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Abstract: Endometrial cancer shows high histological and molecular heterogeneity. The POLE mutation is a significant molecular
alteration in endometrial cancer, leading to the identification of a specific subtype known as POLE-mutated endometrial cancer. This
subtype exhibits a high tumor mutation burden, abundant lymphocyte infiltration, and a favorable prognosis, making it a promising
candidate for immune checkpoint inhibitor therapy. This paper presents a comprehensive review of the clinical and pathological
characteristics, outcomes, treatment advancements, pathogenic POLE gene detection, and alternative testing methods for POLE-
mutated endometrial cancer.
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Background

In the year 2020, the global incidence of endometrial cancer (EC) reached 417,367 new cases, resulting in 16,607 reported
deaths." This concerning trend can be attributed to the increasing prevalence of high-risk populations, including individuals
with obesity, diabetes, and hypertension, thereby elevating the annual rates of both incidence and mortality for endometrial
cancer (EC). Furthermore, this rise in cases has notably affected younger individuals.” It is worth noting that a significant
proportion of EC patients are fortunate enough to receive an early diagnosis, leading to a commendable five-year survival rate
of 81%. However, in cases of local spread or distant metastasis, the five-year survival rates decline to 68% and 17%,
respectively.* ® The conventional Bokhman classification” and the WHO (World Health Organization)classification based on
histological characteristics, have been pivotal in the diagnosis and treatment EC. Nevertheless, the substantial molecular
heterogeneity present in EC poses a challenge to the effectiveness of these traditional classifications in genetic syndrome
screening, prognosis assessment, personalized treatment guidance, and treatment outcome prediction.

In 2013, The Cancer Genome Atlas (TCGA) project conducted an analysis of a multi-omics dataset consisting of 373
cases of EC, disregarding histopathological diagnoses. As a result, EC was classified into four molecular subtypes: POLE
mutation (POLE-mut), Microsatellite Instability (MSI), Copy Number-Low (CN-L), and Copy Number-High (CN-H).*®
This pioneering study offered an extensive examination of the molecular genetic landscape of EC, marking the onset of
a novel era of comprehension via molecular subtyping. The advent of molecular subtyping has provided valuable insights
into significant biological and clinical distinctions among these subtypes, underscoring the need for improved prognostic
classifications. Notably, POLE-mutated endometrial cancers (ECs) have been linked to a favorable prognosis. This paper
aims to offer a comprehensive review of the clinical and pathological characteristics of POLE-mutated ECs, recent
therapeutic advancements, and the methodologies employed for identifying pathogenic mutations in the POLE gene.

Traditional EC Classification and Limitations
The conventional categorization of endometrial cancer (EC) is predominantly grounded on the Bokhman classification and the
WHO histological classification.Bokhman (1983)" delineated two types of EC, taking into account histological attributes,
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clinical characteristics, and hormone receptor expression. Type I EC is reliant on estrogen and arises from prolonged estrogen
stimulation, resulting in endometrial epithelial hyperplasia and endometrial intraepithelial neoplasia, ultimately advancing to
invasive EC. This subtype is frequently detected at an early stage, exhibiting a favorable prognosis with a five-year survival
rate of 85%.” On the contrary, Type II endometrial cancer (EC) is not reliant on estrogen and originates from atrophic
endometrium. It encompasses non-endometrioid tumors, including serous and clear cell carcinomas. Type II EC is typically
detected at a later stage, resulting in a less favorable prognosis with a five-year survival rate of 55%. However, there is
a significant molecular overlap between the two types. Type I EC frequently exhibits alterations in the PI3K pathway, with
a prevalence of over 90%. These alterations include PTEN mutations (75-85%), PIK3CA mutations (50-60%), and PIK3R1
mutations (40-50%). Interestingly, PIK3CA mutations are also observed in 42% of serous cancers.Type II (serous) cancers
predominantly exhibit HER-2 amplification and TP53 mutations, with TP53 mutations also being present in 12% of
endometrioid cancers.”*® High-grade (Grade 3, G3) EC encompasses both endometrioid and serous types at the histological
level, resulting in limited agreement among observers and an ambiguous binary classification. Regarding treatment and
prognosis, approximately 20% of endometrioid cancers (Type 1) experience recurrence, whereas 50% of non-endometrioid
cancers (Type II) do not recur.Furthermore, it should be noted that the Bokhman classification fails to include endometrioid
cancers in individuals with Lynch syndrome, characterized by a low Body Mass Index (BMI) and absence of endometrial
hyperplasia.'® Moreover, specific Type II endometrial cancers have been linked to obesity.'® Although these conventional
classifications continue to be extensively employed in routine clinical settings, their shortcomings have become more evident
with the advancement of personalized precision medicine.

Molecular Subtyping

In contrast to conventional classifications, the TCGA classification, which utilizes molecular features, has presented
promising prospects for targeted therapy, immunotherapy, and combination therapy among patients. Nevertheless, the
implementation of the TCGA classification is hindered by its reliance on high-throughput sequencing, which incurs
substantial costs, involves a complex process, and encounters challenges in achieving widespread adoption in clinical
practice.® Consequently, various research groups have devised modified classifications, primarily employing Sanger
sequencing and immunohistochemistry, to categorize EC into four subtypes: POLE-mut, MMR-d (MMR deficiency), and
p53-abn (p53 Abnormality), and non-specific molecular profile (NSMP)."!' This classification strategy has been found to
substantially decrease testing expenses, possess user-friendly features, and exhibit strong concordance with the TCGA
classification. Consequently, it has been regarded as a viable substitute for the TCGA molecular classification and is
progressively being incorporated into clinical practice.

POLE-Mutated Endometrial Cancer

POLE Gene and POLE-Mutated Tumors

The POLE gene is responsible for encoding the catalytic subunit of DNA polymerase epsilon (€), which exhibits DNA
polymerase activity and 3’-5’ exonuclease proofreading activity. These activities are crucial for DNA chain elongation and the
correction of mismatched bases during DNA replication, thereby ensuring accurate replication. However, when pathological
mutations arise in the exonuclease domain of the POLE gene, the mismatch repair function is compromised, resulting in an
aberrant accumulation of genomic mutations and the subsequent development of tumors.The POLE gene plays a crucial role
in the regulation of cell cycle checkpoints and chromatin modifications, and as such, mutations in this gene can lead to a range
of cellular abnormalities.'*'* Additionally, research has shown that pathogenic somatic mutations in the POLE gene are often
early occurrences, serving as the initiating events in the development of endometrial and colorectal cancers.'* These mutations
can even be detected in precancerous lesions. It is worth noting that POLE mutations predominantly manifest as somatic
mutations, with germline mutations being relatively rare.'>'® Pathogenic mutations have been identified in exons 9—14,
specifically in the exonuclease domain of the POLE gene. These mutations, including P286R, V411L, S297F, A456P, and
S459F, are collectively referred to as “hotspot POLE mutations”, with P286R and V411L being the most prevalent.'”'®
However, it is important to note that aside from these pathogenic mutations, there exist numerous mutations whose
significance remains unknown. A recent study involving 458 late-stage tumors with POLE mutations revealed that only
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15% of these mutations were confirmed as pathogenic, while the majority, approximately 69.1%, lacked clear significance.'®

1,' devised

In order to enhance the evaluation of the pathogenicity of POLE mutations in endometrial cancer (EC), Castillo eta
a practical scoring system that relies on the examination of characteristic gene sequences in POLE hotspot mutations. This
scoring system encompasses several criteria, including the presence of C>A mutations surpassing 20% (score of 1), T>G
mutations exceeding 4% (score of 1), insertion mutations below 5% (score of 1), C>G mutations lower than 0.6% (score of 1),
a Tumor Mutational Burden (TMB) surpassing 100 mutations per megabase (mut/Mb) (score of 1), and the occurrence of
recurring mutations in EC (score of 1). Mutations with a score of >4 are classified as pathogenic, those with a score of <2 are
considered non-pathogenic, and mutations with a score ranging from 2 to 4 are categorized as indeterminate. However, the
current body of research on tumors related to POLE mutations is limited, particularly in regards to mutations with uncertain
significance and recently identified mutation sites. Extensive case studies are still required to elucidate the implications of

these mutations and their clinical-pathological characteristics.

Clinical and Pathological Features of POLE-Mutated Endometrial Cancer

Despite being the smallest subgroup within molecular subtyping, POLE-mutant EC exhibits the highest mutation rate of the
POLE gene, ranging from 7-12%.%° In three studies encompassing 119 patients with POLE-mut ECs (Table 1),>' % the
majority of cases were classified as endometrioid carcinoma, while non-endometrioid carcinomas such as serous, clear cell,
and mixed types were also observed. YR Hussein’s report on 99 cases of high-grade endometrial cancer, encompassing
various subtypes such as endometrioid, serous, clear cell, and undifferentiated types, revealed the identification of 8 cases as
POLE-mutated endometrioid carcinomas.”**> Among these cases, 7 exhibited notable intratumoral heterogeneity.
Furthermore, 3 cases exhibited serous carcinoma components, while 4 cases displayed ambiguous and uncertain morpholo-
gical characteristics. Accurate differentiation of this particular group holds substantial significance in terms of prognosis and

treatment. Four recent meta-analyses'®?*%°

conducted within the past three years have demonstrated that the majority of
patients with POLE-mutant endometrial cancer (EC) display early characteristics typically associated with low risk, such as
myometrial invasion below 50% and a lower incidence of lymph node metastases. However, these patients also exhibit high-
grade features that are indicative of a heightened risk of recurrence and metastasis. Despite these adverse prognostic indicators,
POLE-mutant ECs exhibit more favorable clinical outcomes in comparison to POLE-wild EC, including improved overall
survival (OS), progression-free survival (PFS), and disease-specific survival (DSS).This favorable prognosis can be attributed
to the notably elevated tumor mutational burden (TMB) and a significant infiltration of tumor-infiltrating lymphocytes
(TILs).%° Furthermore, within POLE-mutated ECs, there is an upregulation of immune checkpoint molecules and regulatory
T cell markers, including LAG3, TIM-3, TIGIT, PD-1, CTLA-4, and FOXP3, potentially as a result of immune evasion caused
by prolonged exposure to antigens.?” This implies that immune checkpoint inhibitors hold potential for a subset of patients
with recurrent or metastatic POLE-mut ECs.>’ ' Nevertheless, the factors contributing to the absence of heightened immune
responses in certain POLE-mut patients remain unclear, including whether it is attributed to a low mutation burden or other
immune evasion mechanisms. A study examining early-stage low-grade EC identified five distinct immunotypes that
exhibited superior sensitivity and specificity in predicting recurrence. Notably, this predictive capacity is not reliant on the
presence of POLE-mut ECs.*? Multiple studies have demonstrated a correlation between molecular subtyping and immune
subtyping in EC, specifically in relation to immune cell infiltration and immune genes associated with EC.**> Investigating
the immune microenvironment of EC has the potential to enhance the accuracy of prognosis prediction, inform clinical
treatment strategies, and facilitate the implementation of precision medicine.

“Multiple-Classifier” Endometrial Cancer with Diverse Characteristics

Another significant aspect in molecular subtyping is the observation that a small percentage of EC patients, ranging from 3% to
5%, exhibit alterations in multiple molecular features, which we refer to as “Multiple-classifier” EC.*® In the most extensive
cohort of such cases documented thus far,” 107 tumors (3%) demonstrated two or more molecular alterations. These included 64
cases with MMRd - p53abn, 31 cases with POLE mutation - p53abn, and 12 cases with all three alterations (MMRd - POLE
mutation - p53abn). The study revealed that patients with both MMRd and p53 abnormalities experienced contrasting clinical
outcomes compared to those with only one mutation. However, it was observed that MMRd - p53abn EC and POLE
mutation - p53abn EC displayed similar profiles of single-nucleotide variants (SNVs), patterns of somatic copy-number
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Table | Clinical and Pathologic Characteristics of the Study Cohort

Type Patient Age, Tumor Histotype FIGO Grade FIGO Stage Lympho Tumor- Peritumoral Tumor Adjuvant Therapy Recur | p53- MMRd Ref.
Mean, y vascular Infiltrating Lymp Giant rence abn
Endo Serous | Clear Mixed Grade Grade3 -1l n-v Radio Chemo
Space Lymphocytes hocyte Cells
metrioid Cell 1-2 ) N ) therapy | therapy
Invasion (TILs) Infiltration
(LvsI),
No.(%)
POLE-mut 55 18/25 0 0 7125 10/25 15/25 20/25 5/25 19/25(76%) 19/25(76%) 10/25(40%) | 6/24 324 0 [22]
(n=25) (72%) (28%) (40%) (60%) (80%) (20%) (25%) (7%)
POLE-mut 58 34/43 2/43 1/34 6/34 15/34 19/34 41/43 1/43 20/43(47%) 18/43(42%) 34/43(79%) 80% 40% 5/43 3/43 [21]
(n=43) (79%) (5%) (2%) (14%) (45%) (56%) (98%) (2%)
POLE-mut 62.1 51/51 0 0 0 35/51 16/52 49/51 2/52 7/51(14%) 30/51(59%) 41/51(80%) 17/51(33%) 8/51 5/51 [20]
(n=51) (100%) (69%) (31%) (96%) (4%) (16%) | (10%)
POLE-wild 65 66/67 0 0 1/67 53/67 14/67 61167 6167 9167(13%) 19/67(28%) 29/67(43%) 7167(10%) 6167 31/67 [20]
(n=67) (99%) (1%) (79%) (21%) (91%) (9%) (6%) (46%)
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alterations (SCNAs), clinical outcomes, and characteristics associated with MMRd or POLE mutation EC. These characteristics
included tumor-infiltrating lymphocytes, peritumoral lymphocytes, and squamous differentiation, rather than features related to
p53 abnormalities.®® These findings provide evidence for classifying MMRd - p53abn EC as MMRd type and POLE
mutation - p5S3abn EC as POLE mutation type, indicating that pS3 mutations are incidental occurrences in the context of
MMRd and POLE mutation.*® In a recent study conducted by Hwang et al,*° it was observed that two patients diagnosed with
non-pathogenic POLE mutations and MMRd colorectal cancer displayed mutation patterns akin to those found in POLE-mutated
tumors, specifically a higher occurrence of missense mutations and a lower frequency of insertions/deletions. These findings
suggest that the presence of non-pathogenic POLE mutations in MMRd cases may impact the functionality of the POLE gene,
resulting in a significantly elevated tumor mutational burden (TMB) that closely resembles that of POLE-mutated tumors.
Determining the driver mutation between POLE mutation and MMRd presents a challenge in cases of triple mutations (MMRd -
POLE mutation - p53abn) in EC.*® Ledn-Castillo et al recommend classifying patients with all three mutations based on the
presence or absence of pathogenic POLE mutations. Specifically, if Whole Exome Sequencing (WES) data is available,
individuals with pathogenic POLE mutations should be classified as POLE mutation type EC. Conversely, if WES data is not
available but one of the 11 pathogenic POLE mutations is detected, patients should be classified as MMRd type EC. Those without
pathogenic POLE mutations should be classified as MMRd type EC."*’

Latest Advances in the Treatment of Pathogenic POLE Mutations in Endometrial

Cancer
The determination of adjuvant therapy in patients relies on adverse prognostic factors, including depth of myometrial
invasion, grade, histological type, and the presence of LVSI. Nevertheless, there exists a dearth of high-quality evidence
supporting the utilization of adjuvant radiation/chemotherapy. The TCGA molecular subtypes offer novel evidence to
enhance comprehension of the biological characteristics of endometrial cancer.The European Society of Gynaecological
Cancer (ESGO), European Society for Radiotherapy and Oncology (ESTRO), and European Society of Pathology
(ESP)*! have put forth a risk stratification model for endometrial cancer (EC) that incorporates both molecular and
clinical characteristics. This model has the potential to provide more accurate recommendations for the treatment of EC.
The findings from the PORTEC-4a trial will shed light on the efficacy of adjuvant therapy when considering molecular
profiling alongside standard clinical-pathological factors. Additionally, this trial will offer insights into the potential
reduction of adjuvant therapy for ECs with POLE mutations that fall into the intermediate risk category.**
Approximately half of the POLE-mutated endometrial cancers (ECs) are classified as high-risk and receive adjuvant
therapy.*® The favorable prognosis of these therapies may be attributed to their exceptional sensitivity. However, it is worth
noting that POLE-mutated embryonic stem cells do not exhibit heightened sensitivity to radiation when compared to POLE
wild-type stem cells. Furthermore, POLE-mutated EC cells demonstrate resistance to chemotherapy following treatment with
chemotherapeutic drugs such as carboplatin and paclitaxel.** In their study, Leén-Castillo et al discovered that among a cohort
of 264 high-grade endometrial cancer (EC) patients who did not undergo adjuvant therapy, those with POLE mutations (n=26)
did not experience recurrence.*> Furthermore, a systematic review conducted by McAlpine et al on the therapeutic efficacy of
POLE-mutated EC revealed that patients with pathogenic POLE mutations did not derive any benefits from adjuvant therapy.
Additionally, the review found that early-stage POLE-mutated EC patients who received adjuvant therapy had worse clinical
outcomes compared to those who did not receive adjuvant therapy.*® The findings of this study indicate that POLE-mutated
EC possesses inherent traits that contribute to improved survival, regardless of its sensitivity to adjuvant therapy. Specifically,
the increased mutational burden and extensive infiltration of T lymphocytes enhance the immunogenicity of POLE-mut EC.*®
Consequently, patients with this subtype of EC may derive therapeutic benefits from immune checkpoint inhibitors (ICIs).
Nevertheless, it is important to note that the response to immunotherapy is intricate, with sustained advantages observed only
in a limited subgroup of patients. Thus, the identification of appropriate predictive biomarkers to optimize patient selection for

ICI therapy remains a significant challenge.*’ Benjamin Garmezy et al,**

identified a significant association between
pathogenic POLE mutations and favorable outcomes in patients undergoing ICI treatment. This finding suggests that
pathogenic POLE mutations hold promise as potential biomarkers for ICI therapy. However, a separate study involving

a cohort of 453 patients with POLE-mutant tumors revealed that not only patients with pathogenic POLE mutations, but also
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a substantial proportion (38%) of those with POLE mutations of unknown significance, exhibited positive responses to ICI
therapy.***° Increased PD1 and PDLI expression is specifically observed in MMRJ-EC, while it is not significantly
associated with POLE-mut EC. This suggests that the PD1 and PDLI pathways are only partially involved in immune
suppression in POLE-mut EC, with other pathways playing supplementary roles. Consequently, additional investigation is
warranted to elucidate the immune microenvironment and specific immune suppression pathways in POLE-mut EC, which

could potentially lead to novel therapeutic interventions for advanced-stage POLE-mutant tumors.”® >

Detection and Alternative Testing Methods for Pathogenic POLE Mutations

In a thorough examination of 530 endometrial cancer (EC) cases using Whole-genome sequencing within the Cancer Genome
Atlas (TCGA), the predominant occurrence of POLE mutations was observed within the exonuclease domain, specifically
concentrated in exons 9 to 14. Nevertheless, as further investigation of cases with POLE mutations was conducted, additional
mutation sites beyond the exonuclease domain were identified (Table 2). The characterization of these mutations continues to
pose a significant challenge. The specific mutations that result in favorable outcomes remain uncertain, and the included POLE
mutations vary across different studies.®>>%4%>3 In the analysis conducted by Alicia Ledn-Castillo et al, which incorporated
all POLE mutations and utilized the Kaplan Meier curve, no substantial enhancement in clinical outcomes was observed when
comparing cases of EC with POLE mutations to those without.'> To evaluate the pathogenicity of POLE mutations, the
authors devised an innovative scoring system that takes into account established genomic alterations linked to pathogenic
POLE mutations. Through this scoring system, they identified a total of 11 pathogenic POLE mutations, thereby enabling the
assessment of the pathogenic nature of POLE mutations. "

The identification of POLE mutations is predominantly conducted through Sanger sequencing, which is characterized by its
high cost and limited applicability in clinical settings. However, emerging techniques such as SNaPshot have successfully
addressed the need for a more balanced approach in terms of sensitivity, cost, and efficiency for POLE mutation testing.
SNaPshot specifically detects mutations within 15 nucleotides of POLE exons 9, 11, 13, and 14, exhibiting a sensitivity range of
90-95% for hotspot mutations.>® In a meta-analysis comprising 1,169 patients with endometrial cancer (EC) from 10 studies, it
was discovered that TIL-H can serve as an alternative marker for identifying POLE mutations in cases where sequencing is
challenging, after excluding MMRd EC.>* A histological and immunohistochemical examination of 51 POLE-mutated EC, 67
POLE-wild EC, and 15 POLE-wild serous EC with unknown molecular features revealed several distinguishing characteristics.

Table 2 Different Detection Methods for Pathogenic POLE Genes in Various Studies

Cohort Incorporation of Mutation in POLE-mut EC Sequencing Method Ref.

TCGA 2013 P286R, V41 IL,S297FA456PM444K,L424] POLE Whole genome sequencing [7]

Tomlinson et al 2013 P286R,S297P V4| | L, A456PA275V Codon 268-471 sequencing [44]

Boosse et al 2015 P286R,S297EV41 1L,M299V,S297T POLE exon 9 and |3 sequencing [54]

McAlpine et al 2015 P286R,S297P V41 1L,A456PM295R,F367S/C, P436R, POLE exon 9-14 sequencing [43]
L424PP441L,F367L,E396G

Ngeow et al 2016 P286R,V4| | L,A456P,S459F A465FM444K,S459P Next-generation sequencing, Sanger [55]

Billingsley et al 2015 sequencing confirmation

Goodfellow et al 2017 P286R,S297P V41 1L,A456P,P436R,A465FA426V Codon 268471 sequencing [20]

Inge C Van Gool et al 2017 P286R,S297P,V41 IL,A456P POLE exon 9,13,14 Sanger sequencing [25]

Sara Imboden et al 2019 P286R,S297P V41 1L,A456P,S459F POLE exon 9-14 sequencing [56]

Alicia Leon-Castillo et al P286R,S297P,V41 | L,A456P,S459FF367S,L424l, M295R, POLE Whole genome sequencing and 6 [35]
P436R,M444K,D368Y silicone tools

Tian,Wenjuan et al 2022 P286R,V41IL,R375Q,P452L POLE Whole genome sequencing and [49]

Bioinformatics tools
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POLE-mutated EC demonstrated significantly higher levels of peritumoral lymphocytes and TIL (p < 0.01) compared to
POLE-wild EC. Additionally, they exhibited a greater presence of giant cells. Furthermore, it was observed that the majority
of EC with POLE mutations exhibited a wild-type p53 and focal positive/negative p16 status, along with normal expression of
mismatch repair proteins. The combination of these histological and immunohistochemical characteristics, including tumor type,
grade, peritumoral lymphocytes, MLH1 expression, and p53 expression, significantly enhanced the likelihood of identifying
POLE mutations, increasing the detection rate from 7% to 33%.>" A recent study has proposed that the combination of BMI and
the expression levels of cyclin B1, caspase 8, and XBP1 could potentially serve as alternative markers for distinguishing between
POLE-mut and CN-L EC. It is worth noting that immunohistochemistry (IHC) for cyclin B1 has the potential to replace POLE
gene sequencing.”” Despite the availability of various detection and alternative detection methods for pathogenic POLE
mutations, the current clinical acceptance lies in the Alicia Leon-Castillo scoring system, which identifies 11 pathogenic
mutations. In the future, there is a need to explore more accurate and cost-effective methods for detecting POLE mutations
and alternative markers. In subsequent research, it is imperative to investigate more precise and economically viable approaches
for identifying POLE mutations and alternative indicators. This is of utmost significance for the pragmatic implementation of
molecular subtyping.

Conclusion
The investigation of the clinical and pathological attributes of POLE-mutated endometrial cancer (EC) has revealed
a notable frequency of mutations, distinctive mutational patterns, significant tumor-infiltrating lymphocytes (TIL), and
a favorable prognosis. The primary factor contributing to this positive prognosis is believed to be the substantial presence
of tumor antigens in POLE-mutated EC, which elicit a robust anti-tumor immune response. Furthermore, the observed
overexpression of PD1/PDL1 indicates that POLE-mutated EC holds considerable potential as a candidate for PD1/PDL1
immunotherapy. However, the identification of efficacious biomarkers for immunotherapy and the incorporation of
immunotherapy into other supplementary treatments continue to present significant challenges.

Although five hotspot mutations of the POLE gene have been recognized, the pathogenicity of additional mutations
remains indeterminate. The criteria for including pathogenic POLE mutations differ across various studies, underscoring the
necessity for further investigation and the utilization of bioinformatics tools to elucidate the pathogenic POLE mutations.
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