment, and early detection of relapse [1-5].

Literature Search Approach

A targeted narrative literature search was conducted to identify peer-reviewed
studies and registered clinical trials on liquid biopsy biomarkers in endometrial cancer.
PubMed/MEDLINE, Scopus, Web of Science, and Google Scholar were searched from
database inception to 11 June 2026 using combinations of the following terms: endome-
trial cancer, endometrial carcinoma, uterine cancer, liquid biopsy, circulating tumor DNA,
ctDNA, cell-free DNA, cfDNA, circulating tumor cells, extracellular vesicles, exosomes,
circulating microRNA, tumor-educated platelets, molecular residual disease, recurrence
monitoring, artificial intelligence, machine learning, and clinical trials. References of rele-
vant articles were manually screened to identify additional primary studies. Eligible studies
included original translational or clinical investigations, systematic reviews, meta-analyses,
and high-quality reviews addressing analytical validity, prognostic value, longitudinal
monitoring, tissue-plasma concordance, molecular classification, or clinical implementa-
tion of liquid biopsy in endometrial cancer. Studies focused exclusively on non-endometrial
malignancies were excluded unless used as comparator evidence for clinically validated
monitoring paradigms, such as ctHPV DNA in cervical cancer. ClinicalTrials.gov was
searched using endometrial cancer/endometrial carcinoma combined with ctDNA, cell-
free DNA, liquid biopsy, circulating tumor DNA, molecular residual disease, methylation,
fragmentomics, cervical smear, urine, vaginal samples, recurrence, and monitoring. Be-
cause this article was designed as a narrative review rather than a systematic review, no
formal risk-of-bias assessment, quantitative evidence grading, or PRISMA flow diagram
was generated.

2. Pathogenesis and Molecular Landscape

Endometrial cancer arises through interactions among hormonal, metabolic, inflam-
matory, genetic, and environmental factors. The classical Bokhman model distinguishes
estrogen-related type I tumors, usually low-grade endometrioid carcinomas, from type
II tumors, including serous and clear cell carcinomas with more aggressive behavior [6].
Although clinically useful, this dualistic model does not capture the full molecular diversity
of the disease.

https://doi.org/10.3390 /biom16060911


https://doi.org/10.3390/biom16060911

Biomolecules 2026, 16, 911

30f20

The Cancer Genome Atlas redefined endometrial cancer into four molecular groups:
POLE-ultramutated tumors, mismatch repair-deficient/microsatellite instability-high tu-
mors, copy-number-low /no specific molecular profile tumors, and copy-number-high /p53-
abnormal tumors [7]. These subgroups differ markedly in genomic architecture, immune
contexture, prognosis, and therapeutic implications. POLE-mutated tumors usually have
excellent outcomes despite high mutation burden, whereas p53-abnormal tumors are
associated with aggressive behavior and poor prognosis [7,8].

Molecular classification has therefore become central to contemporary risk stratifica-
tion and treatment planning. Current recommendations increasingly integrate molecular
subtype with histotype, grade, myometrial invasion, lymphovascular space invasion, and
stage to refine adjuvant therapy decisions [8,9].

Additional biological processes, including autophagy regulation and endometriosis-
associated neoplastic transformation, also illustrate the biological heterogeneity of endome-
trial and endometriosis-related pathology [10,11].

However, tissue molecular profiling is usually performed at a single time point and
may not fully capture temporal evolution, clonal selection, or treatment-emergent resistance.
Liquid biopsy could complement tissue analysis by enabling serial assessment of tumor-
derived material during follow-up and treatment [7-9].

3. Current Diagnostic and Prognostic Strategies

Diagnosis and management of endometrial cancer rely on clinical assessment, imaging,
histopathology, surgery, and molecular profiling. Abnormal uterine bleeding, particularly
after menopause, usually prompts evaluation. Transvaginal ultrasonography can be used as
a triage tool, while histopathological confirmation is obtained by office endometrial biopsy,
dilation and curettage, or hysteroscopy with directed biopsy when indicated [12-14].

After diagnosis, surgical staging and risk stratification guide treatment. Contemporary
management integrates anatomic stage with histotype, grade, depth of myometrial invasion,
lymphovascular space invasion, cervical involvement, and molecular subtype. The 2023
FIGO staging system and ESGO/ESTRO/ESP recommendations reflect this shift toward
combined clinicopathological and molecular risk assessment [8,15,16].

Despite these advances, most diagnostic and prognostic information is still derived
from tissue obtained at diagnosis or surgery. This remains indispensable, but it is not
well suited to repeated, longitudinal assessment of tumor burden, molecular evolution,
treatment response, or molecular residual disease [8,15,16].

4. Limitations of Current Diagnostic Approaches

Current tissue-based approaches provide essential diagnostic and prognostic informa-
tion but have important limitations. A single biopsy or surgical specimen may underrepre-
sent intratumoral heterogeneity, particularly in high-grade, mixed-histology, metastatic, or
treatment-exposed tumors [17,18]. In addition, tissue analysis is static, whereas endometrial
cancer can evolve through clonal selection and acquisition of resistance mechanisms during
therapy [19].

Repeated tissue sampling is often impractical, invasive, costly, or technically impossi-
ble in recurrent or metastatic disease. Standard surveillance, based on symptomes, clinical
examination, and imaging, may also detect relapse only after molecular recurrence has
already occurred [19].

Liquid biopsy addresses some of these limitations by providing minimally invasive,
repeatable access to tumor-derived molecular signals. Its interpretation must nevertheless
be cautious, especially in early-stage disease where circulating tumor fractions can be very
low [19].
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I. SOURCES OF LIQUID BIOPSY
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5. Biological Basis and Technologies of Liquid Biopsy

Liquid biopsy refers to the analysis of tumor-derived material in biofluids, most
commonly blood, but also urine, uterine aspirate/lavage, cervical/vaginal samples, and
other fluids. Tumor-derived signals include ctDNA, CTCs, EVs, circulating RNAs, proteins,
and platelet-associated signatures released through apoptosis, necrosis, active secretion,
cellular turnover, and tumor-host interactions [19-24].

ctDNA is the most clinically mature analyte because it can carry tumor-specific muta-
tions, copy-number changes, microsatellite instability-related signals, methylation patterns,
and fragmentomic features. CTCs provide cellular and phenotypic information, while EVs,
microRNAs, and tumor-educated platelets may capture additional layers of tumor biology
and host response [22-24].

Analytical platforms include digital PCR for highly sensitive interrogation of known
targets and next-generation sequencing for broader genomic profiling. Emerging ap-
proaches such as methylation analysis, fragmentomics, molecular barcoding, error suppres-
sion, microfluidics, and multimodal machine-learning models aim to increase sensitivity in
low-burden settings [19,21,25].

The key clinical question is not whether circulating tumor-derived material can be de-
tected, but whether its detection improves patient management. This requires standardized
pre-analytical workflows, validated assays, clinically meaningful thresholds, and prospec-
tive studies demonstrating utility [19]. A schematic overview of the main liquid-biopsy
sources, circulating analytes, potential clinical applications, and relative clinical-readiness
status in endometrial cancer is provided in Figure 1.

= VENOUS BLOOD Circulating Tumor Cells (CTCs) CLINICAL

? =0 READINESS STATUS
| Plasma/ oL = ~d
P
| Serum / Nucleus ‘

/r Circulating Tumor DNA (ctDNA)

UTERINE ASPIRATE/LAVAGE > DI RO Mutations, Methylation CL'i'l!l(I;gAL

Extracellular READINESS
ILMAN N> ¢ “Vesicles;  MOLECULAR
/|| BIOMARKERS, (') Exosomes (EVs)  ANALYSIS
4 72X pr

oteins, miRNAs

Platelets (TEPs)
INVESTIGATIONAL
PHASE

CLINICAL READINESS STATUS

é

o) )

o — | Risk .

s

v LEVEL g I
; ST
4 LEVEL 4

S & e *CtDNA shows the highest
EARLY DETECTION PREOPERATIVE POSTOPERATIVE MRD TREATMENT RECURRENCE clinicalreadiness; other
& SCREENING RISK REFINEMENT & EARLY RECURRENCE RESPONSE DETECTION analytes remain
(POTENTIAL FUTURE ROLE) MONITORING MONITORING investigational

Figure 1. Overview of liquid biopsy in endometrial cancer. Liquid biopsy specimens can be obtained
from venous blood, uterine aspirate/lavage, and urine. The main analytes include circulating
tumor cells (CTCs), circulating tumor DNA (ctDNA), extracellular vesicles/exosomes, circulating
microRNAs, and tumor-educated platelets. These biomarkers may support early detection and
screening, preoperative risk refinement, postoperative minimal residual disease (MRD) and early
recurrence monitoring, treatment response assessment, and recurrence detection. Among currently
available analytes, ctDNA has the highest level of clinical readiness, whereas other biomarker
classes remain predominantly investigational and require prospective validation and workflow
standardization before routine clinical implementation. The initial illustrative image was generated
using Google Gemini 3.1 Pro with the Nano Banana 2 image-generation model and was subsequently
edited by the authors.
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6. Circulating Biomarkers in Endometrial Cancer

The application of liquid biopsy in endometrial cancer has increasingly focused on
the molecular characterization of circulating biomarkers, with the aim of capturing tumor
heterogeneity and dynamic genomic evolution. Unlike tissue biopsy, circulating biomark-
ers reflect both spatial and temporal tumor diversity, making them particularly suitable
for longitudinal disease monitoring. Among these, circulating tumor DNA (ctDNA),
circulating tumor cells (CTCs), extracellular vesicles, microRNAs, and tumor-educated
platelets represent the most extensively investigated components, each providing distinct
but complementary molecular information [19-24].

6.1. Circulating Tumor DNA (ctDNA)

Circulating tumor DNA (ctDNA) is currently the most advanced liquid biopsy
biomarker in endometrial cancer. It consists of tumor-derived fragments within the wider
pool of cell-free DNA and may carry somatic mutations, copy-number alterations, mi-
crosatellite instability-related features, methylation changes, and fragmentation patterns.
Plasma genomic studies in advanced endometrial cancer have detected recurrent alterations
in TP53, PIK3CA, PTEN, ARID1A, KRAS, and clinically relevant copy-number events such
as CCNEL1 amplification, supporting ctDNA as a non-invasive surrogate of tumor genomics
in higher-shedding disease [26].

A central issue is the rate of ctDNA positivity according to disease stage and biological
risk. Because available studies use heterogeneous assays, sampling time points, tumor-
informed versus tumor-naive designs, and positivity thresholds, a reliable pooled ctDNA
positivity rate stratified by FIGO stage cannot yet be calculated. However, a consistent
pattern is evident: ctDNA detection is substantially more frequent in high-grade, high-risk,
bulky, advanced, or recurrent disease than in low-volume early-stage tumors. Ashley
et al. detected baseline cfDNA mutations in 8 of 36 newly diagnosed patients (22%), with
positivity confined to cases with advanced stage, high tumor volume, and/or aggressive
histology [27]. Casas-Arozamena et al. detected ctDNA at surgery in 52 of 177 evaluable pa-
tients (29.4%), with enrichment in high-grade tumors, FIGO III-1V disease, deep myometrial
invasion, lymphovascular invasion, and non-endometrioid or aggressive histologies [28].
Thus, negative ctDNA in early-stage disease should not be interpreted as biological absence
of disease but rather as a limitation of blood-based detection in low-shedding settings.

Concordance between tissue and plasma is therefore conditional rather than absolute.
Tumor-informed or tumor-guided assays generally perform best because they first define
patient-specific tumor mutations and then interrogate plasma for those targets. In Ashley
et al.,, when ctDNA was present and tumor mutations were covered by the assay, tissue—
plasma concordance was high, with 35 of 38 baseline tumor mutations and 38 of 38 follow-
up mutations detected in cfDNA [27]. Conversely, plasma-negative results in low-shedding
disease should be interpreted as absence of detectable circulating tumor signal, not absence
of tumor.

Longitudinal monitoring is the most compelling clinical application. Serial ctDNA
levels can mirror treatment response, molecular residual disease, clonal evolution, and
impending relapse. Moss et al. reported that matched and longitudinal plasma DNA
analysis could detect recurrence or progression earlier than standard clinical assessment
in selected patients and that ctDNA kinetics reflected treatment response [29]. Ashley
et al. showed that ctDNA fractions and variant allele frequencies closely tracked response
and progression, with lead time before clinical recurrence in selected cases [27]. Casas-
Arozamena et al. reported recurrence detection before clinical confirmation in selected
patients, with an average lead time of approximately 4.7 months, although single-target
ddPCR missed some events [28]. Jamieson et al. found preoperative ctDNA mutations in
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6 of 24 endometrial cancer patients (25%), associated with advanced stage and recurrence,
and in selected patients ctDNA preceded clinical, radiological, or biomarker progression
by 2-5 months [30].

These findings support ctDNA primarily for postoperative molecular residual disease
assessment, recurrence surveillance, treatment-response monitoring, and risk refinement
rather than stand-alone screening. This distinction is crucial because most endometrial
cancers are diagnosed at an early stage after abnormal uterine bleeding, when blood-based
ctDNA sensitivity may be limited. ctDNA is therefore more likely to add information by
identifying biologically aggressive disease, occult residual disease, or impending relapse in
already diagnosed patients than by replacing endometrial sampling, hysteroscopy, imaging,
and histopathological assessment [13-15,27-32].

The cervical cancer experience with circulating HPV DNA illustrates both the promise
and the challenge. In HPV-associated cervical cancer, ctHPV DNA benefits from a tumor-
specific viral target usually absent from normal human DNA, and clinical validation after
chemoradiation has shown strong prognostic value for residual disease detection [32].
Endometrial cancer lacks a universal viral marker and is molecularly heterogeneous; a
comparable level of validation will likely require tumor-informed or molecular-subgroup-
informed assays, standardized time points, predefined thresholds, correction for clonal
hematopoiesis, and prospective trials showing that ctDNA-guided decisions improve
outcomes rather than simply predict relapse.

Overall, ctDNA is the liquid biopsy analyte closest to clinical implementation in en-
dometrial cancer. Its near-term rationale is strongest in high-risk, p53-abnormal, advanced,
recurrent, or postoperative MRD settings. Key barriers remain low sensitivity in early-
stage/low-shedding disease, pre-analytical variability, assay heterogeneity, and lack of
interventional evidence. A focused synthesis of representative ctDNA studies is provided
in Table 1 [27-35].

Table 1. ctDNA-focused synthesis of representative studies addressing detectability, tissue-plasma
concordance, molecular residual disease, and longitudinal monitoring in endometrial cancer.

. Detectability/Stage Tissue-Plasma Longitudinal/ MRD Clinical
Study/Year  Cohort/Setting Assay/Sample Signal Concordance Evidence Interpretation
Endometrial De'tectlon was most Matchgd plasma ctDNA kinetics Supports feasibility
Moss cancer patients Targeted informative in analysis captured reflected treatment of monitoring, but
etal. [29], with matchedand NGS/plasma patients with fumor-related response and enabled requires Validétion
20'20 4 loneitudinal . fD};\I A measurable or recur-  alterations and MSI earlier detection of q in larger
las n%a samples rent/progressive changes in selected ~ recurrence/progression rospec tivegcohorts
p P disease. cases. in selected patients. prosp ’
When ctDNA was Directly addresses
Tumor NGS Basel.me c.fDNA present.and tumor CtDNA fraction/VAF feasibility,
. and mutations in 8/36 mutations were -
Prospective . . o, mirrored response or concordance, and
Ashley . high-depth patients (22%); covered, . 1
newly diagnosed fe progression and longitudinal
et al. [27], . fDNA NGS positivity concordance was . oo
EC cohort with . . - preceded clinical monitoring;
2023 . . with concentrated in high: 35/38 . - .
serial sampling . recurrence in selected sensitivity remains
molecular advanced, bulky, or  baseline and 38/38 cases limited in
barcoding aggressive disease. follow-up ’ .
- low-burden disease.
mutations detected.
Localized and Tumor/uterine- ctDNA d.etected at Tun}or—}nformed Lor.1g.1tudma1 CtDN‘.A Strong translational
Casas- recurrent EC with aspirate- surgery in 52/177 design improved anticipated relapse in evidence for risk
Arozamena plasma. uterine informed Ppatients (29.4%); interpretability, but selected patients with stratification and
etal. [28] alz irate, sureical sequencin enriched in high detectability an average lead time of follow-up: assa
2624 ' Sampl,es argld an?i C’tDNPgs grade, FIGO III-1V, depended on ~4.7 months; harmonisz;tion 1};
follow-up tracking deep invasion, shedding and assay single-target ddPCR still needed.

and LVSI.

target selection.

missed some events.
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Table 1. Cont.
. Detectability/Stage Tissue-Plasma Longitudinal/MRD Clinical
Study/Year  Cohort/Setting Assay/Sample Signal Concordance Evidence Interpretation
Designed for
Post-surgical Tumor- aPparen.tly . . Prorr}lslr}g MRD
. X . localized disease Tumor-informed Postoperative ctDNA application, but
Recio stage I uterine informed R s : .
. . after surgery, where  approach supports positivity identified uterine-malignancy
et al. [31], malignancies, ctDNA MRD . X - . . i
. ¢ . standard risk patient-specific patients at increased cohort composition
2024 including but not testing/ . . L
- factors may tracking. recurrence risk. limits direct
restricted to EC blood .
underrepresent EC-only inference.
residual risk.
Preoperative .
CtDNA positivity Supportg plasma Supports risk
. . . . . detection of . L. refinement;
Lindemann International Preoperative associated with L Prognostic association s -
. . clinically relevant . clinically actionable
etal. [33], multicenter EC plasma aggressive . with recurrence and .
. . tumor-derived . thresholds require
2025 cohort ctDNA clinicopathological . S . survival outcomes. -
p signal in higher-risk prospective
eatures and R
. cases. validation.
recurrence risk.
Preoperative
Selective ctDNA ctDNA mutations Testing was most ctDNA preceded Supports selective
. L Targeted . . - . : )
Jamieson testing in DNA in 6/24 EC patients useful when clinical, radiological, or use for disease
etal. [30], endometrial and testing / (25%), associated selected by clinical =~ biomarker progression =~ monitoring; broader
2025 ovarian 8 with advanced and molecular by 2-5 months in validation is
. plasma . .
carcinomas stage and context. selected patients. required.
recurrence.
Both preoperative and
Evidence Perioperative pos;zgﬁiiggevi]r)eNA Confirms
Ahmed Systematic review synthesis of ctDNA positivity Not applicable; associated with worse prognostic signal
and meta-analysis varied across study-level A but underscores
et al. [34], . : pre- and . . ST progression-free
of perioperative - studies, reflecting synthesis highlights e . need for
2026 ctDNA in EC postoperative differences in assa assay heterogeneit; survival; postoperative rospective
ctDNA y y & Y positivity showed prosp

and patient mix. interventional trials.

strong prognostic
relevance.

Abbreviations: cfDNA, circulating cell-free DNA; ctDNA, circulating tumor DNA; EC, endometrial cancer;
MRD, molecular residual disease; MSI, microsatellite instability; NGS, next-generation sequencing; VAF, variant
allele fraction.

6.2. Circulating Tumor Cells (CTCs)

Circulating tumor cells (CTCs) represent a complementary component of liquid biopsy
because, unlike acellular analytes, they enable direct phenotypic and molecular interroga-
tion of intact tumor cells released from primary and/or metastatic sites. In endometrial
cancer, the available evidence indicates that CTCs comprise biologically heterogeneous
populations with epithelial, mesenchymal, and intermediate plastic states, consistent with
the dynamic nature of metastatic dissemination [36-38]. Molecular profiling of EC-derived
CTCs has demonstrated enrichment for EMT- and stemness-associated programs, including
ETV5, NOTCHI, SNAI1, TGFB1, ZEB1/2, ALDH, and CD44, together with expression
changes involving pathways relevant to EC progression, such as PI3K-related and Wnt/3-
catenin signaling.

Clinically, although the available studies remain limited by relatively small cohorts,
CTC detection has been associated with adverse pathological features, including deep
myometrial invasion, lymph node involvement, and cervical extension, and preliminary
serial data suggest that CTC dynamics may also reflect treatment-related changes. At
the same time, the low abundance of CTCs in peripheral blood, their marked phenotypic
heterogeneity, and the lack of standardized enrichment and detection platforms continue
to limit analytical sensitivity and broader clinical implementation, particularly in early-
stage disease. Notably, the detection of CTCs in ovarian vein samples from patients with
apparently localized disease further suggests that conventional peripheral blood assays may
underestimate tumor dissemination. Overall, CTCs are a biologically informative analyte
in endometrial cancer and hold promise for risk stratification, disease monitoring, and
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the study of metastatic progression; however, their routine clinical use will require larger
prospective validation studies and more robust, standardized detection strategies [39—41].

6.3. Extracellular Vesicles and Exosomes

Extracellular vesicles (EVs), particularly exosomes, represent a functionally active
component of the liquid biopsy landscape. Released by tumor, stromal, endothelial, and
immune cells, EVs mediate intercellular communication and carry DNA, mRNA, microR-
NAs, long non-coding RNAs, proteins, and lipids that may reflect tumor biology and
tumor-microenvironment interactions [23,42-44].

In endometrial cancer, preclinical and early translational studies have identified candi-
date EV-associated RNA and protein signatures with potential diagnostic and prognostic
relevance [44,45]. Their lipid bilayer protects molecular cargo from degradation, making
EVs attractive for biomarker discovery and potentially complementary to ctDNA, CTCs,
and circulating miRNAs. However, current evidence remains exploratory, and immediate
clinical translation is limited by EV heterogeneity, non-standardized isolation and character-
ization methods, and difficulty in confidently distinguishing tumor-derived vesicles from
vesicles released by non-neoplastic cells. Accordingly, EVs should currently be regarded
as a promising but investigational component of multimodal liquid biopsy strategies in
endometrial cancer [23,42-44].

6.4. Circulating MiicroRNAs

Circulating microRNAs (miRNAs) are small non-coding RNAs released in extracellu-
lar vesicles, protein complexes, or from dying cells. Their stability in plasma and serum
and their role in pathways such as PI3K/AKT/mTOR, Wnt/beta-catenin, TGF-beta sig-
naling, and p53-mediated cell-cycle control make them attractive biomarker candidates in
endometrial cancer [23,45,46].

Several miRNAs, including members of the miR-200 family, miR-21, miR-155, miR-
182, miR-183, miR-205, and let-7 family members, have been linked to tumor progression,
epithelial-mesenchymal transition, immune signaling, PTEN/PI3K pathway regulation,
and aggressive clinicopathological features [46-53]. Diagnostic performance is generally
stronger for multi-miRNA panels than for individual markers, with a meta-analysis report-
ing pooled sensitivity of 0.84, specificity of 0.87, and an area under the curve of 0.91 [50].

Despite these promising findings, circulating miRNA studies remain heterogeneous
with respect to specimen type, normalization strategy, detection platform, and clinical end-
points. Non-tumor sources, especially blood cells and platelets, are important confounders.
At present, miRNAs should be considered investigational and most likely to add value as
part of multimodal panels rather than as stand-alone clinical tests [45,46,54,55].

6.5. Tumor-Educated Platelets

Tumor-educated platelets (TEPs) represent an emerging liquid biopsy component that
reflects the interaction between tumor cells and the host systemic environment. Beyond
their role in hemostasis, platelets can uptake tumor-derived extracellular vesicles, RNA,
proteins, and cytokine-induced signals, resulting in altered RNA content, splicing patterns,
protein composition, and functional behavior [24,56-58].

From a clinical perspective, TEP-based assays have shown promising diagnostic
performance across several tumor types. In endometrial cancer, however, the evidence is
still limited to exploratory studies. A diagnostic study combining platelet RNA sequencing
with artificial intelligence showed promising discrimination between healthy individuals
and patients with endometrial cancer, while separation between malignant and benign
gynecologic conditions was more modest [59]. TEPs are abundant and may integrate signals
from both tumor cells and the host microenvironment, but their clinical implementation
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is constrained by the lack of standardized protocols for platelet isolation, transcriptomic
analysis, and control of confounding factors such as inflammation, comorbidities, and
non-neoplastic systemic conditions. Therefore, TEPs should currently be considered an
investigational platform rather than a clinically established biomarker in endometrial
cancer [24,56-59].

6.6. Clinical Positioning of Liquid Biopsy Analytes in Endometrial Cancer

While the previous sections have examined individual liquid biopsy analytes from a
biological and technical perspective, their clinical relevance ultimately depends on their
ability to inform specific decision-making scenarios [19-25].

In this context, we propose a pragmatic, hypothesis-generating framework that posi-
tions the principal liquid biopsy analytes according to the clinical settings in which they
may provide the most informative contribution. Rather than representing a prescriptive or
guideline-based classification, this approach is intended to support interpretation of the
current evidence by integrating considerations of clinical applicability, strength of available
data, and level of translational maturity [26-35,56-59].

Among the available biomarkers, circulating tumor DNA (ctDNA) currently shows
the most consistent and robust evidence, particularly in the settings of postoperative risk
assessment and recurrence monitoring. In contrast, other analytes, including circulating
tumor cells (CTCs), microRNAs, and extracellular vesicles, remain largely investigational,
with heterogeneous and still limited clinical validation. Nevertheless, these biomarkers
may provide complementary information and could become particularly relevant within
integrated, multimodal strategies [27-35,38-59].

Importantly, the proposed positioning should be interpreted with caution, as the
field is rapidly evolving and high-quality prospective validation studies are still needed
before widespread clinical implementation can be considered. The proposed framework is
summarized in Table 2 [26-35,56-59].

Table 2. Positioning of liquid biopsy analytes across clinically relevant scenarios in endometrial

cancer.
.. . . Tumor- .
Chmce}l tDNA CTCs Extrac‘ellular Cl‘rculatmg Educated Practical Take-Home
Scenario Vesicles microRNAs Message
Platelets
Most promising Potentially
analyte for identifying informative, ctDNA is currently the
- . Exploratory; may . .
. biologically but currently most clinically plausible
Preoperative - . o support .
. ) aggressive disease limited by low Exploratory Exploratory  blood-based adjunct for
risk refinement panel-based L
and abundance and S preoperative risk
discrimination )
plasma-detectable lack of refinement
molecular alterations  standardization
MRD and recurrence
Postoperative Strongest current monitoring are the
MRD/early evt d?nce’. most Ll.m ited Not established Investigational Investigational 'cl'e arest near-term
recurrence realistic near-term evidence clinical roles for liquid
monitoring application biopsy in EC, mainly
through ctDNA
. May add Multimodal approaches
Advanced/ Useful for clonal May provide biologic Potential may be most
recurrent . complementary . - S . .
. evolution, treatment . . information on complementary Limited informative in
disease information on - : - .
1 response, and . L. tumor— role in dynamic evidence advanced disease, but
longitudinal . . dissemination . . - .
S resistance tracking . microenvironment monitoring ctDNA remains the
monitoring biology - .
signaling anchor analyte
Sensitivity may be . Potential A negative blood test
Early-stage/ L 4 . Potential complementary
A limited; negative Limited X 7 . does not exclude
low-shedding e complementary  role, especially in Uncertain . .
. results must be sensitivity disease in
disease role panel-based

interpreted cautiously

approaches

low-burden EC
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Table 2. Cont.
Tumor-
Clinical Extracellular Circulating Practical Take-Home
Scenario ctDNA CTCs Vesicles microRNAs Educated Message
Platelets
. . Captures . Captures Captures Captures D1ffeFent a.nalytes
Biologic charac- 1l intercellular 1 : provide different
) Captures cellular L regulatory and systemic . . )
terization tumor-derived lasticity and communication host—tumor host- biological layers; they
beyond tissue . : % Y al and tumor— . . should be viewed as
genomic evolution dissemination . . interaction response
snapshot henotvpe microenvironment sienals sienatures complementary rather
P yP interactions & & than interchangeable
ctDNA is closest to
Current Low-to-moderate, clinical implementation;
translational Highest Low Low but still Very low the others remain
maturity investigational primarily
investigational

To complement this clinical positioning and directly address the current evidence base
for ctDNA, Table 1 provides a ctDNA-focused synthesis of representative studies evaluating
detectability, tissue—plasma concordance, molecular residual disease, and longitudinal
monitoring in endometrial cancer.

6.7. Molecular Subgroup and Histotype-Specific Interpretation of Liquid Biopsy
in Endometrial Cancer

Liquid biopsy results in endometrial cancer should be interpreted in a molecular-
subgroup and histotype-specific framework. POLE-mutated, MMR-deficient, p53-
abnormal, and NSMP tumors differ in prognosis, mutation burden, immune microen-
vironment, genomic instability, and shedding probability [8,60]. The same plasma result
may therefore have different biological and clinical meaning across subtypes.

p53-abnormal and serous-like tumors are the most plausible setting for informative
plasma ctDNA because they often show aggressive biology, high tumor burden, chromo-
somal instability, and recurrence risk. In these tumors, ctDNA may support longitudinal
monitoring, early relapse detection, and identification of resistance mechanisms [26]. By
contrast, low-grade endometrioid and many NSMP tumors are frequently uterus-confined
and low-shedding; a negative plasma result should not alter diagnostic or surveillance
decisions outside validated protocols.

MMR-deficient tumors offer opportunities for monitoring during immunotherapy,
where ctDNA kinetics may reflect response or resistance, but endometrial-cancer-specific
evidence remains limited. POLE-mutated tumors pose a different challenge: even if tumor-
derived alterations are detectable, their excellent prognosis means that analytical positivity
does not automatically imply therapeutic escalation [60].

These considerations reinforce that ctDNA complements rather than replaces tissue
molecular classification. Tumor-informed assays, alternative biofluids such as uterine
aspirate or cervical/vaginal samples, and multi-analyte strategies may be particularly
valuable in low-shedding disease [27,28,61].

7. Clinical Integration and Future Perspectives

Liquid biopsy is most likely to enter endometrial cancer care as a complementary
monitoring platform rather than as a replacement for histopathology or tissue-based molec-
ular classification. The most realistic near-term uses are postoperative MRD assessment,
recurrence surveillance, treatment-response monitoring, and molecular profiling when
repeat tissue biopsy is not feasible [19,26-35].

Clinical application should be calibrated to disease setting. In advanced, recurrent,
high-grade, or p53-abnormal disease, ctDNA is more likely to be informative. In early-
stage, low-grade, or low-volume disease, blood-based sensitivity is limited; negative results
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should not change management unless validated in prospective protocols. Future utility
will probably depend on integrating tissue molecular classification, ctDNA kinetics, other
circulating analytes, imaging, histopathology, and clinical variables.

7.1. Artificial Intelligence, Computational Validation, and Clinical Adoption

Artificial intelligence (AI) and machine-learning methods may accelerate the valida-
tion and clinical adoption of liquid biopsy biomarkers by converting high-dimensional
molecular signals into interpretable risk estimates. In endometrial cancer, the most relevant
inputs include ctDNA variant allele fractions and kinetics, methylation or fragmentomic
features, miRNA and EV signatures, platelet RNA profiles, tissue molecular subtype,
histopathological risk factors, imaging, CA-125 where applicable, treatment exposure, and
longitudinal outcomes [59,61,62].

The practical value of Al is not simply improved classification accuracy. Properly
designed models could support sample quality control, detection of weak multimodal
signals in low-shedding disease, recognition of clonal hematopoiesis or pre-analytical
artifacts, individualized surveillance schedules, risk enrichment for clinical trials, and
standardized multidisciplinary reporting. Longitudinal models may be especially useful
for distinguishing true molecular relapse from stochastic low-level assay noise [59,61-65].

However, Al should be treated as a validation and implementation tool rather than a
shortcut to clinical use. Models trained on small retrospective cohorts are vulnerable to
overfitting, batch effects, spectrum bias, class imbalance, and poor transportability across
laboratories. Before clinical adoption, algorithms should be locked before validation, tested
externally in multicenter cohorts, calibrated to clinically meaningful thresholds, assessed
with decision-curve and health-outcome analyses, and reported according to CONSORT-AI
and SPIRIT-AI guidance [63,64].

7.2. Registered Clinical Trials and Prospective Translational Studies

Clinical adoption will require prospective studies that move beyond analytical validity
to clinical utility. A ClinicalTrials.gov search identified completed, recruiting, and planned
studies that explicitly evaluate ctDNA, cfDNA, DNA methylation, or other liquid-biopsy
strategies in endometrial cancer. The most relevant studies address tissue-plasma concor-
dance, postoperative MRD, recurrence-risk stratification, ctDNA-guided adjuvant selection,
treatment-duration decisions in advanced/recurrent disease, and early detection using
non-blood biofluids or cfDNA features (Table 3) [66].

Table 3. Selected ClinicalTrials.gov-registered studies explicitly evaluating liquid biopsy, ctDNA /cfDNA,
DNA methylation, or molecular monitoring strategies relevant to endometrial cancer.

NCT Liquid Biops Clinical Utilit
ID/Recruitment Population/Setting d psy Design/Primary Aim y Interpretive Caution
Analyte or Sample Addressed
Status/Study Type
Pilot study evaluating Tissue-plasma Pilot sample size; not
NCT04456972/ Patients with ctDNA compared concordance between P . P ‘s
. . . : concordance and designed to establish
Completed/ endometrial cancer with tumor tissue tumor-tissue molecular o .
. . . . . . feasibility of ctDNA ctDNA-guided
Interventional during treatment molecular analysis analysis and circulating e
monitoring management.
tumor DNA
. s Single-institution
NCT05049538/ . . Blood-based liquid . Dete?mlqe utility of Rec.ulﬁrence translational design;
o High-risk . . liquid biopsies and tumor prediction and ey .
Recruiting/ . biopsy with tumor - L . . . clinical-action
. endometrial cancer - profiling for predicting integration with .
Observational molecular profiling 1 thresholds remain to
recurrence tumor profiling .
be defined.
Prospective biological . . .
NCT05955079/ Stage I-111 Pre- and collection assessing Postoperative MRD’ . Progn ostic stud'y',
on . . - recurrence-risk interventional utility
Recruiting/ endometrial cancer postoperative association between stratification. and will require
Observational undergoing surgery ctDNA ctDNA detection and i d

metastatic relapse risk

surveillance utility

subsequent trials.
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Table 3. Cont.

NCT Liquid Biops Clinical Utilit
ID/Recruitment Population/Setting d psy Design/Primary Aim y Interpretive Caution
Analyte or Sample Addressed
Status/Study Type
Evaluate tumor DNA Non-blood and Performance ma
NCT05504161/ . . Cervical swab detection and blood-based . y
Patients with . L . differ by stage,
Unknown status/ . tumor DNA and prognostic/predictive detection and .
. endometrial cancer . . histotype, and tumor
Observational whole-blood ctDNA  value using cervical and molecular .
. o shedding.
blood-based sampling characterization
NCT06341855/ ngh—rlsk Explore prognostic and MRD—based Explorato.r Y scalg;
o, endometrial o surveillance and assay and time-point
Recruiting/ . ctDNA-MRD recurrence-monitoring o
. carcinoma after early recurrence standardization
Interventional value of ctDNA-MRD . .
treatment detection remain central.
Screening/early
NCT06083779/ High-risk Plasma Cf[.)NA Develop non-invasive Addresses early- detection requives
N . fragmentomics and . external validation
Recruiting/ populations for . early detection of stage/low-burden s
. . multimodal cfDNA ) . and specificity in
Observational endometrial cancer endometrial cancer detection challenge f
features symptomatic
populations.
Assess whether ctDNA
can guide adjuvant Practice-changing
NCT07339384/ Not Stage I HIR Tumor-informed selection; ctDNA-guided only if recurrence
yet recruiting/ endometrial cancer Signatera ctDNA ctDNA-negative adjuvant de- outcomes and safety
Interventional after surgery assay observation compared escalation/selection of de-escalation are
with vaginal demonstrated.
brachytherapy
Acr?cﬂiiitor Evaluate ctDNA testin CtDNA-guided
NCT07270666/ - . SUng treatment-duration Pilot design and
o MMRd/MSI-H . to inform continuation of .
Recruiting/ . Serial ctDNA decisions in selected molecular
. endometrial cancer standard-of-care .
Interventional immunotherapy- subgroup.
after chemotherapy treatment or -
sensitive disease
plus ICI
S . . Case—control
NCT06846775/ Patients with DNA. methylation in Case—control evaluation Patlen.t-frlen.d ly performance may
- . patient-collected . R detection using .
Recruiting/ diagnosed EC and . . of diagnostic utility of A overestimate
. urine and vaginal . . non-blood liquid . .
Observational healthy controls methylation testing . real-world diagnostic
samples biopsy samples
accuracy.
Compare methylation Risk stratification in Requires careful
NCT07400835/ . Lo . - o . . .
. Women with DNA methylation in testing with traditional symptomatic comparison with
Enrolling by . : . - .
invitation/ postmenopausal urine, vaginal, and TVUS-based diagnostic women and early histopathology and
. bleeding cervical samples pathway and assess detection pathway guideline-based
Observational . :
2-year EC risk design workup.

Abbreviations: cfDNA, circulating cell-free DNA; ctDNA, circulating tumor DNA; EC, endometrial cancer; HIR,
high-intermediate risk; ICI, immune checkpoint inhibitor; MMRd, mismatch repair deficient; MRD, molecular
residual disease; MSI-H, microsatellite instability-high; TVUS, transvaginal ultrasonography.

Importantly, registry-based evidence should be interpreted cautiously. Enrollment,
status, endpoints, and assay details may change over time, and most trials are designed to
establish feasibility, prognostic value, or risk stratification rather than immediate practice-
changing utility. The decisive next step will be showing that liquid-biopsy-informed
interventions improve outcomes, safely reduce overtreatment, or optimize surveillance

without increasing unnecessary imaging, anxiety, or cost [66].

7.3. Liquid Biopsy in Fertility-Sparing Management, EIN/AEH, and Early Endometrioid Disease

Fertility-sparing management and early endometrial neoplasia represent attractive
but highly challenging settings for liquid biopsy. Patients with EIN/AEH or grade 1,
stage IA endometrioid carcinoma are monitored with repeated endometrial sampling
during conservative progestin-based treatment, and a non-invasive biomarker for early
non-response or recurrence would be clinically useful [67-71].

At present, however, circulating biomarker sensitivity is expected to be low because
these lesions are often small, low-grade, and low-shedding. ctDNA may therefore be
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uninformative in many patients, while alternative biofluids such as uterine aspirate, cervi-
cal/vaginal samples, and urine, or multimodal panels including methylation and miRNA
features, may be more plausible research directions [61,69].

No liquid biopsy assay currently replaces histopathology for diagnosis, response
assessment, or surveillance in EIN/AEH or fertility-sparing management. Future stud-
ies should use tumor-informed longitudinal designs, predefined time points, and clini-
cally meaningful endpoints such as early detection of non-response, progression, or re-
lapse [67-71].

7.4. Integrating Liquid Biopsy into the Pathology Workflow

The clinical value of liquid biopsy will depend on integration into a pathology-centered
workflow. Histopathology remains the foundation for diagnosis, grading, histotype assign-
ment, staging context, and molecular classification; liquid biopsy should be interpreted as
an additional dynamic layer rather than an alternative to tissue evaluation [72,73].

A practical workflow would start with tissue diagnosis and molecular classification,
followed by liquid biopsy only when it addresses a defined clinical question: postoperative
MRD, suspected recurrence, longitudinal monitoring in advanced disease, or molecular pro-
filing when new tissue is unavailable. Interpretation should incorporate pre-test probability,
tumor subtype, burden of disease, treatment context, and assay limitations [72-75].

Discordant tissue-plasma findings require careful review. Tissue-positive/plasma-
negative results are common in low-shedding disease and should not exclude tumor.
Plasma-only alterations may reflect spatial heterogeneity, clonal evolution, or non-tumor
sources such as clonal hematopoiesis; matched white-blood-cell sequencing may be needed
in selected cases [20,74].

Implementation also requires harmonized pre-analytical protocols, validated analyt-
ical performance, traceable reporting, and multidisciplinary interpretation. In practice,
liquid-biopsy findings in endometrial cancer should be reported together with histology,
immunohistochemistry, tissue molecular classification and, when available, cytology-based
or other ancillary molecular data, since experience with cytological molecular testing,
immunohistochemical biomarker assessment and molecular surveillance in other tumor
settings indicates that clinically useful information is strongest when interpreted within an
integrated pathology workflow rather than as an isolated molecular readout [75-79].

8. Conclusions

Liquid biopsy is emerging as a clinically relevant adjunct in endometrial cancer,
especially for dynamic disease assessment after diagnosis. Among available analytes,
ctDNA has the most mature evidence base for longitudinal monitoring, postoperative
molecular residual disease assessment, prognostic stratification, and early relapse detection
in high-risk or recurrent disease. Its limited sensitivity in early-stage, low-volume, and
low-shedding tumors means that ctDNA should not replace histopathological diagnosis or
tissue-based molecular classification.

The most rational implementation path is subgroup-aware and tumor-informed. Tis-
sue molecular classification should define the biological context and patient-specific targets,
while serial liquid biopsy testing should be used where circulating shedding is likely to
be informative. CTCs, EVs, microRNAs, and TEPs may add complementary biological
information, but they remain investigational and require standardized workflows and
external validation.

Al and multimodal modeling may help transform complex liquid biopsy data into
clinically usable tools, but only if algorithms are transparent, externally validated, prospec-
tively evaluated, and linked to actionable decisions. The growing number of registered
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clinical studies indicates that the field is moving toward ctDNA-guided monitoring and
treatment strategies. If prospective trials demonstrate improved outcomes or safe reduc-
tion of overtreatment, liquid biopsy could become an important component of precision
oncology in endometrial cancer.

Author Contributions: Conceptualization, W.G.G., V.F. and A.L; methodology, L.P., V.Z. and C.M,;
literature review, L.P.,, M.B., G.C. and G.G.; writing, original draft preparation, V.E, L.P. and A.L;
writing, review and editing, M.B., G.C. and G.G.; English language revision, V.Z. and G.C. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created in this study.

Acknowledgments: During the preparation of this manuscript, the authors used ChatGPT, version
5.4 (OpenAl, San Francisco, CA, USA), as an auxiliary writing tool to assist with language editing,
improvement of English clarity and readability, and stylistic refinement of selected parts of the text.
Google Gemini 3.1 Pro, with the Nano Banana 2 image-generation model, was also used to generate
an initial illustrative image for Figure 1, which was subsequently edited and finalized by the authors.
These tools were not used to generate scientific data, perform analyses, select or interpret references,
or draw scientific conclusions. The authors reviewed and edited all Al-assisted outputs, checked the
final figure for scientific accuracy, and take full responsibility for the content of this publication.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

Bray, F,; Laversanne, M.; Sung, H.; Ferlay, J.; Siegel, R.L.; Soerjomataram, I.; Jemal, A. Global cancer statistics 2022: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2024, 74, 229-263. [CrossRef]
[PubMed]

Lortet-Tieulent, J.; Ferlay, J.; Bray, F,; Jemal, A. International Patterns and Trends in Endometrial Cancer Incidence, 1978-2013. J.
Natl. Cancer Inst. 2018, 110, 354-361. [CrossRef] [PubMed]

Lu, K.H,; Broaddus, R.R. Endometrial Cancer. N. Engl. |. Med. 2020, 383, 2053-2064. [CrossRef] [PubMed]

Kluk, A.; Gryczka, H.; Braszka, M.; Altyn, R.; Markiewicz, H; Slezak, J.K.; Dwojak, E.; Czerniak, J.; Zielinski, P.; Ptachno, B.J.;
et al. Hereditary Endometrial Cancer: Lynch Syndrome, Mismatch Repair Deficiency, and Emerging Genetic Predispositions—A
Comprehensive Review with Clinical and Laboratory Guidelines. Int. ]. Mol. Sci. 2026, 27, 1304. [CrossRef] [PubMed] [PubMed
Central]

Wijayabahu, A.T.; Shiels, M.S.; Arend, R.C.; Clarke, M.A. Uterine cancer incidence trends and 5-year relative survival by
race/ethnicity and histology among women under 50 years. Am. ]J. Obstet. Gynecol. 2024, 231, 526.e1-526.e22. [CrossRef]
[PubMed] [PubMed Central]

Bokhman, ].V. Two pathogenetic types of endometrial carcinoma. Gynecol. Oncol. 1983, 15, 10-17. [CrossRef] [PubMed]

Cancer Genome Atlas Research Network; Kandoth, C.; Schultz, N.; Cherniack, A.D.; Akbani, R.; Liu, Y.; Shen, H.; Robertson,
A.G,; Pashtan, I; Shen, R.; et al. Integrated genomic characterization of endometrial carcinoma. Nature 2013, 497, 67-73. Erratum
in Nature 2013, 500, 242. PMID: 23636398; PMCID: PMC3704730. [CrossRef] [PubMed]

Concin, N.; Matias-Guiu, X.; Vergote, I.; Cibula, D.; Mirza, M.R.; Marnitz, S.; Ledermann, ].; Bosse, T.; Chargari, C.; Fagotti, A.;
et al. ESGO/ESTRO/ESP guidelines for the management of patients with endometrial carcinoma. Int. J. Gynecol. Cancer 2021, 31,
12-39. [CrossRef] [PubMed]

Pizzimenti, C.; Fiorentino, V.; Pepe, L.; Franchina, M.; Ruggeri, C.; Ercoli, A.; Ciappina, G.; Berretta, M.; Tuccari, G.; Ieni, A.
Predictive Biomarkers for Inmunotherapy in Endometrial Carcinoma. Cancers 2025, 17, 2420. [CrossRef] [PubMed] [PubMed
Central]

Pizzimenti, C.; Fiorentino, V.; Ruggeri, C.; Franchina, M.; Ercoli, A.; Tuccari, G.; Ieni, A. Autophagy Involvement in Non-
Neoplastic and Neoplastic Endometrial Pathology: The State of the Art with a Focus on Carcinoma. Int. J. Mol. Sci. 2024, 25,
12118. [CrossRef] [PubMed] [PubMed Central]

https:/ /doi.org/10.3390 /biom16060911


https://doi.org/10.3322/caac.21834
https://www.ncbi.nlm.nih.gov/pubmed/38572751
https://doi.org/10.1093/jnci/djx214
https://www.ncbi.nlm.nih.gov/pubmed/29045681
https://doi.org/10.1056/nejmra1514010
https://www.ncbi.nlm.nih.gov/pubmed/33207095
https://doi.org/10.3390/ijms27031304
https://www.ncbi.nlm.nih.gov/pubmed/41683729
https://pmc.ncbi.nlm.nih.gov/articles/PMC12897599
https://pmc.ncbi.nlm.nih.gov/articles/PMC12897599
https://doi.org/10.1016/j.ajog.2024.06.026
https://www.ncbi.nlm.nih.gov/pubmed/38925206
https://pmc.ncbi.nlm.nih.gov/articles/PMC11499002
https://doi.org/10.1016/0090-8258(83)90111-7
https://www.ncbi.nlm.nih.gov/pubmed/6822361
https://doi.org/10.1038/nature12113
https://www.ncbi.nlm.nih.gov/pubmed/23636398
https://doi.org/10.1136/ijgc-2020-002230
https://www.ncbi.nlm.nih.gov/pubmed/33397713
https://doi.org/10.3390/cancers17152420
https://www.ncbi.nlm.nih.gov/pubmed/40805123
https://pmc.ncbi.nlm.nih.gov/articles/PMC12346044
https://pmc.ncbi.nlm.nih.gov/articles/PMC12346044
https://doi.org/10.3390/ijms252212118
https://www.ncbi.nlm.nih.gov/pubmed/39596186
https://pmc.ncbi.nlm.nih.gov/articles/PMC11594225
https://doi.org/10.3390/biom16060911

Biomolecules 2026, 16, 911 15 of 20

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Santoro, A.; Angelico, G.; Inzani, F,; Spadola, S.; Arciuolo, D.; Valente, M.; Fiorentino, V.; Mule, A.; Scambia, G.; Zannoni, G.F. The
Many Faces of Endometriosis-Related Neoplasms in the Same Patient: A Brief Report. Gynecol. Obstet. Investig. 2020, 85, 371-376.
[CrossRef] [PubMed]

Braun, M.M.; Overbeek-Wager, E.A.; Grumbo, R.J. Diagnosis and Management of Endometrial Cancer. Am. Fam. Physician 2016,
93, 468-474. [PubMed]

Clark, T.].; Stevenson, H. Endometrial Polyps and Abnormal Uterine Bleeding (AUB-P): What is the relationship, how are they
diagnosed and how are they treated? Best Pract. Res. Clin. Obstet. Gynaecol. 2017, 40, 89-104. [CrossRef] [PubMed]

ACOG Committee. Opinion No. 734: The Role of Transvaginal Ultrasonography in Evaluating the Endometrium of Women with
Postmenopausal Bleeding. Obstet. Gynecol. 2018, 131, e124—e129. [CrossRef] [PubMed]

Berek, J.S.; Matias-Guiu, X.; Creutzberg, C.; Fotopoulou, C.; Gaffney, D.; Kehoe, S.; Lindemann, K.; Mutch, D.; Concin, N,;
Endometrial Cancer Staging Subcommittee, FIGO Women’s Cancer Committee. FIGO staging of endometrial cancer: 2023. Int.
J. Gynaecol. Obstet. 2023, 162, 383-394. Erratum in Int. ]. Gynaecol. Obstet. 2024, 166, 1374. https:/ /doi.org/10.1002/ijgo.15193.
PMID: 37337978. [CrossRef] [PubMed]

Leén-Castillo, A.; de Boer, S.M.; Powell, M.E.; Mileshkin, L.R.; Mackay, H.J.; Leary, A.; Nijman, H.-W.,; Singh, N.; Pollock, PM.;
Bessette, P.; et al. Molecular Classification of the PORTEC-3 Trial for High-Risk Endometrial Cancer: Impact on Prognosis and
Benefit from Adjuvant Therapy. J. Clin. Oncol. 2020, 38, 3388-3397. [CrossRef] [PubMed] [PubMed Central]

Diaz, L.A., Jr.; Bardelli, A. Liquid biopsies: Genotyping circulating tumor DNA. |. Clin. Oncol. 2014, 32, 579-586. [CrossRef]
[PubMed] [PubMed Central]

Bedard, PL.; Hansen, A.R.; Ratain, M.].; Siu, L.L. Tumour heterogeneity in the clinic. Nature 2013, 501, 355-364. [CrossRef]
[PubMed] [PubMed Central]

Wan, J.C.M.; Massie, C.; Garcia-Corbacho, J.; Mouliere, F,; Brenton, J.D.; Caldas, C.; Pacey, S.; Baird, R.; Rosenfeld, N. Liquid
biopsies come of age: Towards implementation of circulating tumour DNA. Nat. Rev. Cancer 2017, 17, 223-238. [CrossRef]
[PubMed]

Heitzer, E.; Haque, 1.S.; Roberts, C.E.S.; Speicher, M.R. Current and future perspectives of liquid biopsies in genomics-driven
oncology. Nat. Rev. Genet. 2019, 20, 71-88. [CrossRef] [PubMed]

Bettegowda, C.; Sausen, M.; Leary, R.J.; Kinde, I.; Wang, Y.; Agrawal, N.; Bartlett, B.R.; Wang, H.; Luber, B.; Alani, RM.; et al.
Detection of circulating tumor DNA in early- and late-stage human malignancies. Sci. Transl. Med. 2014, 6, 224ra24. [CrossRef]
[PubMed] [PubMed Central]

Alix-Panabiéres, C.; Pantel, K. Clinical Applications of Circulating Tumor Cells and Circulating Tumor DNA as Liquid Biopsy.
Cancer Discov. 2016, 6, 479-491. [CrossRef] [PubMed]

Kalluri, R.; LeBleu, V.S. The biology, function, and biomedical applications of exosomes. Science 2020, 367, eaau6977. [CrossRef]
[PubMed] [PubMed Central]

Best, M.G; Sol, N.; Kooi, I.; Tannous, J.; Westerman, B.A.; Rustenburg, F.; Schellen, P.; Verschueren, H.; Post, E.; Koster, J.; et al.
RNA-Seq of Tumor-Educated Platelets Enables Blood-Based Pan-Cancer, Multiclass, and Molecular Pathway Cancer Diagnostics.
Cancer Cell 2015, 28, 666—676. [CrossRef] [PubMed] [PubMed Central]

Schwarzenbach, H.; Hoon, D.S.; Pantel, K. Cell-free nucleic acids as biomarkers in cancer patients. Nat. Rev. Cancer 2011, 11,
426-437. [CrossRef] [PubMed]

Soberanis Pina, P; Clemens, K.; Bubie, A.; Grant, B.; Haynes, G.; Zhang, N.; Drusbosky, L.; Lheureux, S. Genomic Landscape of
ctDNA and Real-World Outcomes in Advanced Endometrial Cancer. Clin. Cancer Res. 2024, 30, 5657-5665. [CrossRef] [PubMed]
[PubMed Central]

Ashley, C.W,; Selenica, P; Patel, ].; Wu, M.; Nincevic, J.; Lakhman, Y.; Zhou, Q.; Shah, R.H.; Berger, M.E,; Da Cruz Paula, A ; et al.
High-Sensitivity Mutation Analysis of Cell-Free DNA for Disease Monitoring in Endometrial Cancer. Clin. Cancer Res. 2023, 29,
410-421. [CrossRef] [PubMed] [PubMed Central]

Casas-Arozamena, C.; Vilar, A.; Cueva, J.; Arias, E.; Sampayo, V.; Diaz, E.; Oltra, S.S.; Moiola, C.P,; Cabrera, S.; Cortegoso, A.;
et al. Role of ¢fDNA and ctDNA to improve the risk stratification and the disease follow-up in patients with endometrial cancer:
Towards the clinical application. J. Exp. Clin. Cancer Res. 2024, 43, 264. [CrossRef] [PubMed] [PubMed Central]

Moss, E.L.; Gorsia, D.N.; Collins, A.; Sandhu, P.; Foreman, N.; Gore, A.; Wood, ].; Kent, C.; Silcock, L.; Guttery, D.S. Utility of
Circulating Tumor DNA for Detection and Monitoring of Endometrial Cancer Recurrence and Progression. Carncers 2020, 12, 2231.
[CrossRef] [PubMed] [PubMed Central]

Jamieson, A.; McConechy, M.K.; Lum, A.; Senz, ].; Dowhy, T.; Huntsman, D.G.; McAlpine, ].N. Selective utilization of circulating
tumor DNA testing enables disease monitoring in endometrial and ovarian carcinomas. J. Gynecol. Oncol. 2025, 36, e5. [CrossRef]
[PubMed] [PubMed Central]

Recio, F.; Scalise, C.B.; Loar, P.; Lumish, M.; Berman, T.; Peddada, A.; Kalashnikova, E.; Rivero-Hinojosa, S.; Beisch, T.; Nicosia, B.;
et al. Post-surgical ctDNA-based molecular residual disease detection in patients with stage I uterine malignancies. Gynecol.
Oncol. 2024, 182, 63-69. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/biom16060911


https://doi.org/10.1159/000508225
https://www.ncbi.nlm.nih.gov/pubmed/32570258
https://www.ncbi.nlm.nih.gov/pubmed/26977831
https://doi.org/10.1016/j.bpobgyn.2016.09.005
https://www.ncbi.nlm.nih.gov/pubmed/27914969
https://doi.org/10.1097/aog.0000000000002631
https://www.ncbi.nlm.nih.gov/pubmed/29683909
https://doi.org/10.1002/ijgo.15193
https://doi.org/10.1002/ijgo.14923
https://www.ncbi.nlm.nih.gov/pubmed/37337978
https://doi.org/10.1200/jco.20.00549
https://www.ncbi.nlm.nih.gov/pubmed/32749941
https://pmc.ncbi.nlm.nih.gov/articles/PMC7527156
https://doi.org/10.1200/jco.2012.45.2011
https://www.ncbi.nlm.nih.gov/pubmed/24449238
https://pmc.ncbi.nlm.nih.gov/articles/PMC4820760
https://doi.org/10.1038/nature12627
https://www.ncbi.nlm.nih.gov/pubmed/24048068
https://pmc.ncbi.nlm.nih.gov/articles/PMC5224525
https://doi.org/10.1038/nrc.2017.7
https://www.ncbi.nlm.nih.gov/pubmed/28233803
https://doi.org/10.1038/s41576-018-0071-5
https://www.ncbi.nlm.nih.gov/pubmed/30410101
https://doi.org/10.1126/scitranslmed.3007094
https://www.ncbi.nlm.nih.gov/pubmed/24553385
https://pmc.ncbi.nlm.nih.gov/articles/PMC4017867
https://doi.org/10.1158/2159-8290.cd-15-1483
https://www.ncbi.nlm.nih.gov/pubmed/26969689
https://doi.org/10.1126/science.aau6977
https://www.ncbi.nlm.nih.gov/pubmed/32029601
https://pmc.ncbi.nlm.nih.gov/articles/PMC7717626
https://doi.org/10.1016/j.ccell.2015.09.018
https://www.ncbi.nlm.nih.gov/pubmed/26525104
https://pmc.ncbi.nlm.nih.gov/articles/PMC4644263
https://doi.org/10.1038/nrc3066
https://www.ncbi.nlm.nih.gov/pubmed/21562580
https://doi.org/10.1158/1078-0432.ccr-24-2105
https://www.ncbi.nlm.nih.gov/pubmed/39417689
https://pmc.ncbi.nlm.nih.gov/articles/PMC11647206
https://doi.org/10.1158/1078-0432.CCR-22-1134
https://www.ncbi.nlm.nih.gov/pubmed/36007103
https://pmc.ncbi.nlm.nih.gov/articles/PMC9852004
https://doi.org/10.1186/s13046-024-03158-w
https://www.ncbi.nlm.nih.gov/pubmed/39304963
https://pmc.ncbi.nlm.nih.gov/articles/PMC11414036
https://doi.org/10.3390/cancers12082231
https://www.ncbi.nlm.nih.gov/pubmed/32785174
https://pmc.ncbi.nlm.nih.gov/articles/PMC7463944
https://doi.org/10.3802/jgo.2025.36.e5
https://www.ncbi.nlm.nih.gov/pubmed/38909641
https://pmc.ncbi.nlm.nih.gov/articles/PMC11791001
https://doi.org/10.1016/j.ygyno.2023.12.025
https://www.ncbi.nlm.nih.gov/pubmed/38262240
https://doi.org/10.3390/biom16060911

Biomolecules 2026, 16, 911 16 of 20

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Han, K.; Zou, ].; Zhao, Z.; Baskurt, Z.; Zheng, Y.; Barnes, E.; Croke, J.; Ferguson, S.E.; Fyles, A_; Gien, L.; et al. Clinical Validation
of Human Papilloma Virus Circulating Tumor DNA for Early Detection of Residual Disease After Chemoradiation in Cervical
Cancer. J. Clin. Oncol. 2024, 42, 431-440. [CrossRef] [PubMed]

Lindemann, K; Siegenthaler, F; Lande, K.T.; Casas-Arozamena, C.; Nebdal, D.; Rau, T.T.; Hoivik, E.A.; Mueller, M.D.; Gold, RM,;
Imboden, S.; et al. Prognostic value of assessing ctDNA in patients with endometrial carcinoma—An international multicenter
study. Gynecol. Oncol. 2025, 195, 98-105. [CrossRef] [PubMed]

Ahmed, A,; Saini, G.; Ferguson, S.E.; Fazelzad, R; Li, Q.; Han, K; Pugh, T.; Wong, D.; Kim, R.H.; Hodgson, A; et al. Prognostic
value of perioperative circulating tumor DNA in endometrial cancer: Systematic review & meta-analysis. Gynecol. Oncol. 2026,
205, 1-8. [CrossRef] [PubMed]

Capasso, L; Nero, C.; Anderson, G.; Del Re, M.; Perrone, E.; Fanfani, F; Scambia, G.; Cucinella, G.; Mariani, A.; Choong, G.; et al.
Circulating tumor DNA in endometrial cancer: Clinical significance and implications. Int. ]. Gynecol. Cancer 2025, 35, 101656.
[CrossRef] [PubMed]

Pifieiro-Pérez, R.; Abal, M.; Muinelo-Romay, L. Liquid Biopsy for Monitoring EC Patients: Towards Personalized Treatment.
Cancers 2022, 14, 1405. [CrossRef] [PubMed] [PubMed Central]

Li, H.; Liu, C.; Wang, J.; Xu, F; Yang, Y.; Liang, X. Advance of Circulating Tumor Cells in the Prognosis and Management of
Endometrial Cancer. Cancer Investig. 2024, 42, 845-857. [CrossRef] [PubMed]

Alonso-Alconada, L.; Muinelo-Romay, L.; Madissoo, K.; Diaz-Lopez, A.; Krakstad, C.; Trovik, J.; Wik, E.; Hapangama, D.;
Coenegrachts, L.; Cano, A.; et al. Molecular profiling of circulating tumor cells links plasticity to the metastatic process in
endometrial cancer. Mol. Cancer 2014, 13, 223. [CrossRef] [PubMed] [PubMed Central]

Bogani, G.; Liu, M.C.; Dowdy, S.C.; Cliby, W.A.; Kerr, S.E.; Kalli, K.R.; Kipp, B.R.; Halling, K.C.; Campion, M.B.; Mariani, A.
Detection of circulating tumor cells in high-risk endometrial cancer. Anticancer Res. 2015, 35, 683-687. [PubMed]

Ni, T; Sun, X.; Shan, B.; Wang, J.; Liu, Y.; Gu, S.L.; Wang, Y.D. Detection of circulating tumour cells may add value in endometrial
cancer management. Eur. |. Obstet. Gynecol. Reprod. Biol. 2016, 207, 1-4. [CrossRef] [PubMed]

Francini, S.; Duraes, M.; Rathat, G.; Macioce, V.; Mollevi, C.; Pages, L.; Ferrer, C.; Cayrefourcq, L.; Alix-Panabieres, C. Circulating
Tumor Cell Detection by Liquid Biopsy during Early-Stage Endometrial Cancer Surgery: A Pilot Study. Biomolecules 2023, 13, 428.
[CrossRef] [PubMed] [PubMed Central]

Becker, A.; Thakur, B.K.; Weiss, ]. M.; Kim, H.S.; Peinado, H.; Lyden, D. Extracellular Vesicles in Cancer: Cell-to-Cell Mediators of
Metastasis. Cancer Cell 2016, 30, 836-848. [CrossRef] [PubMed] [PubMed Central]

Yu, D,; Li, Y.; Wang, M.; Gu, J.; Xu, W,; Cai, H.; Fang, X.; Zhang, X. Exosomes as a new frontier of cancer liquid biopsy. Mol. Cancer
2022, 21, 56. [CrossRef] [PubMed] [PubMed Central]

Sykaras, A.G.; Christofidis, K.; Politi, E.; Theocharis, S. Exosomes on Endometrial Cancer: A Biomarkers Treasure Trove? Cancers
2022, 14, 1733. [CrossRef] [PubMed] [PubMed Central]

Alotaibi, F. Exosomal microRNAs in cancer: Potential biomarkers and immunotherapeutic targets for immune checkpoint
molecules. Front. Genet. 2023, 14, 1052731. [CrossRef] [PubMed] [PubMed Central]

Rupaimoole, R.; Slack, F.J. MicroRNA therapeutics: Towards a new era for the management of cancer and other diseases. Nat.
Rev. Drug Discov. 2017, 16, 203-222. [CrossRef] [PubMed]

Cavallari, I.; Ciccarese, F.; Sharova, E.; Urso, L.; Raimondi, V.; Silic-Benussi, M.; D’Agostino, D.M.; Ciminale, V. The miR-200
Family of microRNAs: Fine Tuners of Epithelial-Mesenchymal Transition and Circulating Cancer Biomarkers. Cancers 2021, 13,
5874. [CrossRef] [PubMed] [PubMed Central]

Liu, P; Qi, M,; Ma, C,; Lao, G.; Liu, Y;; Liu, Y;; Liu, Y. Let7a inhibits the growth of endometrial carcinoma cells by targeting
Aurora-B. FEBS Lett. 2013, 587, 2523-2529. [CrossRef] [PubMed]

Soykan, Y.; Yar Saglam, A.S.; Inan, M.A.; Ugras Dikmen, A.; Erdem, O.; Onan, M.A. Diagnostic and prognostic potential of
microRNA profiles in endometrioid endometrial cancer. Sci. Rep. 2025, 15, 34697. [CrossRef] [PubMed] [PubMed Central]

Gao, J.; Fan, Y.Z.; Gao, S.S.; Zhang, W.T. Circulating microRNAs as Potential Biomarkers for the Diagnosis of Endometrial Cancer:
A Meta-Analysis. Reprod. Sci. 2023, 30, 464—472. [CrossRef] [PubMed]

Chung, TK; Lau, T.S.; Cheung, TH.; Yim, S.E; Lo, KW,; Siu, N.S.; Chan, L.K; Yu, M.Y,; Kwong, J.; Doran, G.; et al. Dysregulation
of microRNA-204 mediates migration and invasion of endometrial cancer by regulating FOXC1. Int. J. Cancer 2012, 130, 1036-1045.
[CrossRef] [PubMed]

Karaayvaz, M.; Zhang, C.; Liang, S.; Shroyer, K.R.; Ju, J. Prognostic significance of miR-205 in endometrial cancer. PLoS ONE 2012,
7,e€35158. [CrossRef] [PubMed] [PubMed Central]

Iavarone, I.; Molitierno, R.; Fumiento, P.; Vastarella, M.G.; Napolitano, S.; Vietri, M.T.; De Franciscis, P.; Ronsini, C. MicroRNA
Expression in Endometrial Cancer: Current Knowledge and Therapeutic Implications. Medicina 2024, 60, 486. [CrossRef]
[PubMed] [PubMed Central]

Wang, J.; Zhang, K.Y.; Liu, S.M.; Sen, S. Tumor-associated circulating microRNAs as biomarkers of cancer. Molecules 2014, 19,
1912-1938. [CrossRef] [PubMed] [PubMed Central]

https:/ /doi.org/10.3390/biom16060911


https://doi.org/10.1200/jco.23.00954
https://www.ncbi.nlm.nih.gov/pubmed/37972346
https://doi.org/10.1016/j.ygyno.2025.03.002
https://www.ncbi.nlm.nih.gov/pubmed/40081113
https://doi.org/10.1016/j.ygyno.2025.12.008
https://www.ncbi.nlm.nih.gov/pubmed/41420893
https://doi.org/10.1016/j.ijgc.2025.101656
https://www.ncbi.nlm.nih.gov/pubmed/39955181
https://doi.org/10.3390/cancers14061405
https://www.ncbi.nlm.nih.gov/pubmed/35326558
https://pmc.ncbi.nlm.nih.gov/articles/PMC8946652
https://doi.org/10.1080/07357907.2024.2422607
https://www.ncbi.nlm.nih.gov/pubmed/39533202
https://doi.org/10.1186/1476-4598-13-223
https://www.ncbi.nlm.nih.gov/pubmed/25261936
https://pmc.ncbi.nlm.nih.gov/articles/PMC4190574
https://www.ncbi.nlm.nih.gov/pubmed/25667446
https://doi.org/10.1016/j.ejogrb.2016.09.031
https://www.ncbi.nlm.nih.gov/pubmed/27756035
https://doi.org/10.3390/biom13030428
https://www.ncbi.nlm.nih.gov/pubmed/36979364
https://pmc.ncbi.nlm.nih.gov/articles/PMC10046537
https://doi.org/10.1016/j.ccell.2016.10.009
https://www.ncbi.nlm.nih.gov/pubmed/27960084
https://pmc.ncbi.nlm.nih.gov/articles/PMC5157696
https://doi.org/10.1186/s12943-022-01509-9
https://www.ncbi.nlm.nih.gov/pubmed/35180868
https://pmc.ncbi.nlm.nih.gov/articles/PMC8855550
https://doi.org/10.3390/cancers14071733
https://www.ncbi.nlm.nih.gov/pubmed/35406505
https://pmc.ncbi.nlm.nih.gov/articles/PMC8996953
https://doi.org/10.3389/fgene.2023.1052731
https://www.ncbi.nlm.nih.gov/pubmed/36873941
https://pmc.ncbi.nlm.nih.gov/articles/PMC9982116
https://doi.org/10.1038/nrd.2016.246
https://www.ncbi.nlm.nih.gov/pubmed/28209991
https://doi.org/10.3390/cancers13235874
https://www.ncbi.nlm.nih.gov/pubmed/34884985
https://pmc.ncbi.nlm.nih.gov/articles/PMC8656820
https://doi.org/10.1016/j.febslet.2013.05.065
https://www.ncbi.nlm.nih.gov/pubmed/23769985
https://doi.org/10.1038/s41598-025-16125-y
https://www.ncbi.nlm.nih.gov/pubmed/41053314
https://pmc.ncbi.nlm.nih.gov/articles/PMC12501309
https://doi.org/10.1007/s43032-022-01019-5
https://www.ncbi.nlm.nih.gov/pubmed/35764858
https://doi.org/10.1002/ijc.26060
https://www.ncbi.nlm.nih.gov/pubmed/21400511
https://doi.org/10.1371/journal.pone.0035158
https://www.ncbi.nlm.nih.gov/pubmed/22514717
https://pmc.ncbi.nlm.nih.gov/articles/PMC3325973
https://doi.org/10.3390/medicina60030486
https://www.ncbi.nlm.nih.gov/pubmed/38541212
https://pmc.ncbi.nlm.nih.gov/articles/PMC10972089
https://doi.org/10.3390/molecules19021912
https://www.ncbi.nlm.nih.gov/pubmed/24518808
https://pmc.ncbi.nlm.nih.gov/articles/PMC6271223
https://doi.org/10.3390/biom16060911

Biomolecules 2026, 16, 911 17 of 20

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Torres, A.; Torres, K.; Wdowiak, P.; Paszkowski, T.; Maciejewski, R. Selection and validation of endogenous controls for microRNA
expression studies in endometrioid endometrial cancer tissues. Gynecol. Oncol. 2013, 130, 588-594. [CrossRef] [PubMed]

Best, M.G.; Wesseling, P.; Wurdinger, T. Tumor-Educated Platelets as a Noninvasive Biomarker Source for Cancer Detection and
Progression Monitoring. Cancer Res. 2018, 78, 3407-3412. [CrossRef] [PubMed]

Sol, N.; In “t Veld, S.G.J.G.; Vancura, A.; Tjerkstra, M.; Leurs, C.; Rustenburg, F.; Schellen, P.; Verschueren, H.; Post, E.; Zwaan, K,;
et al. Tumor-Educated Platelet RNA for the Detection and (Pseudo)progression Monitoring of Glioblastoma. Cell Rep. Med. 2020,
1,100101. [CrossRef] [PubMed] [PubMed Central]

Nilsson, R.J.; Balaj, L.; Hulleman, E.; van Rijn, S.; Pegtel, D.M.; Walraven, M.; Widmark, A.; Gerritsen, W.R.; Verheul, HM,;
Vandertop, W.P; et al. Blood platelets contain tumor-derived RNA biomarkers. Blood 2011, 118, 3680-3683. [CrossRef] [PubMed]
[PubMed Central]

Lukasiewicz, M.; Pastuszak, K.; Lapiniska-Szumczyk, S.; R6zanski, R.; In “t Veld, S.G.].G.; Bierikowski, M.; Stokowy, T.; Ratajska,
M.; Best, M.G.; Wiirdinger, T.; et al. Diagnostic Accuracy of Liquid Biopsy in Endometrial Cancer. Cancers 2021, 13, 5731.
[CrossRef] [PubMed] [PubMed Central]

How, J.A.; Jazaeri, A.A.; Westin, S.N.; Lawson, B.C.; Klopp, A.H.; Soliman, P.T.; Lu, K.H. Translating biological insights into
improved management of endometrial cancer. Nat. Rev. Clin. Oncol. 2024, 21, 781-800. [CrossRef] [PubMed] [PubMed Central]
Liu, J.; Hu, D.; Lin, Y,; Chen, X,; Yang, R.; Li, L.; Zhan, Y.; Bao, H.; Zang, L.; Zhu, M.; et al. Early detection of uterine corpus
endometrial carcinoma utilizing plasma cfDNA fragmentomics. BMC Med. 2024, 22, 310. [CrossRef] [PubMed] [PubMed Central]
Feng, Z.; Ge, H.; Wang, J.; Wang, Y.; Sun, X.; Yang, B.; Cao, S.; Quan, C.; Guo, Q.; Han, Y.; et al. Performance of Liquid
Biopsy-Based Multi-Omics Biomarkers for Early Detection of Gynecological Malignancies: A Prospective Study (PERCEIVE-I).
Adv. Sci. 2025, 12, €2401760. [CrossRef] [PubMed] [PubMed Central]

Liu, X.; Cruz Rivera, S.; Moher, D.; Calvert, M.].; Denniston, A.K.; SPIRIT-AI and CONSORT-AI Working Group. Reporting
guidelines for clinical trial reports for interventions involving artificial intelligence: The CONSORT-AI Extension. BM] 2020, 370,
m3164. [CrossRef] [PubMed] [PubMed Central]

Cruz Rivera, S.; Liu, X.; Chan, A.W.; Denniston, A.K.; Calvert, M.].; SPIRIT-AI and CONSORT-AI Working Group. Guidelines
for clinical trial protocols for interventions involving artificial intelligence: The SPIRIT-AI Extension. BMJ 2020, 370, m3210.
[CrossRef] [PubMed] [PubMed Central]

Fiorentino, V.; Pizzimenti, C.; Franchina, M.; Micali, M.G.; Russotto, F.; Pepe, L.; Militi, G.B.; Tralongo, P.; Pierconti, F; Ieni, A,;
et al. The minefield of indeterminate thyroid nodules: Could artificial intelligence be a suitable diagnostic tool? Diagn. Histopathol.
2023, 29, 396-401. [CrossRef]

ClinicalTrials.gov. U.S. National Library of Medicine. ClinicalTrials.gov Records Identified by NCT Number in Table 3. Available
online: https://clinicaltrials.gov/ (accessed on 11 June 2026).

Gallos, I.D.; Yap, J.; Rajkhowa, M.; Luesley, D.M.; Coomarasamy, A.; Gupta, ].K. Regression, relapse, and live birth rates
with fertility-sparing therapy for endometrial cancer and atypical complex endometrial hyperplasia: A systematic review and
metaanalysis. Am. J. Obstet. Gynecol. 2012, 207, 266.e1-12. [CrossRef] [PubMed]

Gunderson, C.C.; Fader, A.N.; Carson, K.A.; Bristow, R.E. Oncologic and reproductive outcomes with progestin therapy in
women with endometrial hyperplasia and grade 1 adenocarcinoma: A systematic review. Gynecol. Oncol. 2012, 125, 477-482.
[CrossRef] [PubMed]

Falcone, F.; Leone Roberti Maggiore, U.; Di Donato, V.; Perrone, A.M.; Frigerio, L.; Bifulco, G.; Polterauer, S.; Casadio, P.; Cormio,
G.; Masciullo, V.; et al. Fertility-sparing treatment for intramucous, moderately differentiated, endometrioid endometrial cancer:
A Gynecologic Cancer Inter-Group (GCIG) study. J. Gynecol. Oncol. 2020, 31, e74. [CrossRef] [PubMed] [PubMed Central]
O’Leary, B.; Hrebien, S.; Morden, ].P; Beaney, M.; Fribbens, C.; Huang, X.; Liu, Y.; Bartlett, C.H.; Koehler, M.; Cristofanilli, M.; et al.
Early circulating tumor DNA dynamics and clonal selection with palbociclib and fulvestrant for breast cancer. Nat. Commun.
2018, 9, 896. [CrossRef] [PubMed] [PubMed Central]

Rodolakis, A.; Scambia, G.; Planchamp, E.; Acien, M.; Di Spiezio Sardo, A.; Farrugia, M.; Grynberg, M.; Pakiz, M.; Pavlakis, K,;
Vermeulen, N; et al. ESGO/ESHRE/ESGE Guidelines for the fertility-sparing treatment of patients with endometrial carcinoma.
Hum. Reprod. Open. 2023, 2023, hoac057. [CrossRef] [PubMed] [PubMed Central]

Perez, M.; Carvajal, L.L.; Wong, A.; Poppiti, R.; Ruiz-Cordero, R.; Castellano-Sanchez, A.A.; Bahmad, H.F. Beyond the Microscope:
Integrating Liquid Biopsies into the Molecular Pathology Era of Endometrial Cancer. Int. J. Mol. Sci. 2025, 26, 7987. [CrossRef]
[PubMed] [PubMed Central]

Santoro, A.; Angelico, G.; Travaglino, A.; Inzani, F; Arciuolo, D.; Valente, M.; D’ Alessandris, N.; Scaglione, G.; Fiorentino, V,;
Raffone, A.; et al. New Pathological and Clinical Insights in Endometrial Cancer in View of the Updated ESGO/ESTRO/ESP
Guidelines. Cancers 2021, 13, 2623. [CrossRef] [PubMed] [PubMed Central]

Chan, H.T.; Chin, Y.M.; Nakamura, Y.; Low, S.K. Clonal Hematopoiesis in Liquid Biopsy: From Biological Noise to Valuable
Clinical Implications. Cancers 2020, 12, 2277. [CrossRef] [PubMed] [PubMed Central]

https:/ /doi.org/10.3390/biom16060911


https://doi.org/10.1016/j.ygyno.2013.06.026
https://www.ncbi.nlm.nih.gov/pubmed/23811003
https://doi.org/10.1158/0008-5472.can-18-0887
https://www.ncbi.nlm.nih.gov/pubmed/29921699
https://doi.org/10.1016/j.xcrm.2020.100101
https://www.ncbi.nlm.nih.gov/pubmed/33103128
https://pmc.ncbi.nlm.nih.gov/articles/PMC7576690
https://doi.org/10.1182/blood-2011-03-344408
https://www.ncbi.nlm.nih.gov/pubmed/21832279
https://pmc.ncbi.nlm.nih.gov/articles/PMC7224637
https://doi.org/10.3390/cancers13225731
https://www.ncbi.nlm.nih.gov/pubmed/34830891
https://pmc.ncbi.nlm.nih.gov/articles/PMC8616122
https://doi.org/10.1038/s41571-024-00934-7
https://www.ncbi.nlm.nih.gov/pubmed/39198622
https://pmc.ncbi.nlm.nih.gov/articles/PMC12084113
https://doi.org/10.1186/s12916-024-03531-8
https://www.ncbi.nlm.nih.gov/pubmed/39075419
https://pmc.ncbi.nlm.nih.gov/articles/PMC11288124
https://doi.org/10.1002/advs.202401760
https://www.ncbi.nlm.nih.gov/pubmed/40178300
https://pmc.ncbi.nlm.nih.gov/articles/PMC12120774
https://doi.org/10.1136/bmj.m3164
https://www.ncbi.nlm.nih.gov/pubmed/32909959
https://pmc.ncbi.nlm.nih.gov/articles/PMC7490784
https://doi.org/10.1136/bmj.m3210
https://www.ncbi.nlm.nih.gov/pubmed/32907797
https://pmc.ncbi.nlm.nih.gov/articles/PMC7490785
https://doi.org/10.1016/j.mpdhp.2023.06.013
https://clinicaltrials.gov/
https://doi.org/10.1016/j.ajog.2012.08.011
https://www.ncbi.nlm.nih.gov/pubmed/23021687
https://doi.org/10.1016/j.ygyno.2012.01.003
https://www.ncbi.nlm.nih.gov/pubmed/22245711
https://doi.org/10.3802/jgo.2020.31.e74
https://www.ncbi.nlm.nih.gov/pubmed/32808500
https://pmc.ncbi.nlm.nih.gov/articles/PMC7440989
https://doi.org/10.1038/s41467-018-03215-x
https://www.ncbi.nlm.nih.gov/pubmed/29497091
https://pmc.ncbi.nlm.nih.gov/articles/PMC5832789
https://doi.org/10.1093/hropen/hoac057
https://www.ncbi.nlm.nih.gov/pubmed/36756380
https://pmc.ncbi.nlm.nih.gov/articles/PMC9900425
https://doi.org/10.3390/ijms26167987
https://www.ncbi.nlm.nih.gov/pubmed/40869308
https://pmc.ncbi.nlm.nih.gov/articles/PMC12386448
https://doi.org/10.3390/cancers13112623
https://www.ncbi.nlm.nih.gov/pubmed/34073635
https://pmc.ncbi.nlm.nih.gov/articles/PMC8198052
https://doi.org/10.3390/cancers12082277
https://www.ncbi.nlm.nih.gov/pubmed/32823942
https://pmc.ncbi.nlm.nih.gov/articles/PMC7463455
https://doi.org/10.3390/biom16060911

Biomolecules 2026, 16, 911 18 of 20

75.

76.

77.

78.

79.

Fusco, N.; Venetis, K.; Pepe, E; Shetty, O.; Farinas, S.C.; Heeke, S.; Burnier, J.V.; Patton, S.J.; Heitzer, E.; Nigita, G.; et al.
International society of liquid biopsy (ISLB) perspective on minimal requirements for ctDNA testing in solid tumors. . Lig. Biopsy
2025, 8, 100301. [CrossRef] [PubMed] [PubMed Central]

Policardo, F.; Tralongo, P.; Arciuolo, D.; Fiorentino, V.; Cardasciani, L.; Pierconti, F.; Carlino, A.; Curatolo, M.; Pontecorvi, A;
Fadda, G.; et al. p53 expression in cytology samples may represent a marker of early-stage cancer. Cancer Cytopathol. 2023, 131,
392-401. [CrossRef] [PubMed]

Fiorentino, V.; Pizzimenti, C.; Franchina, M.; Pepe, L.; Russotto, F.; Tralongo, P.; Micali, M.G.; Militi, G.B.; Lentini, M. Programmed
Cell Death Ligand 1 Immunohistochemical Expression and Cutaneous Melanoma: A Controversial Relationship. Int. |. Mol. Sci.
2024, 25, 676. [CrossRef] [PubMed] [PubMed Central]

Germana, E.; Pepe, L.; Pizzimenti, C.; Ballato, M.; Pierconti, F; Tuccari, G.; Ieni, A.; Giuffre, G.; Fadda, G.; Fiorentino, V,;
et al. Programmed Cell Death Ligand 1 (PD-L1) Immunohistochemical Expression in Advanced Urothelial Bladder Carcinoma:
An Updated Review with Clinical and Pathological Implications. Int. ]. Mol. Sci. 2024, 25, 6750. [CrossRef] [PubMed] [PubMed
Central]

Pepe, L.; Fiorentino, V.; Pizzimenti, C.; Riganati, G.; Franchina, M.; Micali, M.; Russotto, E; Ieni, A.; Tuccari, G.; Fadda, G.; et al.
The Simultaneous Use of Bladder Epicheck® and Urinary Cytology Can Improve the Sensitivity and Specificity of Diagnostic
Follow-Up of Urothelial Lesions: Up-to-Date Data from a Multi-Institutional Cohort. Diseases 2024, 12, 219. [CrossRef] [PubMed]
[PubMed Central]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/biom16060911


https://doi.org/10.1016/j.jlb.2025.100301
https://www.ncbi.nlm.nih.gov/pubmed/40521567
https://pmc.ncbi.nlm.nih.gov/articles/PMC12164225
https://doi.org/10.1002/cncy.22694
https://www.ncbi.nlm.nih.gov/pubmed/36974003
https://doi.org/10.3390/ijms25010676
https://www.ncbi.nlm.nih.gov/pubmed/38203846
https://pmc.ncbi.nlm.nih.gov/articles/PMC10779806
https://doi.org/10.3390/ijms25126750
https://www.ncbi.nlm.nih.gov/pubmed/38928456
https://pmc.ncbi.nlm.nih.gov/articles/PMC11203574
https://pmc.ncbi.nlm.nih.gov/articles/PMC11203574
https://doi.org/10.3390/diseases12090219
https://www.ncbi.nlm.nih.gov/pubmed/39329888
https://pmc.ncbi.nlm.nih.gov/articles/PMC11431392
https://doi.org/10.3390/biom16060911

	Epidemiology and Burden of Disease 
	Pathogenesis and Molecular Landscape 
	Current Diagnostic and Prognostic Strategies 
	Limitations of Current Diagnostic Approaches 
	Biological Basis and Technologies of Liquid Biopsy 
	Circulating Biomarkers in Endometrial Cancer 
	Circulating Tumor DNA (ctDNA) 
	Circulating Tumor Cells (CTCs) 
	Extracellular Vesicles and Exosomes 
	Circulating MiicroRNAs 
	Tumor-Educated Platelets 
	Clinical Positioning of Liquid Biopsy Analytes in Endometrial Cancer 
	Molecular Subgroup and Histotype-Specific Interpretation of Liquid Biopsy in Endometrial Cancer 

	Clinical Integration and Future Perspectives 
	Artificial Intelligence, Computational Validation, and Clinical Adoption 
	Registered Clinical Trials and Prospective Translational Studies 
	Liquid Biopsy in Fertility-Sparing Management, EIN/AEH, and Early Endometrioid Disease 
	Integrating Liquid Biopsy into the Pathology Workflow 

	Conclusions 
	References

