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ABSTRACT

Objective: To describe POLE characteristics and reported mutations in endometrial cancer
(EC) and analyze the impact of these mutations on the structure and function of the protein,
as well as their relationship with the survival and prognosis of the disease.

Methods: We retrieved reported mutations for POLE in EC from Catalogue of Somatic
Mutations in Cancer database. We analyzed the most frequent mutations possible impact in
the protein using HOPE server. We built a protein-protein network using Network Analyst,
Cytoscape, and Network Analyzer plugin for topological analysis, enrichment analysis was
performed using Gene Ontology: Biological processes. Clinical data was retrieved from
cBioPortal database to compare overall survival between mutated POLE (POLEmut) and
wild-type POLE. Relation of mutational status of POLE in EC and immune cell infiltration was
analyzed using CIBERSORT algorithm in TIMER?2.0 server.

Results: Thirty mutations in POLE were retrieved, most reported mutations were p.P286R,
p-V411L and p.A456P, these mutations were likely to be pathogenic. Network analysis of
POLE showed interaction of this protein in biological processes such as DNA repair, the cell
proliferation cycle, and mechanisms of resistance to platinum. Immune infiltration analysis
showed that T cell CD8+, T cell memory activated CD4+, T cell follicular helper, T cell gamma
delta and macrophage M1 were more infiltrated in EC POLEmut tumors.

Conclusion: Mutations in POLE might affect DNA polymerase epsilon function. These
mutations also affect interactions with other proteins like proteins involved in different DNA
repairing mechanisms. POLE mutations may lead to platinum resistance, but they can also
trigger an immune response that improves prognosis.

Keywords: Endometrial Cancer; DNA Polymerase Epsilon; Catalytic Subunit; Human;
Mutation

Synopsis

POLE mutations may influence the function of DNA polymerase epsilon. DNA repairing
mechanisms may be affected. POLE mutations might stimulate an immune response that
can be related to better patient prognosis.
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INTRODUCTION

Endometrial cancer (EC) ranks sixth among cancers in women, with approximately

417,367 new cases and 100,000 deaths worldwide in the year 2020 [1]. The incidence rate
varies among regions, according to ethnicity [2]. However, despite the higher morbidity
rates in developed countries, mortality is higher in less-developed countries [3]. EC was
initially classified by Bokhman [4] according to its clinical, endocrine, and epidemiological
characteristics [4]. Subsequently, Murali et al. [5] and Gargiulo et al. [6] included the
histomorphological characteristics in this model. Type I EC is characterized by a low-

grade, endometrioid type, is positive for hormone receptors, and is associated with a better
prognosis. On the other hand, type Il EC has a high grade, is a non-endometrioid subtype, is
negative for hormone receptors, exhibits mutations in the TP53 gene, and is associated with
a poorer prognosis [7,8]. However, the use of these morphological and molecular parameters
alone has complicated the classification of this cancer [6]. In the last decade, molecular and
pathological studies have provided more information related to endometrial carcinogenesis
and molecular characteristics according to different histological subtypes, which has been
linked to the response to new treatments, prognosis, and survival of patients [6].

In 2013, The Cancer Genome Atlas (TCGA) consortium proposed a classification based on
genomic and transcriptomic characteristics obtained from the analysis of 307 samples of the
endometrioid subtype and 66 samples of serous subtype EC [6,9]. This classification is based
on the number of mutations per megabase (Mb), copy number alterations, and microsatellite
instability (MSI), resulting in 4 groups: The first group is an ultramutated subtype (>100
mutations per Mb) with alterations in the exonuclease domain gene of DNA polymerase &
(Pol &, encoded by the POLE); the second group is a subtype with microsatellite instability,
low copy number, and a hypermutated phenotype (>10 mutations per Mb); the third subtype
are tumors with low copy number and a low mutation rate, and the fourth group are tumors
with high copy number, showing a significant similarity to the serous histological subtype,
with a low mutation rate [6].

In 2018, the Proactive Molecular Risk Classifier for Endometrial Cancer complemented

the classification by subdividing it into 4 molecular subtypes: exonuclease domain mutant
(EDM), mismatch repair deficient, mutant p53 (abnormal p53), and without a specific
molecular profile (wild-type p53) [10]. The EDM group showed high rates of somatic
mutations and is referred to as the ultramutated POLE group, which has been reported in
approximately 10% of ECs. Additionally, tumors of this type are associated with a high rate of
infiltrating lymphocytes and are associated with a favorable prognosis [11].

Polymerases are protein complexes that add a deoxyribonucleoside monophosphate to the
end of a DNA primer sequence. This polymerization process occurs during DNA replication,
repair, and synthesis processes [12]. The B family of DNA polymerases (Pol a, Pol 3, and

Pol ¢) is actively involved in genomic replication, where Pol 8 and Pol ¢ extend the primers
synthesized by Pol a at initiation sites and complete the synthesis of replicated DNA [12]. Pol
¢ is a heterotetramer composed of subunits POLE1 or POLE (catalytic subunit or exonuclease
domain), POLE2 (p59), POLE3 (p12), and POLE4 (p17) [12]. The altered function of the
exonuclease domain of the pol € is one of the factors leading to a cancer hallmark, as the
correction of errors introduced during DNA replication by the DNA polymerase enzyme

is conducted by the exonuclease domain encoded by the POLE gene. This results in the
accumulation of errors that lead to genomic instability and, consequently, facilitates cancer
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development [13]. Similarly, germinal or somatic mutations in this gene have been associated
with various types of cancer, including lung, esophageal, bladder, colorectal, melanoma,

and EC [13]. As mentioned earlier, alterations in POLE are associated with an ultramutated
subtype of EC.

The most frequently reported mutations in POLE in EC are C—>A transversions, along with
mutations in p.P286R and p.V411L [14]. There have also been reports of other mutations
associated with the pathology, including TCT->TAT and TCG->TTG substitutions, as well
as mutations in the residues p.S297F, p.F367S, A456P, and S459F. These mutations are near
the catalytic residues of the exonuclease, leading to a reduction in catalytic activity and an
increase in the mutation rate [14].

Currently, the International Federation of Gynecology and Obstetrics (FIGO) includes the
mutational status of POLE in the staging of EC. Therefore, in this study, we describe the
characteristics of the POLE gene and the reported mutations in EC and analyze the impact
of these mutations on the structure and function of the protein, as well as their relationship
with the survival and prognosis of the disease.

MATERIALS AND METHODS

1. Relationship between structure and activity of mutations in the POLE gene
Mutations in POLE reported in EC were retrieved from the Catalogue of Somatic Mutations in
Cancer (COSMIC) database (cancer.sanger.ac.uk). Mutations were obtained using an advanced
filter. The search was filtered by tissue for endometrium, without a specified subsite, and

a carcinoma histology. From the identified mutations, those corresponding to the coding
segment of the exonuclease domain were filtered. Subsequently, the most frequent mutations
were analyzed using the HOPE server (https://www3.cmbi.umcn.nl/hope/) [15] to identify the
potential structural effects of mutations on the POLE protein, the pathogenicity score of the
mutation is obtained from the results of the analysis in HOPE. In this database, the analysis

is conducted using MetaRNN (https://www.liulab.science/MetaRNN) [16], where the score is
classified from 0.1 to 1, where 1 represents the highest probability value of pathogenicity.

2. Analysis of POLE interactions

To identify the biological processes that may be impacted by the malfunctioning of DNA
polymerase due to its interaction, we generated a protein-protein interaction (PPI) network
using the NetworkAnalyst server (https://www.networkanalyst.ca/NetworkAnalyst/home.
xhtml) [17]. A second-order PPI network was generated using the STRING Interactome
database [18] with a confidence value of 900, filtering the search for endometrial tissue, and
the interaction network was then exported to Cytoscape 3.10.1 (https://cytoscape.org/) [19].
Topological analysis was performed using the Network Analyzer plugin [20]. The topological
parameters used for the analysis were degree (the number of connections a node has within
the network) and betweenness (a measure of how often a node lies on the shortest path
between any two nodes in the network). Enrichment analysis was performed using Gene
Ontology: Biological processes (GO:BP).

3. Relationship between POLE mutations and survival

Analysis of the relationship between the mutational status of the POLE gene and survival
in patients with EC was conducted using data from studies registered for this cancer in the
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cBioPortal for Cancer Genomics database (https://www.cbioportal.org/) [21]. Six studies
reported on EC “endometrial cancer,” “endometrial carcinoma,” and “uterine corpus
endometrial carcinoma.” The total number of samples was 2,934. A comparison was
conducted between the mutated POLE (POLEmut) and wild-type POLE (POLEwt).

4. Relationship between the mutational status of POLE and immune cell
infiltration

To understand the impact of the mutational status of the POLE gene and its relationship with

the tumor microenvironment, the infiltration level of cells comprising the microenvironment

in biopsies with POLEmut or POLEwt was analyzed. The TIMER 2.0, server (http://timer.

comp-genomics.org/timer/) was utilized [22]. The CIBERSORT algorithm was used to

analyze different immune cell types in EC (uterine corpus EC).

RESULTS

1. Structure-activity relationship of mutations in the POLE gene

To understand the impact of mutations in the POLE gene on protein function, mutations
considered pathogenic located in the exonuclease domain (residues 268 to 471) were first
extracted [23,24] from the POLE gene mutations associated with endometrial tumors in
the COSMIC database (Table S1), pathogenic mutations were then extracted. Subsequently,
those with the highest frequency of reporting were analyzed using the HOPE server. Thirty
mutations in the exonuclease domain were found in this database, and 7 were reported
more than twice. The ¢.857C>G;p.P286R mutation is the most frequent mutation in patients
with EC with 83 reports; this mutation results in an amino acid change from proline which
is a neutral and rigid amino acid to arginine which is larger and positively charged amino
acid (Fig. 1). This change affects the hydrophobicity of the protein and causes alterations in
electrostatic interactions with other molecules. Additionally, prolines confer rigidity to the
protein structure, so the change in this residue represents a destabilization of the spatial
conformation of this domain in POLE, according to the analysis in HOPE.

At position 411 of POLE, 2 mutations have been reported: ¢.1231G>C and ¢.1231G>T, both
resulting in a change in the protein from valine to leucine. These 2 mutations ranked second
in frequency in patients with EC, with 22 and 15 reports in this database, respectively.
Structural analysis showed that leucine is a larger amino acid than valine and likely affects the
core structure of the protein, altering its function, this mutation had a pathogenicity score of
0.88 (Fig. 1).

Another common mutation in the POLE gene reported in the COSMIC database in samples
from patients with EC is the ¢.1366G>C;p.A456P mutation, which has 12 reports. Analysis of
HOPE showed that the change from alanine to proline can cause a shift in the core structure
of the protein, as alanine is larger than proline, potentially hindering proper DNA binding
and affecting exonuclease function. The pathogenicity analysis of this variant is 0.87 (Fig. 1).

The ¢.890C>T;p.S297F mutation, representing a change from serine to phenylalanine, was
reported 11 times in the COSMIC database. Serine is in the core of the protein (position
297), and because of the hydroxyl group in its side chain, it establishes hydrogen-bond-like
intermolecular interactions with tyrosine 305, this change has a pathogenicity score of 0.91
(Fig. 1). On the other hand, the change from alanine to valine at position 465 (c.1394C>T;p.
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Fig. 1. Structural representation of the most frequent POLE mutations in COSMIC database. The magenta color in the upper representations indicates the
position of the mutated amino acid. Green indicates the original amino acid, and red indicates the substituted amino acid.
COSMIC, Catalogue of Somatic Mutations in Cancer.

A465V) is reported less frequently (4 times) and the pathogenicity score for this variant

is 0.79, and along with the ¢.833C>T;p.T278M mutation, reported 3 times, they represent
changes that alter the nuclear structure of the protein due to the difference in size and charge
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of the residue, respectively (Fig. 1). In the case of the threonine-to-methionine change at
position 278, the hydrophobic environment caused by the threonine amino acid is affected,
and stabilization of the protein through hydrogen bonds decreases, altering the function of
the protein. This variant had a pathogenicity score of 0.87.

2. PPI network

The NetworkAnalyst server is a tool that allows visual network analysis of gene expression
data. Using this tool, a PPI network was constructed using POLE as the central node (Fig. 2).
The generated network consisted of 104 nodes (proteins) and 1,528 interactions between the
nodes. Topological analyses were performed on this network to identify the relationships
between the components. In topological terms, the obtained network had a clustering
coefficient of 0.631, diameter of 3, and radius of 2. These values indicate the level of
clustering of elements within the network (Table $2). Topological analysis of POLE network
highlighted different proteins in terms of between within the network. Among the proteins
present in this network are the remaining subunits of Pol &, catalytic subunits of Pol 3, and
proteins from chromosomal maintenance and replication factors.

- ';s_l}i's%-: -/

Nl

\t GINS4

GINS3

Fig. 2. Protein-protein interaction network of POLE in the endometrium. Proteins are represented as circular
nodes; the centrality of the nodes is shown by the color of the node, where the central nodes are in red and the
less central nodes are in yellow.
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Table 1. Enrichment analysis of the POLE interaction network

Biological process p-value* FDR
DNA replication 4.92E-54 1.34E-51
Mismatch repair 2.19E-30 2.74E-28
Homologous recombination 2.58E-30 2.74E-28
Cell cycle 1.31E-26 1.04E-24
Falconi anemia pathway 2.04E-25 1.30E-23
Nucleotide excision repair 4.95E-23 2.62E-21
Base excision repair 9.89E-15 4.49E-13
Platinum drug resistance 6.49E-7 2.58E-5

FDR, false discovery rate
*Significant p-value <0.05.

Through Kyoto Encyclopedia of Genes and Genomes database, a systemic analysis of various
biological processes was conducted by associating different components of the PPI network
with gene ontologies. Enrichment analysis was performed using the GO:BP database (Table 1).
Among the obtained results, the proteins in the network were associated with DNA replication,
repair mechanisms, cell cycle, and platinum resistance.

3. Relationship between POLE mutations and survival

cBioPortal was used for visualization, analysis, and downloading of genomic datasets from
studies conducted on endometrial carcinoma and uterine corpus EC. Data from 2,934
samples from the selected projects were retrieved. Of the total studies, 7.56% (222/2,934) of
the samples showed microsatellite stability; of these, 5.61% (12/214) had mutations in POLE.
In addition, 217 samples were associated with high MSI, and 19.81% (43/217) of these samples
corresponded to POLEmut. In contrast, 81 samples were classified according to the FIGO
staging classification (Fig. 3), 59.25% (48/81) belonged to stage IA, of these, 10.42% (5/48)
correspond to POLEmut.

The overall survival of EC patients with POLEmut and POLEwt was evaluated using cBioPortal
(Fig. 4). According to the data recorded in this database, no significant difference was

found between patients with EC with or without POLE mutations (hazard ratio=0.867; 95%
confidence interval=0.398-1.888; p=0.735).

50 40 POLEwt
W POLEmut
40 -
30 4
3 3
= 304 -
€ €
3 8§ 20
Y Y
o o
s 20+ S
p4 z
10
10
0 'j_- T T T T — T 0 l - —
IA 1B Il 1A 1B INCT 11IC2 VB 1 2 3
FIGO stage Histologic FIGO grade

Fig. 3. Analysis of the data extracted from the cBioPortal database. The graphs show the mutational status of POLE according to the MSI status, histological FIGO

grade, and FIGO stage.

FIGO, International Federation of Gynecology and Obstetrics; MSI, microsatellite instability; POLEmut, mutated POLE; POLEwt, wild-type POLE.
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Fig. 4. DFS and OS of endometrial cancer patients according to the data recorded in cBioPortal for POLE mutation status and clinical data for this cancer.
Cl, confidence interval; DFS, disease-free survival; HR, hazard ratio; OS, overall survival.

https://ejgo.org

To understand the relationship between the immune infiltrate and its association with
POLEmut in samples with EC, an analysis was conducted using TIMER2.0. Using the
TIMER2.0 mutation tool, an analysis was performed to compare the infiltration of immune
cell subtypes in samples with POLEmut and POLEwt. The results that showed a significant
correlation between cell subtype and POLEmut status (Fig. 5) were as follows: T cell CD8+
(p<0.001, log2=0.473), T cell memory activated CD4+ (p<0.001, 1og2=0.469), T cell follicular
helper (p<0.001, log2=0.521), T cell gamma delta (p=0.006, log2=1.208), and macrophage
M1 (p<0.001, 1og2=0.68), which showed a higher level of infiltration of EC tumors with
POLEmut. Meanwhile, those that showed a lower level of infiltration in the tumor in the
presence of POLEmut were CD4+ T cell memory resting (p=0.006, log2=-0.422), T cell
regulatory (p=0.004, log2=-0.422), monocyte (p=0.006, log2=-0.505), and myeloid
dendritic activated cells (p<0.001, log2=-2.16).

DISCUSSION

Currently, there are several biological databases that, along with the development of
bioinformatics tools, allow for larger-scale analysis of biological and clinical information
generated by different research studies [25]. Biological data, such as genomes,
transcriptomes, and proteomes, along with clinical, demographic, and social data, are crucial
for a comprehensive understanding of various diseases [26]. However, the information is not
sufficient to identify patterns or molecular markers for a given research problem. Therefore,
it is necessary to work on the development of data-processing algorithms that facilitate

the distinction between emerging properties and molecular patterns within the dataset
under investigation [26]. This type of study enables the establishment of relationships
between different variables to gain a deeper understanding of the pathology, in this case, the
relationship between POLE mutations, EC, and the survival of the disease.

According to the findings from the databases cited in this study, the most frequent mutations
in the exonuclease domain of Pol € resulted in physicochemical modifications of the protein.
This primarily affects the structural conformation of the active site of the enzyme, thereby
reducing its binding affinity for DNA. Several of the reported mutations are associated with
highly conserved residues in EXO I and III motifs as well as in the DNA-binding region [23].
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Fig. 5. POLE mutations on different immune cell types of infiltration in EC. Violin plots showing the distribution of immune infiltration in tumors with POLEmut vs.
POLEwt. The log-fold change in the level of immune infiltration is color-coded, red indicates an increase infiltration, and blue indicates a decrease in infiltration.

Significance level p<0.05 in the Wilcoxon test.

EC, endometrial cancer; POLEmut, mutated POLE; POLEwt, wild-type POLE.
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The residue P286 of POLE participates in DNA binding to the enzyme. Therefore, the
p.P286R mutation results in a hyperactive polymerase, which introduces numerous errors
during DNA synthesis [27]. In mouse and yeast animal models with the p.P286R mutation,
EC was induced, and the penetrance was 100%. Therefore, we hypothesized that this is a
driver mutation in EC [28]. Similarly, based on a study employing molecular dynamics, it
was observed that the p.P286R mutation created steric hindrance, impeding the binding
of single-stranded DNA to the enzyme’s active site. This results in a physical barrier to
exonuclease domain-DNA complex formation. This leads to a decrease in correction speed
and strand extension and increases the probability of incorrect extension of primer ends,
resulting in a high rate of base substitutions [27].
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In contrast, a study in yeast determined that the V411L mutation did not have a significant
impact on reducing the exonuclease activity of the pol . Therefore, it is postulated that

its association with mutagenesis is related to another mechanism, possibly linked to PPIs,
which play a crucial role in replication fidelity rather than its corrective function [29].

This is supported by the high binding affinity of this mutation with certain drugs, such as
cladribine [30]; hence, residue 411 (valine) could serve as an anchor point for coenzymes that
enhance the catalytic activity of POLE. Additionally, this variant may lead to changes in the
proofreading and extension rates of the DNA polymerase, resulting in an increased error rate
during nucleotide incorporation. This hypothesis aligns with reports of increased polymerase
activity of Pol € in the presence of the V411L mutation [31], however, the role of this mutation
in endometrial carcinogenesis is still not clear.

According to the analysis performed using the HOPE web server, the p.S297F mutation
could affect the stability of the enzyme’s nucleus. Church et al. [32], conducted a study in
which they reported that in an orthologous model of Saccharomyces cerevisiae, amino acid

297 interacted with aspartic acid in the active site (D275). Therefore, this mutation not
only causes a change in the amino acid size but also alters its polarity and the possibility of
interaction for the normal folding of the POLE subunit, disrupting the conformation of the
active site [32].

It has been reported that the main signaling pathways associated with POLEmut include
cell proliferation, evasion of tumor suppression, and evasion of apoptosis in altered cells
[33]. In this study, through interaction analysis, the involvement of POLE in biological
processes such as DNA repair, the cell proliferation cycle, and mechanisms of resistance to
platinum were identified. Additionally, through immune infiltration analysis, it was found
that mutations in the POLE gene play a significant role in the tumor microenvironment, as
significant differences were observed in the infiltration of immune cell subtypes depending
on the mutational status of POLE. Tian et al. [31], studied the overexpression of the POLEwt
and POLE with mutations P286R, R375Q, and P452L in HEC-1A and AN3CA EC cell lines
and its relation to cisplatin sensitivity. They found that cells expressing POLEmut developed
resistance to this chemotherapy [31]. Additionally, studies using flow cytometry revealed
that POLEmut increased the proportion of cells in the GO/G1 phase and decreased both the
proportion of cells in the S phase and the expression of proteins inducing the G1/S phase
transition. The cell cycle arrest reported by these authors in EC cells could be one of the
mechanisms explaining the relationship between the presence of mutations in the POLE
gene and the increase in the overall survival of patients compared to those carrying other
mutations and the POLEwt gene [31].

Tumors with high mutation rates have been associated with increased infiltration of immune
cells that recognize neoantigens generated from mutations in the genome, which can be
either pro-tumoral or anti-tumoral [34]. Tumors with POLEmut are characterized by an
ultramutated genotype (>100 mutations per Mb), increasing the probability of generating
neoantigens and activating immune cells [35]. In this study, the analysis of immune cell
infiltration using the TIMER 2.0 tool revealed a positive correlation between the infiltration
of CD8+ T cells and activated memory CD4+ T cells in tumors with POLEmut. The results are
consistent with the study by Bellone et al. [36] in 2015, who evaluated the immune response
through the activation of dendritic cells with lysate from autologous tumor cells of EC with or
without mutations in the POLE gene. The immune response was measured by the activation
of CD4+ and CD8+ T lymphocytes and cytokine secretion. They found greater activation
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of CD4+ T lymphocytes in the presence of EC cells with POLEmut, as well as increased
expression of interferon-y [36]. These results indicate that, in EC tumors with POLEmut,
there is an inflammatory response due to the presence of tumor neoantigens.

POLEmut EC tumors have been associated with a good prognosis, as the 5-year survival is
higher compared to those classified in the other TCGA subtypes [37,38]. In the present study,
we observed that analysis of the data retrieved from the cBioPortal database showed the same
trend (Fig. 4). However, we did not find any statistically significant differences. In relation

to the above, the high rate of lymphocytic infiltration in POLEmut EC tumors has been
associated with a good response to immunotherapy and a good prognosis for the disease
[39]. Fan et al. [40] conducted a retrospective study in a cohort of 237 patients with EC in
which they analyzed the presence of infiltrating T lymphocytes in the tumor tissue. They
found a significant relationship between disease-free survival and lymphocyte infiltration in
high-grade EC tumors [40].

In conclusion, POLE plays a significant role in EC development. The most frequent mutations
in this gene cause alterations in the resulting protein, affecting the corrective function of Pol
€. These mutations also affect POLE interactions with other proteins, which may interfere
with repair mechanisms. Despite the possible relationship between POLE mutations and the
development of platinum resistance due to signaling pathway alterations, the ultramutated
genotype is also associated with high immune infiltration cells, triggering an adequate
response that leads to a favorable prognosis for the disease.

ACKNOWLEDGEMENTS

We acknowledge the Fundacion Universitaria de Ciencias de la Salud, Bogot4, Colombia for
supporting this study.

SUPPLEMENTARY MATERIALS

Table S1
Mutations in POLE were retrieved from the COSMIC database

Table S2
Topological analysis of the protein-protein interaction network of POLE

REFERENCES

1. SungH, FerlayJ, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global Cancer Statistics 2020:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J
Clin 2021;71:209-49. PUBMED | CROSSREF

2. Katagiri R, Iwasaki M, Abe SK, Islam MR, Rahman MS, Saito E, et al. Reproductive factors and
endometrial cancer risk among women. JAMA Netw Open 2023;6:€2332296. PUBMED | CROSSREF

3. Androutsopoulos G, Styliara I, Zarogianni E, Lazurko N, Valasoulis G, Michail G, et al. The ErbB signaling
network and its potential role in endometrial cancer. Epigenomes 2023;7:24. PUBMED | CROSSREF

4. Bokhman JV. Two pathogenetic types of endometrial carcinoma. Gynecol Oncol 1983;15:10-7. PUBMED |
CROSSREF

https://ejgo.org https://doi.org/10.3802/jg0.2025.36.€45 11/13


http://ejgo.org/DownloadSupplMaterial.php?id=10.3802/jgo.2025.36.e45&fn=jgo-36-e45-s001.xls
http://ejgo.org/DownloadSupplMaterial.php?id=10.3802/jgo.2025.36.e45&fn=jgo-36-e45-s002.xls
http://www.ncbi.nlm.nih.gov/pubmed/33538338
https://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/37669051
https://doi.org/10.1001/jamanetworkopen.2023.32296
http://www.ncbi.nlm.nih.gov/pubmed/37873809
https://doi.org/10.3390/epigenomes7040024
http://www.ncbi.nlm.nih.gov/pubmed/6822361
https://doi.org/10.1016/0090-8258(83)90111-7

JOURNAL OF
GYNECOLOGIC
ONCOLOGY

POLE: functions, interactions, and prognostic role

https://ejgo.org

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Murali R, Soslow RA, Weigelt B. Classification of endometrial carcinoma: more than two types. Lancet
Oncol 2014;15:e268-78. PUBMED | CROSSREF

Gargiulo P, Della Pepa C, Berardi S, Califano D, Scala S, Buonaguro L, et al. Tumor genotype and immune
microenvironment in POLE-ultramutated and MSI-hypermutated endometrial cancers: new candidates
for checkpoint blockade immunotherapy? Cancer Treat Rev 2016;48:61-8. PUBMED | CROSSREF

Bianco B, Barbosa CP, Trevisan CM, Lagana AS, Montagna E. Endometrial cancer: a genetic point of view.
Transl Cancer Res 2020;9:7706-15. PUBMED | CROSSREF

Morice P, Leary A, Creutzberg C, Abu-Rustum N, Darai E. Endometrial cancer. Lancet 2016;387:1094-108.
PUBMED | CROSSREF

Jamieson A, McAlpine JN. Molecular profiling of endometrial cancer from TCGA to clinical practice. J
Natl Compr Canc Netw 2023;21:210-6. PUBMED | CROSSREF

Jumaah AS, Al-Haddad HS, McAllister KA, Yasseen AA. The clinicopathology and survival characteristics
of patients with POLE proofreading mutations in endometrial carcinoma: a systematic review and meta-
analysis. PLoS One 2022;17:€0263585. PUBMED | CROSSREF

Cui]J, Chen X, Zhai Q, Chen N, Li X, Zhang Y, et al. A novel somatic mutation in POLE exonuclease
domain associated with ultra-mutational signature and MMR deficiency in endometrial cancer: a case
report. Diagn Pathol 2023;18:19. PUBMED | CROSSREF

Hoitsma NM, Whitaker AM, Schaich MA, Smith MR, Fairlamb MS, Freudenthal BD. Structure and
function relationships in mammalian DNA polymerases. Cell Mol Life Sci 2020;77:35-59. PUBMED |
CROSSREF

Park VS, Pursell ZF. POLE proofreading defects: contributions to mutagenesis and cancer. DNA Repair
(Amst) 2019;76:50-9. PUBMED | CROSSREF

Shinbrot E, Henninger EE, Weinhold N, Covington KR, Goksenin AY, Schultz N, et al. Exonuclease
mutations in DNA polymerase epsilon reveal replication strand specific mutation patterns and human
origins of replication. Genome Res 2014;24:1740-50. PUBMED | CROSSREF

Venselaar H, Te Beek TA, Kuipers RK, Hekkelman ML, Vriend G. Protein structure analysis of mutations
causing inheritable diseases. an e-Science approach with life scientist friendly interfaces. BMC
Bioinformatics 2010;11:548. PUBMED | CROSSREF

Li C, Zhi D, Wang K, Liu X. MetaRNN: differentiating rare pathogenic and rare benign missense SNVs
and InDels using deep learning. Genome Med 2022;14:115. PUBMED | CROSSREF

Zhou G, Soufan O, Ewald J, Hancock RE, Basu N, Xia J. NetworkAnalyst 3.0: a visual analytics platform
for comprehensive gene expression profiling and meta-analysis. Nucleic Acids Res 2019;47:W234-41.
PUBMED | CROSSREF

SzKklarczyk D, Franceschini A, Wyder S, Forslund K, Heller D, Huerta-Cepas J, et al. STRING v10:
protein-protein interaction networks, integrated over the tree of life. Nucleic Acids Res 2015;43:D447-52.
PUBMED | CROSSREF

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. Cytoscape: a software environment
for integrated models of biomolecular interaction networks. Genome Res 2003;13:2498-504. PUBMED |
CROSSREF

Assenov Y, Ramirez F, Schelhorn SE, Lengauer T, Albrecht M. Computing topological parameters of
biological networks. Bioinformatics 2008;24:282-4. PUBMED | CROSSREF

de Bruijn I, Kundra R, Mastrogiacomo B, Tran TN, Sikina L, Mazor T, et al. Analysis and visualization

of longitudinal genomic and clinical data from the AACR Project GENIE Biopharma Collaborative in
cBioPortal. Cancer Res 2023;83:3861-7. PUBMED | CROSSREF

LiT, FuJ, Zeng Z, Cohen D, LiJ, Chen Q, et al. TIMER2.0 for analysis of tumor-infiltrating immune cells.
Nucleic Acids Res 2020;48:W509-14. PUBMED | CROSSREF

Church DN, Stelloo E, Nout RA, Valtcheva N, Depreeuw J, ter Haar N, et al. Prognostic significance

of POLE proofreading mutations in endometrial cancer. J Natl Cancer Inst 2014;107:402. PUBMED |
CROSSREF

Billingsley CC, Cohn DE, Mutch DG, Stephens JA, Suarez AA, Goodfellow PJ. Polymerase ¢ (POLE)
mutations in endometrial cancer: clinical outcomes and implications for Lynch syndrome testing. Cancer
2015;121:386-94. PUBMED | CROSSREF

Zhang XD, Liu ZY, Luo K, Wang XK, Wang MS, Huang S, et al. Clinical implications of RAB13 expression
in pan-cancer based on multi-databases integrative analysis. Sci Rep 2023;13:16859. PUBMED | CROSSREF
Ngiam KY, Khor IW. Big data and machine learning algorithms for health-care delivery. Lancet Oncol
2019;20:€262-73. PUBMED | CROSSREF

https://doi.org/10.3802/jg0.2025.36.€45 12/13


http://www.ncbi.nlm.nih.gov/pubmed/24872110
https://doi.org/10.1016/S1470-2045(13)70591-6
http://www.ncbi.nlm.nih.gov/pubmed/27362548
https://doi.org/10.1016/j.ctrv.2016.06.008
http://www.ncbi.nlm.nih.gov/pubmed/35117373
https://doi.org/10.21037/tcr-20-2334
http://www.ncbi.nlm.nih.gov/pubmed/26354523
https://doi.org/10.1016/S0140-6736(15)00130-0
http://www.ncbi.nlm.nih.gov/pubmed/36791751
https://doi.org/10.6004/jnccn.2022.7096
http://www.ncbi.nlm.nih.gov/pubmed/35139130
https://doi.org/10.1371/journal.pone.0263585
http://www.ncbi.nlm.nih.gov/pubmed/36765365
https://doi.org/10.1186/s13000-023-01287-y
http://www.ncbi.nlm.nih.gov/pubmed/31722068
https://doi.org/10.1007/s00018-019-03368-y
http://www.ncbi.nlm.nih.gov/pubmed/30818169
https://doi.org/10.1016/j.dnarep.2019.02.007
http://www.ncbi.nlm.nih.gov/pubmed/25228659
https://doi.org/10.1101/gr.174789.114
http://www.ncbi.nlm.nih.gov/pubmed/21059217
https://doi.org/10.1186/1471-2105-11-548
http://www.ncbi.nlm.nih.gov/pubmed/36209109
https://doi.org/10.1186/s13073-022-01120-z
http://www.ncbi.nlm.nih.gov/pubmed/30931480
https://doi.org/10.1093/nar/gkz240
http://www.ncbi.nlm.nih.gov/pubmed/25352553
https://doi.org/10.1093/nar/gku1003
http://www.ncbi.nlm.nih.gov/pubmed/14597658
https://doi.org/10.1101/gr.1239303
http://www.ncbi.nlm.nih.gov/pubmed/18006545
https://doi.org/10.1093/bioinformatics/btm554
http://www.ncbi.nlm.nih.gov/pubmed/37668528
https://doi.org/10.1158/0008-5472.CAN-23-0816
http://www.ncbi.nlm.nih.gov/pubmed/32442275
https://doi.org/10.1093/nar/gkaa407
http://www.ncbi.nlm.nih.gov/pubmed/25505230
https://doi.org/10.1093/jnci/dju402
http://www.ncbi.nlm.nih.gov/pubmed/25224212
https://doi.org/10.1002/cncr.29046
http://www.ncbi.nlm.nih.gov/pubmed/37803063
https://doi.org/10.1038/s41598-023-43699-2
http://www.ncbi.nlm.nih.gov/pubmed/31044724
https://doi.org/10.1016/S1470-2045(19)30149-4

JOURNAL OF
GYNECOLOGIC
ONCOLOGY

POLE: functions, interactions, and prognostic role

https://ejgo.org

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Parkash V, Kulkarni Y, Ter Beek J, Shcherbakova PV, Kamerlin SC, Johansson E. Structural consequence
of the most frequently recurring cancer-associated substitution in DNA polymerase €. Nat Commun
2019;10:373. PUBMED | CROSSREF

Li HD, Lu C, Zhang H, Hu Q, Zhang J, Cuevas IC, et al. A PoleP286R mouse model of endometrial
cancer recapitulates high mutational burden and immunotherapy response. JCI Insight 2020;5:€138829.
PUBMED | CROSSREF

Barbari SR, Kane DP, Moore EA, Shcherbakova PV. Functional analysis of cancer-associated DNA
polymerase € variants in Saccharomyces cerevisiae. G3 (Bethesda) 2018;8:1019-29. PUBMED | CROSSREF

Loganathan L, Al-Haidose A, Ganesh Kumar A, Sujatha LB, Carlus FH, Alharbi A, et al. An in
silico analysis of the impact of POLE mutations on cladribine docking. Eur Rev Med Pharmacol Sci
2022;26:7580-93. PUBMED | CROSSREF

Tian W, Ji Z, Wang J, MengJ, Bi R, Ren Y, et al. Characterization of hotspot exonuclease domain
mutations in the DNA polymerase € gene in endometrial cancer. Front Oncol 2022;12:1018034. PUBMED |
CROSSREF

Church DN, Briggs SE, Palles C, Domingo E, Kearsey SJ, Grimes JM, et al. DNA polymerase ¢ and &
exonuclease domain mutations in endometrial cancer. Hum Mol Genet 2013;22:2820-8. PUBMED | CROSSREF

Wadee R, Grayson W. A potpourri of pathogenetic pathways in endometrial carcinoma with a focus on
Lynch syndrome. Ann Diagn Pathol 2019;39:92-104. PUBMED | CROSSREF

Hwang HS, Kim D, ChoiJ. Distinct mutational profile and immune microenvironment in microsatellite-
unstable and POLE-mutated tumors. ] Immunother Cancer 2021;9:e002797. PUBMED | CROSSREF

Nelson BH, McAlpine JN. The more tumors change, the more they stay tame: do T cells keep POLE
ultramutated endometrial carcinomas in check? Gynecol Oncol 2015;138:1-2.  PUBMED | CROSSREF

Bellone S, Centritto F, Black J, Schwab C, English D, Cocco E, et al. Polymerase ¢ (POLE) ultra-mutated
tumors induce robust tumor-specific CD4+ T cell responses in endometrial cancer patients. Gynecol
Oncol 2015;138:117. PUBMED | CROSSREF

Billingsley CC, Cohn DE, Mutch DG, Hade EM, Goodfellow PJ. Prognostic significance of POLE
exonuclease domain mutations in high grade endometrioid endometrial cancer on survival and
recurrence: a sub-analysis. Int ] Gynecol Cancer 2016;26:933-8. PUBMED | CROSSREF

Jumaah AS, Salim MM, Al-Haddad HS, McAllister KA, Yasseen AA. The frequency of POLE-mutation in
endometrial carcinoma and prognostic implications: a systemic review and meta-analysis. ] Pathol Transl
Med 2020;54:471-9. PUBMED | CROSSREF

McConechy MK, Talhouk A, Leung S, Chiu D, Yang W, Senz J, et al. Endometrial carcinomas with POLE
exonuclease domain mutations have a favorable prognosis. Clin Cancer Res 2016;22:2865-73. PUBMED |
CROSSREF

Fan CT, Hsu ST, Sun L, Hwang SF, Liu CK, Shih YH, et al. Improved progression-free survival associated

with tumor-infiltrating lymphocytes in high-grade endometrial cancer. J Clin Med 2023;12:603. PUBMED |
CROSSREF

https://doi.org/10.3802/jg0.2025.36.€45 13/13


http://www.ncbi.nlm.nih.gov/pubmed/30670696
https://doi.org/10.1038/s41467-018-08114-9
http://www.ncbi.nlm.nih.gov/pubmed/32699191
https://doi.org/10.1172/jci.insight.138829
http://www.ncbi.nlm.nih.gov/pubmed/29352080
https://doi.org/10.1534/g3.118.200042
http://www.ncbi.nlm.nih.gov/pubmed/36314330
https://doi.org/10.26355/eurrev_202210_30033
http://www.ncbi.nlm.nih.gov/pubmed/36313640
https://doi.org/10.3389/fonc.2022.1018034
http://www.ncbi.nlm.nih.gov/pubmed/23528559
https://doi.org/10.1093/hmg/ddt131
http://www.ncbi.nlm.nih.gov/pubmed/30798077
https://doi.org/10.1016/j.anndiagpath.2019.02.003
http://www.ncbi.nlm.nih.gov/pubmed/34607897
https://doi.org/10.1136/jitc-2021-002797
http://www.ncbi.nlm.nih.gov/pubmed/26072691
https://doi.org/10.1016/j.ygyno.2015.06.004
http://www.ncbi.nlm.nih.gov/pubmed/25931171
https://doi.org/10.1016/j.ygyno.2015.04.027
http://www.ncbi.nlm.nih.gov/pubmed/26937754
https://doi.org/10.1097/IGC.0000000000000681
http://www.ncbi.nlm.nih.gov/pubmed/32867011
https://doi.org/10.4132/jptm.2020.07.23
http://www.ncbi.nlm.nih.gov/pubmed/26763250
https://doi.org/10.1158/1078-0432.CCR-15-2233
http://www.ncbi.nlm.nih.gov/pubmed/36675532
https://doi.org/10.3390/jcm12020603

	Functions, interactions and prognostic role of POLE: a bioinformatics analysis
	Synopsis
	INTRODUCTION
	MATERIALS AND METHODS
	2. Analysis of POLE interactions
	3. Relationship between POLE mutations and survival
	4. �Relationship between the mutational status of POLE and immune cell infiltration

	RESULTS
	2. PPI network
	3. Relationship between POLE mutations and survival

	DISCUSSION
	SUPPLEMENTARY MATERIALS
	Table S1
	Table S2

	REFERENCES


