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Manuel Valenzuela-Valderrama, Daniela B. Vera and Carmen Romero

Current Treatments and New Possible Complementary Therapies for Epithelial Ovarian Cancer
Reprinted from: Biomedicines 2022, 10, 77, doi:10.3390/biomedicines10010077 . . . . . . . . . . . 181

Sandrine Rousset-Rouviere, Philippe Rochigneux, Anne-Sophie Chrétien, Stéphane Fattori,
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biomedicines

Editorial

Mechanisms and Novel Therapeutic Approaches for
Gynecologic Cancer

Naomi Nakayama

Department of General Medicine and Community Health Science, School of Medicine, Hyogo Medical University,
Hyogo 669-2321, Japan; na-nakayama@hyo-med.ac.jp; Tel.: +81-79-552-1181

The number of patients with gynecological cancers, such as ovarian and endometrial
cancer, has been increasing worldwide. A possible cause of the high lethality of gynecolog-
ical cancer is the lack of early detection tools and effective therapeutic interventions. In
this regard, basic research on its pathophysiology and novel molecular-based therapeutic
strategies is urgently required.

Recent research has focused on elucidating the tumor biology and molecular path-
ways that mediate cancer progression and drug resistance for the development of novel
molecular-targeted therapies. These include monoclonal antibodies, small-molecule recep-
tor tyrosine kinase inhibitors, and agents that block downstream signaling pathways in
gynecological cancer. However, newly approved drugs for ovarian cancer are limited and
the effectiveness of these incorporated therapies is limited. Therefore, further research is
required to gain a better understanding of this phenomenon.

It was in this context that the Special Issue of Biomedicines entitled “Mechanisms and
Novel Therapeutic Approaches for Gynecologic Cancer” was edited, focusing on how basic
research, such as genomics, epigenomics, and proteomics, as well as clinical research can
contribute to improving the mortality of patients with gynecological cancer.

This book, based on the aforementioned Special Issue of Biomedicines, contains a
total of 13 papers (eight original research and five reviews) focusing on basic research of
gynecologic cancer.

Among the original articles, the first study is an in vitro on ovarian cancer that focused
on the novel ovarian cancer-related transcriptional factor, nucleus accumbens-associated
protein 1 (NAC1). The researchers performed functional and structural analyses of its DNA-
binding domain, the BEN domain, and clarified the target sequence using a PCR-assisted
random oligonucleotide selection approach. The interaction between NAC1 and target
DNA was validated using several novel techniques, including isothermal titration calorime-
try (ITC), chromatin-immunoprecipitation assays, and NMR chemical shift perturbation
(CSP). As NAC1 is significantly overexpressed in several types of carcinomas, including
ovarian and cervical; is associated with tumor growth, survival and drug resistance; and
is considered to be a target molecule for intervention, this study will contribute to novel
molecular targeted therapies [1].

The second article describes a study of BRCA1 mutant ovarian cancer. They inves-
tigated the functional impact of platelet-activating factor acetylhydrolase (PAF-AH) and
clarified its interaction with the Wnt signaling pathway. They then provided evidence that
PAF-AH is a positive prognostic factor with functional impact mediated by the negative
regulation of the Wnt/-catenin pathway in BRCA1 mutant ovarian cancer. This study
shows the importance of PAF-AH as a biomarker for predicting disease risk in BRCA1
mutation carriers [2].

The third study incorporated gene ontology (GO)-based integrative approaches to ex-
plore the expression profiles of serous borderline ovarian tumors (BOTs) and serous ovarian
carcinomas to identify common and meaningful dysregulated functions and dysfunctional
pathways between these two groups. Then, they detected differentially expressed genes
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(DEGs), such as SRC, ARNT, TBP, and SNAI2, which play a crucial role in the pathogenesis
of both tumors, implying a gradual evolution from serous BOTs to ovarian carcinomas.
These findings may contribute to the future development of targeted therapies [3].

The fourth study describes clinical research on cervical cancer, in which HPV DNA
tests are highly sensitive, but the specificity of HPV tests is low. This study identified
the potential role of this test in diagnosing cervical precancerous lesions (CIN) using
archival paraffin-embedded specimens of CIN1 (31), CIN2 (75), and CIN3. The authors
concluded that, based on HPV-induced oncogenesis, the expression profile of testin, Ki-67,
and p16 would improve test sensitivity and specificity in diagnosing cervical intraepithelial
changes [4].

The fifth study was an in vitro study to establish an effective treatment strategy that
targeted ovarian cancer stem cells (CSCs), which are related to chemoresistance and cancer
recurrence. They developed a codon-optimized third-generation chimeric antigen receptor
(CAR) to specifically target CD44, a CSC marker. They showed that simultaneous treatment
with CD44NK and cisplatin demonstrated excellent antitumor activity against CD44+
ovarian cancer cells in vitro. This study provides the basis for further in vivo studies and
future clinical development [5].

In the sixth study, the authors investigated somatic mutations in DNA damage re-
sponse (DDR) genes in ovarian cancer tissue using a multi gene panel with next-generation
sequencing. They discovered that DDR gene somatic mutations is more relevant in serous
carcinoma and are associated with recurrence and cancer-related death. They then clarified
the clinical characteristics and outcomes of ovarian cancer based on the DDR gene mutation
profile. This study provides a rationale for future studies on novel therapeutic targets for
DNA damage response pathways [6].

The seventh study describes clinical research on endometrioid endometrial cancer,
showing the role of DNA mismatch repair (MMR) status in survival and its correlation
with clinical prognostic factors in a relatively large sample size. The authors recruited 238
patients with endometrioid endometrial cancer and demonstrated that MMR deficiency
(dMMR) is present in a significant number of patients and is associated with poorer
clinicopathological factors and worse prognosis, particularly in long term follow-up (5–
10 years). They concluded that dMMR should be considered in the risk stratification of
endometrial cancer to guide optimal therapeutic intervention and individualization for a
longer follow-up plan [7].

The last retrospective clinical research article focused on radiation therapy for endome-
trial cancer. The authors used in vivo dosimetry (IVD) to measure the dose to organs at risk
(OAR) ratio for patients receiving postoperative high-dose-rate (HDR) interventional radio-
therapy in two different fractionation schedules, analyzed its efficacy on treatment-related
toxicities retrospectively, and showed its safety and acceptability [8].

Three review papers in the field of ovarian cancer were included in this book. First,
there is a review on the human cytomegalovirus (HCMV) infection and ovarian cancer.
The authors highlighted the impact of immunomodulatory effects of HCMV infection
on host immune responses to ovarian carcinogenesis [9]. The second review focuses on
ovarian cancer and exosomes, which play important roles in cell–cell communication and
the regulation of various biological processes in cancer progression. The authors reviewed
the potential of exosomal miRNAs in the circulation as a good biomarker for non-invasive
early detection of ovarian cancer, along with current clinical trials [10]. In the third review
of ovarian cancer, the authors comprehensively reviewed the molecular characteristics of
ovarian cancer and the recent evidence on approved molecular targeted drugs, such as
immune checkpoint inhibitors, PARP inhibitors, and anti-angiogenic therapies, which have
made great advances in EOC treatment. They summarized new possible complementary
approaches in preclinical stages, focusing on drug repurposing, non-coding RNAs, and
nanomedicine as new methods for drug delivery [11].

The next review is on endometrial carcinoma (EC) and focuses on immune microen-
vironment modifications and immune response activation. The authors summarized the
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current knowledge of the immune environment of EC, both for mismatch repair deficient
and mismatch repair proficient tumors. They also reviewed clinical data on immune check-
point inhibitors (ICI) and PD-1/PD-L1 inhibitors and discussed the future possibility of
various ICI-based combination therapies to limit resistance to immunotherapy [12].

The last review is a comprehensive literature review of vulvovaginal melanomas,
which are quite rare among gynecologic cancers. Due to the lack of a sufficient number
of cases to conduct randomized clinical trials, specific treatment guidelines have not yet
been established, and the prognosis of vulvovaginal melanomas is very poor without a
standardized treatment strategy. In this regard, this review is significant in highlighting the
increasing research on the future establishment of novel therapeutic schemes [13].

I believe that this book includes important advanced studies on gynecologic cancer
and comprehensive reviews covering relatively frequent to rare tumors in gynecologic
oncology.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Nucleus accumbens-associated protein 1 (NAC1) is a nuclear protein that harbors an
amino-terminal BTB domain and a carboxyl-terminal BEN domain. NAC1 appears to play significant
and diverse functions in cancer and stem cell biology. Here we demonstrated that the BEN domain
of NAC1 is a sequence-specific DNA-binding domain. We selected the palindromic 6 bp motif
ACATGT as a target sequence by using a PCR-assisted random oligonucleotide selection approach.
The interaction between NAC1 and target DNA was characterized by gel shift assays, pull-down assays,
isothermal titration calorimetry (ITC), chromatin-immunoprecipitation assays, and NMR chemical
shifts perturbation (CSP). The solution NMR structure revealed that the BEN domain of human
NAC-1 is composed of five conserved α helices and two short β sheets, with an additional hitherto
unknown N-terminal α helix. In particular, ITC clarified that there are two sequential events in the
titration of the BEN domain of NAC1 into the target DNA. The ITC results were further supported by
CSP data and structure analyses. Furthermore, live cell photobleaching analyses revealed that the
BEN domain of NAC1 alone was unable to interact with chromatin/other proteins in cells.

Keywords: nucleus accumbens-associated protein 1 (NAC1); BEN (BANP, E5R and NAC1) domain;
sequence-specific DNA-binding protein; solution NMR structure; isothermal titration calorimetry (ITC)

1. Introduction

Nucleus accumbens-associated protein 1 (NAC1), encoded by the NACC1 gene, is a nuclear
protein that encompasses an amino-terminal BTB (broad complex, tramtrack, bric-à-brac) and a
carboxyl-terminal BEN (BANP, E5R and NAC1) domain. NAC1 was originally identified and cloned
as a cocaine-inducible transcript from the nucleus accumbens, a unique forebrain structure involved in
reward motivation and addictive behavior [1]. NACC1 was also identified as a cancer-associated BTB
gene by serial analysis of gene expression in ovarian cancer cells [2]. NAC1 is significantly overexpressed

Biomedicines 2020, 8, 608; doi:10.3390/biomedicines8120608 www.mdpi.com/journal/biomedicines
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in several types of carcinomas, including ovarian, colorectal, breast, renal cell, cervical, and pancreatic
carcinomas, is associated with tumor growth and survival, and increases the resistance of tumor
cells to chemotherapy [2–14]. Furthermore, NAC1 was shown to be important for the pluripotency
of embryonic stem cells [15,16] through direct transcriptional regulation of c-Myc [17]. In addition,
it was recently demonstrated that NAC1 promotes mesendodermal and represses neuroectodermal
fate selection in embryonic stem cells, in cooperation with the pluripotency transcription factors, Oct4,
Sox2, and Tcf3 [18,19] and that NAC1 is critical for efficient iPSC generation [20]. NACC1 knockout
mouse embryos and newborns exhibit a lower survival rate compared to wild-type embryos and
newborns, and surviving mice showing defective bony patterning in the vertebral axis [21]. NAC1 has
also been reported to be an important component of RIG-I-like receptor mediated innate immune
responses against viral infection [22].

The BTB domain is a ~120-amino-acid highly conserved motif that mediates homodimerization
and/or heterodimerization and interacts with other proteins [23,24]. NAC1 homodimerizes through
its BTB domain [25,26] and heterodimerizes with Myc-interacting zinc-finger protein 1 through the
respective BTB domains [27–29]. Most BTB proteins contain other C-terminal functional domains,
such as DNA-binding C2H2/Krüppel-type zinc fingers.

The BEN domain (BEND) in metazoans and some viruses typically comprises 90–100 amino acid
residues. Secondary structure analysis using multiple alignment predicted four α-helices with conserved
hydrophobic residues [30]. The human genome encodes nine BEN domain-containing proteins. These
proteins can be divided into two distinct groups: one group contains a BTB domain (NAC1 and NAC2
(also known as BTBD14A and RBB)), whereas the other group lacks other recognizable protein domains
(i.e., they are BEN-solo proteins [31]) such as BANP (also known as BEND1 and SMAR1) and BEND2, -3,
-4, -5, -6, and -7. BEND2 and BEND3 harbor tandem copies of two and four BEN domains, respectively.
Based on characterized proteins possessing a BEN domain, it has been predicted that the BEN domain
is involved in chromatin organization and transcriptional regulation by mediating protein–DNA
and protein–protein interactions [30,32,33]. NAC1 functions as a transcriptional repressor through
its association with REST corepressor 1 (also known as CoREST) [32] and with histone deacetylases
HDAC3 and HDAC4 [17,34]. NAC2 functions as a transcriptional repressor through its association with
nucleosome remodeling and deacetylase complex containing HDAC1 and HDAC2 [35]. The activity
of BANP as a transcriptional repressor and candidate tumor suppressor involves the BEN domain
in molecular interactions with SIN3-histone deacetylase complex containing HDAC1 [36]. BEND3,
a quadruple BEN domain-containing protein, is a key factor that associates with chromatin remodeling
complexes and modulates gene expression and heterochromatin organization [33,37,38]. BEND5,
a neural BEN-solo protein, functions as a sequence-specific transcription repressor that regulates
neurogenesis [39]. BEND6, a neural BEN-solo protein, acts as a corepressor of notch transcription
factor [40].

2. Experimental Section

2.1. Cloning

For glutathione S-transferase (GST) fusion, NAC1 (2–527)/pMXs-FHG and NAC1
(2–250)/pMXs-FHG (41) were digested with BamHI and EcoRI. The fragments of human NAC1
cDNA encoding residues 2–527 (full-length, removal of the first methionine) and 2–250 were subcloned
into pGEX-4T-2 (GE Healthcare, Piscataway, NJ, USA). The C-terminal fragment of human NAC1
cDNA encoding residues 251-527 was cloned into pGEX-4T-2 by polymerase chain reaction (PCR) using
NAC1 (2–527)/pMXs-FHG as template. The NAC1(L432N) mutant was created by standard double
PCR mutagenesis and subcloned into pGEX-4T-2. Human NPM1 full-length cDNA (CCDS4376.1)
obtained by reverse transcribed PCR using the total RNA from HeLa cells was cloned into pGEX-4T-2.

To generate hexahistidine (His) tagged protein, NAC1 (2–527)/pGEX-4T-2 was digested with BamHI
and EcoRI, then subcloned into pET28HisTEV [41]. The C-terminal fragment of human NAC1 cDNA
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encoding residues 322-485 was cloned into pET28HisTEV by PCR using NAC1 (2–527)/pMXs-FHG
as template. All PCR-amplified cDNA products were fully sequenced using a 3130 genetic analyzer
(Applied Biosystems/ThermoFisher Scientific, Waltham, MA, USA) to confirm their sequence and to
verify the absence of secondary point mutations.

2.2. Screening of DNA-Binding Sequences

The random oligonucleotide pool N26 (5′-CAGGTCAGTTCAGCGGATCCTGTCG(N)26GAGGCG
AATTCAGTGCAACTGCAGC-3′) contains a synthetic single-stranded random 26-base sequence
flanked by two PCR primer sequences (N26-1S, 5′-CAGGTCAGTTCAGCGGATCCTGTCG-3′; N26-2AS,
5′-GCTGCAGTTGCACTGAATTCGCCTC-3′). The flanking sequences contain BamHI and EcoRI
restriction sites to facilitate subsequent cloning. The random oligonucleotide pool (1.2 μg) was
precleared with recombinant GST-NAC1(L432N), then incubated for 30 min at room temperature
with GST-NAC1 in 500 μL of binding buffer (20 mM HEPES/KOH pH 7.9, 50 mM KCl, 2 mM MgCl2,
0.5 mM EDTA, 10% glycerol, 1 mg/mL bovine serum albumin, 2 mM dithiothreitol, and 10 mg/mL
poly(dI/dC)). After washing three times with the binding buffer, samples were resuspended in 100 μL
distilled water and boiled for 10 min to elute bound DNA. Following centrifugation, 10 μL of the
supernatant was used as template for PCR with the forward primer N26-1S and reverse primer
N26-2AS using the following PCR conditions: 20 cycles of 1 min at 94 ◦C, 1 min at 62 ◦C, and 1 min at
72 ◦C. The PCR products were then purified using a PCR purification kit (Qiagen, Hilden, Germany),
and resuspended in distilled water. Half the volume of each purified PCR product was subsequently
used for the next cycle of selection. Four sequential repeats of selection were followed by PCR and the
final selected DNA fragments were digested by BamHI and EcoRI, subcloned into pBluescript SK II
(Stratagene, La Jolla, CA, USA), and the sequences were determined using T7 primer. The sequence
data are shown aligned using the same orientation (as primed from the BamHI side) (Figure 1A).

2.3. Bioinformatics

Amino acid sequence alignment of the BEN domain from human BEN-domain containing proteins
were conducted using Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/).

PCR-assisted random oligonucleotide selection identified 18 independent clones that bound to
GST-NAC1 and these sequences were entered into the MEME program (http://meme-suite.org/tools/
meme) (Figure 1C). The relevant parameters were set such that each sequence was used once to
generate a motif between 6–26 nucleotides long.

2.4. Oligonucleotide Pull-Down Assay

Sense oligonucleotides for the GADD45GIP1 promoter, with biotin added to their 5′-end,
were synthesized by FASMAC (Kanagawa, Japan). The sequences for the oligonucleotides
were as follows: Biotin-GP1, biotin-5′-TGTGTGTGTATGCATGTATGTATTTATT-3′ (wild type,
sense) and 5′-AATAAATACATACATGCATACACACACA-3′ (wild type, antisense); Biotin-GP1
5′-mut, biotin-5′-TGTGTGTGTCATCATGTATGTATTTATT-3′ (sense) and 5′-AATAAA
TACATACATGATGACACACACA-3′ (antisense); Biotin-GP1 mut, biotin-5′-TGTGTGTGTAT
GGCATTATGTATTTATT-3′ (sense) and 5′-AATAAATACATAATGCCATACACACACA-3′ (antisense);
Biotin-GP1 3′-mut, biotin-5′-TGTGTGTGTATGCATGACGGTATTTATT-3′ (sense) and 5′-AATA
AATACCGTCATGCATACACACACA-3′ (antisense). Each pair of oligonucleotides was annealed
following standard protocols. Bacterially expressed and purified GST-NAC1 (5 μg) were precleared using
streptavidin-magnetic beads (20 μL/sample, Dynabeads M-280, ThermoFisher Scientific) for 1 h at 4 ◦C.
The precleared supernatant was incubated with 100 pmol of biotinylated double-stranded DNA (dsDNA)
oligonucleotides and 10 μg of poly(dI/dC) for 30 min at 4 ◦C. DNA-bound proteins were collected using
30 μL of streptavidin-magnetic beads for 1 h at 4 ◦C. After washing three times, the bound proteins were
eluted from the beads in SDS-PAGE sample buffer and resolved by SDS-PAGE, followed by Coomassie blue
staining of the gel.
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Figure 1. Identification of the consensus DNA-binding sequence of NAC1. (A) Schematic representation
of human NAC1 protein showing the BTB domain, nuclear localization signal (NLS) and the
BEN domain. Clustal Omega alignment of human BEN domain-containing proteins showing highly
conserved residues. Color coding reflects the conservation of amino acid types: yellow, blue and
magenta for hydrophobic, positively and negatively charged amino acids, respectively. Symbols are as
follows: (*), identical residues; (:), highly conserved residues; (.) lower but significant conservation
between all members. α-Helical regions are labeled above and are based on Figure 3A. The source and
corresponding UniProt accession numbers are indicated. NAC1, Q96RE7; NAC2, Q96BF6; BANP,
Q8N9N5; BEND2, Q4V9S2; BEND3, Q5T5 × 7; BEND4, Q6ZU67; BEND5, Q7L4P6; BEND6, Q5SZJ8;
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BEND7, Q8N7W2. (B) Construction of the dsDNA oligonucleotide pool containing a random 26 bp
core flanked by 25 nucleotide (nt) primer sequences (upper panel). Lower panel, outline of the
selection procedure conducted to determine the DNA-binding motif of NAC1. (C) MEME graphical
representation of the oligonucleotides selected by NAC1 after four rounds of selection (upper panel).
The MEME program parameters were set to use each nucleotide once and to generate a motif with a
maximum length of 26 nucleotides. The horizontal axis represents the position of each base. The height
of each stack on the vertical axis indicates nucleotide conservation at that position (in bits) and the
height of each nucleotide symbol within a stack corresponds to how frequently that nucleotide occurs.
Lower panel, sequences of the 18 oligonucleotides used to generate the motif in the upper panel.
Only the random portion of the oligonucleotide sequence flanked by the BamHI and EcoRI sites
is shown. Sequences corresponding to CATG are underlined in red, and conserved sequences are
highlighted with blue characters. The numbers at the left indicate the clone ID. Numbers showing the
frequency of cloning are indicated on the right. (D) Band shift assay using a biotin-labeled dsDNA
oligonucleotide probe corresponding to the #8-5 sequence (Upper panel). Lower panel, the probe
(20 μM) was mixed with increasing amounts of bacterially expressed and purified NAC1 without GST
(-, 0 μM; 10 μM, 20 μM, 40 μM, 60 μM and 80 μM) and analysed by band shift assay.

2.5. Antibody and Chromatin Immunoprecipitation (ChIP) Assay

To generate rabbit polyclonal antibodies, the region encompassing amino acids 251-527
of human NAC1 was expressed as His-tagged proteins in Escherichia coli. The anti-NAC1
antibodies were affinity-purified on protein coupled to CNBr-activated Sepharose 4B (GE Healthcare,
Buckinghamshire, UK).

Human ovarian OV207 cells were cross-linked with a final concentration of 1% (v/v) formaldehyde
for 10 min at 37 ◦C, then the cells were incubated for 5 min at 37 ◦C in 0.125 M glycine to stop the
cross-linking reaction. After washing twice with ice-cold PBS, the cells were lysed with 200 μL of
SDS-lysis buffer (1% SDS, 10mM EDTA, 50mM Tris-HCl, pH 8.1) and protease inhibitors for 10 min on ice,
then 1800 μL of ChIP buffer (0.01% SDS, 1.1% Triton X-100, 1.2mM EDTA, 16.7mM Tris-HCl, pH 8.1,
167mM NaCl) was added. A Branson sonifier 250 was used to shear the genomic DNA by sonification.
After removal of cellular debris by centrifugation and digestion of the RNA with RNase A, equal amounts
of DNA were incubated with 3 μg of anti-NAC1 antibody or control IgG antibodies previously
bound to anti-rabbit IgG-coupled magnetic beads (Dynabeads M-280, ThermoFisher Scientific).
After extensive washing, the precipitated DNA fragments were eluted. Precipitated DNA was analyzed
by PCR using the following primers: PSAT1, 5′-GGCAGGTGGTCAACTTTGG-3′ (forward) and
5′-GAACACTAATGCCAACTCC-3′ (reverse); AZU1, 5′-TTTCCATCAGCAGCATGAGC-3′ (forward)
and 5′-TATCGTCACGCTGCTGGTG-3′ (reverse); β-actin, 5′-CCAACCGCGAGAAGATGACCC-3′
(forward) and 5′-CGTCACCGGAGTCCATCACGA-3′ (reverse). Each PCR product was quantified
using a Takara Thermal Cycler Dice RealTime System (Kusatsu, Shiga, Japan). ChIP experiments
were performed at least in triplicate on independent biological samples. The value for each sample,
as shown in Figure 2C, was normalized using the value for β-actin.
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Figure 2. Characterization of the consensus DNA-binding sequence of NAC1. (A) Pull-down assay using
dsDNA oligonucleotides for wild type and mutant probes against GADD45GIP1 promoter (Upper panel,
only sense oligonucleotides are shown). Lower left panel, outline of the pull-down procedure.
Lower right panel, 5 μg of bacterially expressed and purified GST-NAC1 was mixed with biotin-labeled
dsDNA oligonucleotides for wild type and mutant probes, and pull-down assays were performed.
The gel was stained with Coomassie blue to detect NAC1 in the dsDNA-protein complexes pulled
down by the oligonucleotides. (B) Isothermal titration calorimetry. Upper panels are raw titration data
plotted as heat (μcal/s) versus time (min). Each experiment consisted of 28 injections of 10 μL of 50 μM
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dsDNA (left panel) or of ssDNA (right panel) into a solution of 500 μM NAC-1 (322–485) at 25 ◦C.
The lower panels are integrated heat responses plotted as normalized heat per mole of injectant.
Smooth curves represent best fits of the data to the equation as described under “Materials and
methods” using software provided by the instrument manufacturer. Data shown is representative of
three independent experiments. (C) Left panel, RT-qPCR of PSAT1 and AZU1 mRNAs in control (cntl.)
and NAC1 knockdown OV207 cells. Right panel, qPCR of ChIP analysis for control IgG (IgG) and
NAC1 in OV207 cells.

2.6. Isothermal Titration Calorimetry (ITC) Experiments

All calorimetric titrations were carried out on iTC200 calorimeters (MicroCal, Malvern Biosciences,
Columbia, MD, USA). Protein samples were dialyzed against the buffer containing 20 mM
HEPES (pH 7.0) and 0.1M NaCl with 1mM Tris (2-carboxyethyl)phosphine. The sequences for
the oligonucleotides were as follows: GP1 [14], 5′-GTATGCATGTATGT-3′ (wild type, sense)
and 5′-ACATACATGCATAC-3′ (wild type, antisense), GP1 mut, 5′-GTATGGCATTATGT-3′ and
5′-ACATAATGCCATAC-3′, de novo motif 1, 5′-AACCGCCGCCAA-3′ and 5′-TTGGCGGCGGTT-3′,
de novo motif 2, 5′- AACCCCGCCCCAA-3′ and 5′- TTGGGGCGGGGTT-3′. The sample cell was
filled with a 50 μM solution of dsDNA or ssDNA of GP1, dsDNA of GP1 mut, de novo motif 1
and motif 2, and the injection syringe was filled with 500 μM titrating NAC-1322-485. For iTC200,
each titration typically consisted of a preliminary 0.4-μL injection followed by 19 subsequent 2-μL
injections every 150 s. All of the experiments were performed at 20 ◦C. Data for the preliminary
injection, which were affected by diffusion of the solution from and into the injection syringe during
the initial equilibration period, were discarded. Binding isotherms were generated by plotting heats of
reaction normalized by the moles of injected protein versus the ratio of the total injected one to total
DNA per injection. The data were fitted using Origin software (Northampton, MA, USA).

2.7. NMR Spectroscopy

Escherichia coli strain BL21 (DE3) RIPL CodonPlus was transformed with NAC1
(322–485)/pET28HisTEV. Cells were induced with 0.5 mM IPTG, then grown overnight at 15 ◦C in M9
minimal medium containing 1 g/L 15N-NH4Cl (ISOTEC, Canton, GA, USA) and 5 g/L 13C-glucose
(ISOTEC) as nitrogen and carbon sources, respectively. Harvested cells were resuspended in Ni-NTA
binding buffer (20 mM Tris-HCl, pH 8.0, 1M NaCl, 25 mM imidazole, 10 mM β-mercaptoethanol) and
lysed using an EmulsiFlex homogeniser (Avestin, Ottawa, ON, Canada). After centrifugation, the
supernatant was loaded onto Ni-NTA agarose (Qiagen, Hilden, Germany) columns equilibrated with
the same buffer. Protein was eluted using a 25–500 mM linear gradient of imidazole. Peak fractions were
incubated overnight with His-tagged TEV protease at room temperature while dialyzing against Ni-NTA
low-salt buffer (20mM Tris-HCl, pH 8.0, 150 mM NaCl, 25 mM imidazole, 10 mM β-mercaptoethanol).
After complete cleavage, the sample was loaded onto a Ni-NTA agarose column to remove the His-tag,
His-tagged TEV protease, and minor protein contaminants.

13C, 15N-labeled NAC1322-485 was concentrated to 500 μM and dissolved in 20 mM sodium
phosphate buffer (pH 6.0) prepared using 95% 1H2O/5% 2H2O and containing 50 mM NaCl and
1 mM 1,4-DL-dithiothreitol (DTT). All NMR data were collected at 298 K on a Bruker AVANCE
600 MHz NMR spectrometer (Billerica, MA, USA) equipped with a cryogenic probe. NMR spectra
were processed with NMRPipe/NMRDraw program [42]. Spectral analysis was performed with
KUJIRA 0.984 [43], a program suite for interactive NMR analysis that works in conjunction with
NMRView [44], and SPARKY 3, according to the methods described previously [45]. The backbone 1H,
15N, and 13C resonances of NAC1322-485 were assigned by standard double- and triple-resonance
NMR experiments [46,47]: 2D 1H–15N heteronuclear single quantum correlation (HSQC), and 3D
HNCO, 3D HN(CA)CO, 3D CBCA(CO)NH, and 3D HNCACB spectra.

Assignments of side chain resonances for nonaromatic residues were obtained by 2D 1H-13C
HSQC and 3D HBHA(CO)NH, HC(CCO)NH, C(CCO)NH, H(C)CH correlation spectroscopy (COSY),
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H(C)CH-total correlated spectroscopy (TOCSY), and (H)CCH-TOCSY, whereas assignments for
aromatic residues were performed using H(C)CH COSY, aided by 13C-edited nuclear Overhauser
effect spectroscopy (NOESY)-HSQC spectra obtained using a mixing time of 80 ms. Distance restraints
were derived from 3D 15N-edited and 13C-edited NOESY-HSQC spectra, and each was measured
using a mixing time of 80 ms. Protein backbone ϕ, ψ and side chain χ1, χ2 torsion angle restraints were
determined by chemical shift database analysis using the program TALOS+ [48] and by inspecting the
pattern of intraresidual NOE intensities [49], respectively. The chemical shift data were deposited in
BioMagResDB (BMRB ID: 36342).

An NMR titration experiment on NAC1322-485 with dsDNA was performed by recording 2D
1H–15N HSQC spectra at 298 K. The sequences for the 14-mer oligonucleotides derived from GP1 were
5′-GTATGCATGTATGT-3′ (sense) 5′-ACATACATGCATAC-3′ (antisense) and the oligonucleotide pair
was annealed following standard protocols. Increasing amounts of unlabeled dsDNA were added
to 75 μM 15N-labeled NAC1322-485 to obtain molar ratios of 1:0, 1:0.2, 1:0.4, 1:0.6, 1:0.8, 1:1, 1:1.2,
and 1:1.5. The weighted chemical shift perturbations for backbone 15N and 1HN resonances at a ratio
of [protein]:[dsDNA] = 1:1.5 were calculated as: Δδ = [(ΔδHN)2 + (ΔδN/6.5)2]1/2 [50].

2.8. Structure Calculation

Structure calculations for NAC1322-485 were performed using CYANA 2.1 [51–53]. The standard
CYANA simulated annealing schedule was used with 40,000 torsion angle dynamics steps per conformer
with 200 initial randomized conformers. The 40 conformers exhibiting the lowest final CYANA target
function values were further energy minimized with AMBER 12 [54] using the AMBER 2003 force
field and a generalized Born model, as described previously [45]. The force constants for distance,
torsion angle, and ω angle restraints were set to 32 kcal mol-1 Å-2, 60 kcal mol-1 rad-1, and 50 kcal
mol-1 rad-2, respectively. The 20 conformers that were most consistent with the experimental restraints
were then used for further analyses. The final structures were validated and visualized by using the
Ramachandran plot web server [55] and CHIMERA software [56,57]. Detailed experimental data and
structural statistics are summarized in Table S1. The final ensembles of 20 conformers were deposited
in the Protein Data Bank (PDB ID: 7BV9).

2.9. Cell Culture and siRNA Transfection

The human ovarian cell line OV207 was a kind gift from Dr. Ie-Ming Shih (Johns
Hopkins Medical Institutions, Baltimore, MD, USA). Cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM; Nissui Pharmaceutical, Tokyo, Japan) supplemented with
10% fetal bovine serum (Sigma, St. Louis, MO, USA). Stealth small interfering RNA
(siRNA) against NAC1 (5′-CCGGCUGAACUUAUCAACCAGAUUG-3′) and control siRNA
(5′-CACAUGAAGCAGCACGACUUCUUCA-3′) were purchased from ThermoFisher Scientific [12].
Cells were transfected with siRNA using Oligofectamine (ThermoFisher Scientific), according to the
manufacturer’s instructions.

2.10. FRAP and FLIP Analyses

Fluorescent images were acquired using an FV1000 laser scanning confocal unit coupled to an
inverted microscope (model IX81; Olympus, Tokyo, Japan) equipped with a×100 oil immersion objective
(UPLSAPO 100XO, NA 1.40, Olympus) and analysed using Fluoview software (Olympus). Cells were
maintained at 37 ◦C in a Tokai Hit incubation system for microscopes (Tokai Hit, Shizuoka, Japan).
Cells were analyzed on 35 mm glass-bottom dishes (IWAKI, Tokyo, Japan) in CO2-independent medium
(ThermoFisher Scientific) to avoid medium acidification in the CO2-free atmosphere. A 473 nm laser
(laser power: 0.1%) was used to excite GFP. A square region of interest (ROI) of 150 × 150 pixels
(1 pixel = 0.124 μm) was scanned with a 2-line Kalman filter to obtain a noise-free image ideal for
intensity measurements.
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For FRAP experiments, five and 95 images (scanning time: 456 ms/frame) were acquired before and
after bleaching, respectively. Photobleaching was performed by creating a bleach spot of 8 × 8 pixels
using the Tornado mode of the FV1000 confocal unit (bleaching time: 250 ms; laser power: 100%).
Using this bleaching condition, the bleaching constant (K) and the half width of the beam (w) were
estimated to be 3.56 ± 0.432 and 1.63 ± 0.145, respectively. The intensities of the bleached area (B),
unbleached area (U), and the background (bg) in each post-bleach image were measured to obtain the
intensity ratio (Rn): Rn = (B − bg)/(U − bg). Rn values were divided by the average intensity ratio (R0)
of the five pre-bleach images to obtain the normalized FRAP values (R): R = Rn/R0. We defined the
time point when R reached 0.5 as t1/2. For each condition, the mean and SD of at least 35 individual
FRAP values were calculated to draw the plots. Welch’s two sample t test was used in the FRAP
analysis to calculate the p-values; ***, p < 0.001.

FLIP experiments were conducted using the time controller function of the FV1000, according
to the manufacturer’s instructions. Five pre-bleach images were acquired before beginning
50 bleach-scan cycles. In a bleach-scan cycle, half of the ROI (150 × 75 pixels) was bleached once
(laser power: 100%) before scanning a post-bleach image (150 × 150 pixels). Intensity ratios of the pre-
and post-bleach images were calculated to obtain normalized FLIP values, as in the FRAP experiments.
For each condition, the mean and SD values of at least 8 individual FLIP values were calculated to
draw the plots.

2.11. Accession Numbers

Detailed experimental data and structural statistics have been deposited with the Protein Data
bank under accession number 7BV9. The chemical shift data have been deposited in BioMagResDB
(BMRB ID: 36342).

3. Results

3.1. NAC1 Binds DNA through Its BEN Domain

We have recently shown that NAC1 harbors an unusual bipartite-type nuclear localization signal
to endow transcriptional regulator functions (Figure 1A) [58], and used live cell photobleaching analysis
to show that a substantial fraction of NAC1 in the nucleus is associated with or interacts with nuclear
proteins or chromatin [59]. However, whether NAC1 directly binds DNA, and if so, which domain of
NAC1 is involved in binding, remains unknown. We performed gel mobility shift assays to investigate
whether NAC1 protein directly binds DNA, using nucleophosmin (NPM1) as a positive control [60].
Linearized pBluescript SK II plasmid DNA was incubated with bacterially expressed and purified
glutathione S-transferase (GST)-NAC1 protein. We found that the mobility of SKII DNA was slower
than that of free plasmid DNA, whereas there was no difference in the mobility of SK II DNA following
incubation with proteins such as GST alone or BSA, as shown in Figure S1A. During the experiments,
we noticed that bacterially expressed and purified NAC1 proteins are contaminated with the bacterial
genome (Figure S1A, lane 3). The size distribution of the bacterial genome was likely the result of
physical shearing by sonication during cell lysis. For subsequent experiments we therefore used a
simple and convenient assay without linearized plasmid DNA as a screening tool and denoted this
assay ‘bacterial genome carry-over assay’.

To determine which domain of NAC1 is responsible for its DNA-binding properties, we divided
NAC1 protein into two parts: the N-terminal half containing the BTB domain and nuclear localization
signal (NLS), and the C-terminal half harboring the BEN domain (Figure 1A). Bacterial genome
carry-over assays clearly showed that the C-terminal, but not the N-terminal half of NAC1 is
contaminated with the bacterial genome (Figure S1B). The BEN domain was identified by computational
analysis and may mediate protein–DNA and/or protein–protein interactions during chromatin
organization and transcription [30]. We hypothesized that the BEN domain directly binds DNA.
We therefore attempted to generate full-length NAC1 protein mutants with amino acid substitutions
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of highly conserved residues in the BEN domain (Figure 1A). Full-length NAC1 carrying the L432N
substitution was expressed in E. coli, purified, and then subjected to bacterial genome carry-over analysis.
As shown in Figure S1C, NAC1 (L432N) showed severely impaired carry-over activity. DNase or
RNase treatment of the carry-over materials revealed that NAC1 exhibited a clear preference for DNA
over RNA (Figure S1D). These findings suggest that NAC1 directly binds DNA via the BEN domain.

3.2. Identification of the Consensus DNA-Binding Sequence of NAC1

We used a PCR-assisted random oligonucleotide selection approach to identify the consensus
DNA-binding sequence for human NAC1 [61] (Figure 1B). Bacterially expressed GST-NAC1 protein
on beads was washed with an excess volume of washing buffer containing 500 mM NaCl to prevent
contamination by the bacterial genome. The purified protein was used to select preferred binding
sequences from a random pool of dsDNA. Following precipitation of the NAC1-DNA complex using
glutathione beads, we washed away unbound oligonucleotides, eluted the NAC1-DNA complex,
and then PCR amplified the selected fragments through four rounds of selection. The background
of oligonucleotides precipitated due to non-specific binding was reduced by preclearing the
oligonucleotide pool with GST-NAC1 (L432N) beads in each round. We then cloned and sequenced all
51 oligonucleotide fragments (18 different clones) (Figure 1C, lower panel). All 18 oligonucleotides
were used to generate a binding motif using MEME software [62]. Our results show that NAC1 selects
the palindromic 6-bp motif ACATGT containing the core sequence CATG (Figure 1C, upper panel).

GST is known to form stable dimers. To eliminate the influence of GST-fusion, we checked the
binding of NAC1 (251-527) without GST to the most frequently cloned sequence #8-5 using band
shift experiments. As shown in Figure 1D, the dsDNA oligonucleotide derived from #8-5 was avidly
bound by NAC1 without GST, clarifying that the binding of NAC1 to DNA is direct.

NAC1 has been reported to repress the transcriptional activity of human GADD45GIP1 [3,6].
In our hands, siRNA-mediated knockdown of endogenous NAC-1 resulted in increased levels of
GADD45GIP1 protein [41]. The promoter region of human GADD45GIP1 was predicted by searching
the Ensembl regulatory build database (ENSR00000343712) [63]. Visual examination of the promoter
region upstream of ATG in human GADD45GIP1 revealed only one motif-like sequence within
the region (Figure S2). We investigated whether NAC1 directly binds to the site detected on the
GADD45GIP1 promoter using the NAC1 consensus in the context of its surrounding sequence by
performing oligonucleotide pull-down assays. We incubated bacterially expressed and purified
GST-NAC1 with biotin-labeled dsDNA oligonucleotides for wild type and mutant probes against
GADD45GIP1 promoter, then performed pull-down assays and Coomassie blue staining to detect
NAC1 in the DNA-protein complexes pulled down by the oligonucleotides. As shown in Figure 2A,
we detected binding of NAC1 to wild type dsDNA oligonucleotide GP1. The core sequence mutation
of CATG to GCAT in GP1 (GP1 mut) decreased the binding of the probe to NAC1, whereas
mutations outside the core sequence, such as ATG to CAT (GP1 5′-mut) or TAT to ACG (GP1
3′-mut) in GP1, retained binding activity. These results indicate that the palindromic core sequence
CATG is necessary to affect binding, whereas mutations outside the core sequence are not sufficient to
decrease binding activity.

Next, we performed isothermal titration calorimetry (ITC) experiments to measure the
binding affinity of NAC1322-485 to dsDNA oligonucleotide GP1. The titration curve clearly
indicated the presence of two sequential and non-equivalent binding events (Figure 2B and
Table S2). The thermodynamic data of the first binding event showed that the positive binding
enthalpy (ΔH1 = 1.8 kcal/mol) is compensated by entropy contribution (ΔS1 = 37.1 cal/mol/deg),
which corresponds to the binding affinity (Kd1, 0.16 μM). This suggests that the interaction between
protein and DNA is formed by hydrophobic contacts through base unspecific manner. The ITC
data of the second event showed the negative binding enthalpy (ΔH1 = −30.4 kcal/mol) and entropy
contribution (ΔS1 = −80.2 kcal/mol/deg), which corresponds to the binding affinity (Kd2, 18.0 μM),
indicating the sequence specific base recognition involving in structural conformational change
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of protein. Titration of the ssDNA into the protein (Figure 2B, right panel) elucidated a double
exothermic binding event as well as the case of that using GP1 dsDNA, but in contrast, both are similar
binding manner, corresponding to that of Kd1 for GP1 dsDNA, with binding affinity (Kd1, 0.2 μM,
Kd2, 0.46 μM). These results clarified the binding preference of NAC1 to dsDNA over ssDNA. Also,
ITC experiment was performed using GP1 (mut) dsDNA. Although binding of GP1 (mut) dsDNA to
NAC1 was weaker than that of GP1 shown by pull down assay (Figure 2A, lane 4), ITC data elucidated
that GP1 (mut) dsDNA binds to NAC1 in similar binding manner showing two phase interactions.
Binding affinity of first event is 135 μM, ∼840-fold larger binding affinity than that of Kd1 for GP1,
whether that of second one is 0.37 μM, ∼48-fold smaller binding affinity than that of Kd2 for GP1.
These results indicate that NAC1 binds DNA, especially recognizing a palindromic core sequence
CATG involved in protein structural change. Furthermore, binding experiments were measured using
two different motifs dsDNA reported by Malleshaiah et al. as NAC1 binding motifs elucidated by ChIP
methods [18]. Both binding curves show interactions through base unspecific manner corresponding
to that of Kd1 for GP1 (Kd for de novo motif 3.0 μM, Kd for de novo motif 2, 0.82 μM) (Figure S3).
Therefore, the preferable sequence for NAC1 is GP1 more than de novo motif 1 and motif 2.

We conducted a chromatin immunoprecipitation (ChIP) assay to verify whether NAC1 binds to
promoter regions in cells to regulate gene expression using the NAC1 consensus sequence. We were
unable to generate suitable primers for the ChIP assay against GADD45GIP1 promoter because of
composition, complexity and interspersed repeats content. The promoter regions of the PSAT1 and
AZU1 genes were therefore chosen for further analyses for several reasons. First, one of the top ten
could be selected from genes by microarray experiments upon NAC1 knockdown in the human ovarian
OV207 cell line compared with control siRNA treated OV207 cells (data not shown). Second, promoter
regions (PSAT1, ENSR00001306399; AZU1, ENSR00000341277, Figure S2) predicted by the Ensembl
regulatory build database harbored the consensus DNA-binding sequence of NAC1. Third, we could
construct appropriate primers for the ChIP assay against these promoters. Fourth, as detected by
real-time quantitative PCR (RT-qPCR), the expression of PSAT1 mRNA was significantly reduced
upon NAC1 knockdown in OV207 cells. However, the expression of AZU1 mRNA was up-regulated
(Figure 2C, left panel). ChIP assay using NAC1 antibody detected the binding of NAC1 to the promoter
regions of PSAT1 and AZU1 (Figure 2C, right panel). These results confirm the in vitro and in cell
validity of the NAC1-binding consensus sequence determined by our selection procedure.

3.3. Solution NMR Structure of the BEN Domain of NAC1

The solution structure of NAC1322-485, a construct encompassing the BEN domain,
was determined by multidimensional heteronuclear NMR [47]. Nearly complete resonance
assignments were obtained for this construct using standard double and triple resonance experiments.
NMR structures were generated using a combination of CYANA distance geometry calculations [51–53]
and restrained molecular dynamics refinements in AMBER [54]. The 20 conformers with the lowest
restraint violation energy were selected for the final representative ensemble and are shown in Figure 3A
and Figure S4. The BEN domain of human NAC1 was determined to be composed of five conserved α

helices and two short β sheets, with one additional N-terminal α helix (hereafter abbreviated α0).
NMR chemical shifts are very sensitive to changes in protein structure, and their variation upon

titration of a protein with its binding partner allows accurate mapping of the binding site [47]. A dsDNA
14-mer GP1S was gradually titrated into a 75 μM solution of 15N-labeled NAC1322-485 to a final ratio
of 1.5:1 of GP1S to NAC1. Binding was monitored by collecting the 1H–15N HSQC spectra of NAC1 at
each titration point. An overlay of eight spectra, one for each titration point in the series, is shown in
Figure 3B, where the free NAC1 spectrum is shown in grey, and the NAC1 spectrum in the presence of
a 1.5×molar excess of dsDNA is shown in red. The five insets depict five selected spectral regions and
clearly show the disappearance of peaks or large chemical shift changes (color gradient from grey to
red) upon the addition of GP1S dsDNA oligonucleotide.
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Figure 3. NMR experiments of NAC1. (A) Ribbon representation of the lowest-energy solution
structure of the BEN domain from human NAC1 (residues 322–485), determined by NMR spectroscopy.
The secondary structure elements are shown with arrows (β-strand) and helices (α-helix). The predicted
BEN domain is colored green. (B) NMR titration experiments of NAC1 with the NAC1 consensus
dsDNA oligonucleotide. Overlay of the 1H–15N HSQC spectra of NAC1(322-485) alone (grey)
and in the presence of 0.2 (purple), 0.4 (cyan), 0.6 (magenta), 0.8 (green), 1.0 (yellow), 1.2 (pink),
and 1.5 (red) equivalents of dsDNA oligonucleotide. The five insets show peaks that disappeared or
gradually changed position (from grey to red) in selected spectral regions upon the addition of dsDNA
oligonucleotide. (C) Total changes in 1HN and 15N chemical shifts (Δδ) for NAC1(322-485) upon the
addition of dsDNA oligonucleotide to a ratio of [protein]:[dsDNA] = 1:1.5 are plotted versus residue
number. Δδ is given by Δδ = [(ΔδHN)2 + (ΔδN/6.5)2]1/2, where ΔδHN and ΔδN are the chemical
shift differences for 1HN and 15N, respectively. Residues that were not assigned (asterisks) or whose
1H-15N resonances disappeared upon the addition of dsDNA oligonucleotide (arrows) are indicated.
“P” indicates proline residues. Highly conserved residues of human BEN domain-containing proteins
identified by Clustal Omega alignment are highlighted and shown at the top of the plot. See Figure 1A.
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The canonical BEN domain is boxed. Color coding reflects the conservation of amino acid types:
yellow and magenta for hydrophobic and negatively charged amino acids, respectively. (D) Structural
alignment of the BEN domain of human NAC1 and Drosophila BEN-solo proteins. NAC1 (322-485) is
shown as a gold ribbon, and the Insv-BEN domain with dsDNA (PDB ID: 4IX7) (left panel) and Bsg25A
(Elba1) with dsDNA (PDB ID: 4 × 0 G) (right panel) are shown in grey. (E) Clustal Omega alignment of
the BEN domains of human NAC1, Drosophila Insv and Drosophila Bsg25A proteins. Color coding
reflects the conservation of amino acid types: green, blue and magenta for hydrophilic, positively
and negatively charged amino acids, respectively. Symbols are as follows: (*), identical residues; (:),
highly conserved residues; (.) lower but significant conservation between all members. The α-helical
regions labeled above are based on Figure 3A and those labeled below are based on PDB 4IX7 and 4 ×
0 G. The source and corresponding UniProt accession numbers are indicated. NAC1, Q96RE7; Insv,
Q8SYK5; Bsg25A (ELBA1), Q9VR17.

The weighted CSPs of the backbone amide nitrogens and protons between the free and bound
forms of NAC1 were plotted versus the residue number (Figure 3C). Most residues whose peaks
disappeared or showed a large change in frequency (Δδ > 0.13 ppm) upon the addition of GP1S
dsDNA oligonucleotide were in the BEN domain, and particularly in the region connecting α3 and
α4 (residues 413–434). It is noteworthy that the residues in this region except Leu-432 and Asp-433,
are not conserved between human BEN domain-containing proteins, whereas the regions of human
BEN domain-containing proteins harbor one to seven positively charged residues (Arg-421, Arg-428,
Arg-429, and Lys-431 in human NAC1) (Figure 1A). As seen in Figure 3B,C, only a subset of peaks
changed position upon the addition of dsDNA, indicating a specific interaction between the BEN
domain of NAC1 and the GP1S dsDNA oligonucleotide.

3.4. The BEN Domain of NAC1 Alone Cannot Interact with Chromatin/Other Proteins in Living Cells

To study the dynamics and function of the BEN domain of NAC1 in living cells, we generated
HeLa cell lines stably expressing GFP-NAC1 (251-527) or GFP-NAC1 (251-527, L432N) (Figure S5).
NAC1 (L432N), in which a conserved leucine residue within the BEN domain of NAC1 is replaced
with asparagine, severely impaired DNA-binding activity (Figure S1C). Asynchronized HeLa cells
stably expressing GFP-NAC1 (251-527) or GFP-NAC1 (251-527, L432N) were subjected to fluorescence
recovery after photobleaching (FRAP) analysis (Figure 4A). In parallel, HeLa cells stably expressing
a freely diffusing GFP, GFP-NAC1, or a very stable chromatin binding histone H3 fused with GFP
(GFP-histone H3), were analyzed for comparison [59]. NAC1 (251-527) showed significantly faster
recovery kinetics (t 1

2 = 1.06 ± 0.52 s) compared to full-length NAC1 (t 1
2 = 3.19 ± 1.21 s) (Figure 4B,C).

In contrast, there was no difference in the nuclear mobility and kinetic properties of NAC1 (251-527)
and NAC1 (251-527, L432N).

We next employed a complementary approach, fluorescence loss in photobleaching (FLIP)
(Figure 4D). Repetitive bleaching of the GFP-NAC1 signal in one half of the nucleus led to gradual
fluorescence loss in the other half of the nucleus, and resulted in a complete loss of fluorescence from
the entire nucleus within 3 min (Figure 4E, GFP-NAC1, compare GFP and GFP-histone H3). Consistent
with the FRAP data, this result indicates that NAC1 in the nucleus is highly mobile and rapidly
exchanges with unbleached GFP-NAC1 molecules in the nucleus, although its diffusion is slower than
that of freely diffusing GFP. GFP-NAC1 (251-527) showed a considerably faster loss of fluorescence in
the unbleached half of the nucleus compared to wild-type GFP-NAC1, and there was no difference
between NAC1 (251-527) and NAC1 (251-527, L432N) (Figure 4E). Taken together, these findings
suggest that the BEN domain of NAC1 alone is likely to not interact with chromatin/other proteins as
avidly as full-length protein.
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Figure 4. Intranuclear dynamics of the BEN domain of NAC1 in living cells. (A) Schematic drawing of
FRAP analysis. Quantitative FRAP analysis (FRAP recovery curves) (B) and t1/2 analysis (C) of stably
expressed GFP, GFP-histone H3, GFP-NAC1, GFP-NAC1(251-527) and GFP-NAC1(251-527, L432N) in
HeLa cells. Each value is the mean ± SD. Calculated with Welch’s two sample t test. (D) Schematic
drawing of FLIP analysis. (E) Quantitative FLIP analysis of stably expressed GFP, GFP-histone H3,
GFP-NAC1, GFP-NAC1(251-527) and GFP-NAC1(251-527, L432N) in HeLa cells. The fluorescence loss
was monitored in the bleached (blue) and control unbleached (magenta) regions. Each value is the
mean ± SD.

4. Discussion

On the basis of the contextual conservation of BEN domain-containing proteins, the BEN
domain has been predicted to mediate chromatin organization and transcriptional regulation by
mediating protein–DNA and protein–protein interactions [30]. The Drosophila genome encodes
three BEN domain-containing proteins: Insensitive (Insv), Bsg25A (Elba1), and CG9883 (Elba2).
All three Drosophila proteins lack other recognizable biochemical function protein domains. To date,
two crystal structures of the BEN domains of Drosophila proteins complexed with target DNA have
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been determined: Insv (PDB 4IX7) [39] and Bsg25A (Elba1) (PDB 4 × 0 G) [52]. Analyses revealed
the association between the BEN domains and specific DNA binding through extensive nucleotide
contacts with their α helices and C-terminal loop, suggesting that the BEN domain functions in a
DNA sequence-specific manner. On the other hand, recently, the Drosophila BEN-solo protein Elba2,
but not Insv, was shown to rescue the deficiency of histone H1 protein in early larvae [53], supporting
the sequence-recognition specificity and sequence-specific function of BEN domains.

The human genome encodes nine BEN domain-containing proteins; NAC1 and NAC2 also contain
a BTB domain, whereas the seven other proteins lack other recognizable domains. Human NAC1
and NAC2 are similar (55/64% identity/similarity in overall amino acid sequence), and their BEN
domains share 86/92% identity/similarity. Xuan et al. clearly showed that human NAC2 protein binds
to non-palindromic TGTCA/GG/CT/AT/AC/TT/CGA/TC sequences through the BEN domain [35].
Immunofluorescence microscopy of human MCF-7 cells with anti-NAC2 polyclonal antibody yields
homogeneous uniform staining throughout the nucleus, with the exception of the nucleoli [35]. On
the other hand, immunofluorescence analysis of human HeLa cells using a specific monoclonal
antibody revealed that endogenous NAC1 is almost exclusively localized with a fine granular pattern in
the nucleus, excluding the nucleoli [41]. This fine granular appearance strongly suggests that NAC1 is
not uniformly distributed along the chromatin fiber, and our live cell photobleaching analyses revealed
that a substantial fraction of NAC1 in the nucleus is associated with or interacts with nuclear proteins
or chromatin [42]. These observations prompted us to investigate whether NAC1 directly binds DNA,
and if so, which domain of NAC1 is responsible for binding and which consensus DNA-binding
sequence human NAC1 binds to. Our bacterial genome carry-over assays revealed that NAC1 directly
binds DNA via the BEN domain (Figure S1), similar to NAC2 [35]. In vitro PCR-assisted random
oligonucleotide selection experiments showed that monomeric NAC1 preferentially binds ACATGT
palindromes containing the core sequence CATG (Figure 1), revealing a DNA-binding property distinct
from that of NAC2. Interestingly, the Drosophila BEN-solo proteins Insv and Bsg25A (Elba1) efficiently
bind the palindromic CCAATTGG motif in vitro [39,52].

Currently, genome-wide binding data from chromatin immunoprecipitation followed by
sequencing (ChIP-seq) experiments provide optimum information for inferring the DNA-binding
affinity of transcription factors [54,64]. The NAC1 DNA-binding motif determined from in vitro
PCR-assisted random oligonucleotide selection experiments does not match the de novo consensus
sequence of the motif identified by DREME and TOMTOM programs in the NAC1 ChIP-seq data of
mouse ES cells [18]. This discrepancy is likely due to binding being affected by the specific cell type,
condition, developmental stage or tissue, since transcription factors primarily bind DNA in conjunction
with one or more other DNA-binding transcription factor and nuclear proteins in cells. Genome-wide
binding data from NAC1 ChIP-seq experiments, when coupled with information on the in vitro
DNA-binding motif, provide insights into the physical mechanisms of transcriptional modulation
of NAC1.

Surprisingly, we observed isotherms for the binding of BEN domain of NAC1 (322-485) with
dsDNA oligonucleotide GP1 that show two sequential and non-equivalent binding events (Figure 2b
and Table S2). A molecular interpretation of the two binding events is that the second binding
invokes the sequence specific base recognition involving in structural conformational change of protein.
We found supportive results for this observation in the NMR structure of BEN domain of NAC1 without
target DNA compared with two crystal structures of the BEN domains of Drosophila BEN-sole proteins
with target DNA. The superimpositions clearly showed three structural differences (Figure 3D). First,
NAC1 has an additional N-terminal α helix, α0 (345-351), outside the canonical BEN domain (374-471).
Second, superimposition of the loops connecting α3 and α4 with or without target DNA fit poorly. The
loops of Insv and Bsg25A are positioned in the minor grove of the target DNA. Thr300 and Lys312 in
Drosophila Insv and Ser298 and Arg310 in Drosophila Bsg25A contact the sugar-phosphate backbone
of the target DNA, and Ser304 in Insv and Ser302 in Bsg25A make base-specific contacts (PDB 4IX7
and 4 × 0 G). The loop of NAC1 contains at least three residues (Thr418, Lys430, and Ser422) that

19



Biomedicines 2020, 8, 608

can interact with DNA (Figure 3E). Third, the α5 helices of Insv and Bsg25A positioned within the
major groove are longer than the α5 helix of the BEN domain of NAC1 in the absence of target DNA.
The C-terminal half of α5 helix of Insv harbors Asp351 and Lys352, and Asp349 and Lys352 in Bsg25A:
the C-terminal halves of both proteins make base-specific contacts. Furthermore, Lys357 in Insv and
Arg355 in Bsg25A form contacts with the sugar-phosphate backbone (PDB 4IX7 and 4 × 0 G). The short
α5 helix of NAC1 is followed by Asn466, Arg469, and Arg472 (Figure 3E). The latter two structural
differences on the basis of the superimpositions and NMR CSPs (Figure 3C) suggest that α2, α3, and the
short α5 helices of NAC1 are involved in the first binding event with the target DNA, and that this first
binding facilitates the fixation of the loop connecting α3 and α4 to the target DNA and the formation
of a longer α5 helix during the second binding event.

Live cell photobleaching analyses clearly showed that there was no difference in the nuclear
mobility and kinetic properties of the BEN domain of NAC1 (251-527) and NAC1 (251-527, L432N)
carrying a mutation which abolishes DNA-binding activity (Figure 4). The BEN domain of NAC1
alone could bind the target DNA in vitro (Figures 1–3) but was unable to interact with chromatin/other
proteins in cells. Our previous study showed that NAC1 in the nucleus is associated with or interacts
with nuclear proteins or chromatin [59]. Additional, uncharacterized binding partners may be required
for the function of NAC1 in cells. The results also suggest caution in the general and indiscriminate
use of the BEN domains of BEN-domain containing proteins in reporter assays in cells.

In summary, NAC1 is a sequence-specific DNA-binding protein that binds the target DNA
through the BEN domain. We used molecular and structural biology approaches to clarify the two-step
binding model. Furthermore, the results of live cell photobleaching analyses suggest that the BEN
domains of BEN-domain containing proteins must be used with caution in reporter assays in cells.
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sequence of NAC1, Figure S3: Isothermal titration calorimetry, Figure S4: The 20 conformers representing the
solution conformation of the BEN domain of NAC1322-485, c: A representative HeLa cell stably expressing
GFP, GFP-NAC1, GFP-NAC1(251-527) or GFP-NAC1(251-527, L432N). Table S1: Structural Statistics for NAC1
(322-485), Table S2: Thermodynamic parameters (average of three experiments) for the interactions between
oligonucleotides and NAC1 (322-485).
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Abstract: Aberrantly activated Wnt/β-catenin signaling pathway, as well as platelet-activating factor
(PAF), contribute to cancer progression and metastasis of many cancer entities. Nonetheless, the
role of the degradation enzyme named platelet-activating factor acetylhydrolase (PLA2G7/PAF-
AH) in ovarian cancer etiology is still unclear. This study investigated the functional impact of
platelet-activating factor acetylhydrolase on BRCA1 mutant ovarian cancer biology and its crosstalk
with the Wnt signaling pathway. PAF-AH, pGSK3β, and β-catenin expressions were analyzed in
156 ovarian cancer specimens by immunohistochemistry. PAF-AH expression was investigated in
ovarian cancer tissue, serum of BRCA1-mutated patients, and in vitro in four ovarian cancer cell
lines. Functional assays were performed after PLA2G7 silencing. The association of PAF-AH and
β-catenin was examined by immunocytochemistry. In an established ovarian carcinoma collective,
we identified PAF-AH as an independent positive prognostic factor for overall survival (median 59.9
vs. 27.4 months; p = 0.016). PAF-AH correlated strongly with the Wnt signaling proteins pGSK3β
(Y216; nuclear: cc = 0.494, p < 0.001; cytoplasmic: cc = 0.488, p < 0.001) and β-catenin (nuclear: cc
= 0.267, p = 0.001; cytoplasmic: cc = 0.291, p < 0.001). In particular, high levels of PAF-AH were
found in tumor tissue and in the serum of BRCA1 mutation carriers. By in vitro expression analysis,
a relevant gene and protein expression of PLA2G7/PAF-AH was detected exclusively in the BRCA1-
negative ovarian cancer cell line UWB1.289 (p < 0.05). Functional assays showed enhanced viability,
proliferation, and motility of UWB1.289 cells when PLA2G7/PAF-AH was downregulated, which
underlines its protective character. Interestingly, by siRNA knockdown of PLA2G7/PAF-AH, the
immunocytochemistry staining pattern of β-catenin changed from a predominantly membranous
expression to a nuclear one, suggesting a negative regulatory role of PAF-AH on the Wnt/β-catenin
pathway. Our data provide evidence that PAF-AH is a positive prognostic factor with functional
impact, which seems particularly relevant in BRCA1 mutant ovarian cancer. For the first time, we
show that its protective character may be mediated by a negative regulation of the Wnt/β-catenin
pathway. Further studies need to specify this effect. Potential use of PAF-AH as a biomarker
for predicting the disease risk of BRCA1 mutation carriers and for the prognosis of patients with
BRCA1-negative ovarian cancer should be explored.

Biomedicines 2021, 9, 706. https://doi.org/10.3390/biomedicines9070706 https://www.mdpi.com/journal/biomedicines
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1. Introduction

Ovarian cancer is one of the five leading causes of cancer-related death in females [1].
Because of minor symptoms at the beginning and limited screening methods for early
diagnosis of epithelial ovarian cancer (EOC), the relative 5-year survival rate is less than
45% [2]. Among clinically used prognostic markers, such as the disease stage at diagnosis
(FIGO), grading, ascites volume, and patients’ age, the volume of residual disease after
surgery is the most relevant [3–5]. However, widely accepted non-invasive prognostic
biomarkers are rare.

In 15–20% of EOC patients, there is a mutation in the tumor suppressor genes breast
cancer 1/2 (BRCA1/2), leading to a familial accumulation of ovarian and breast cancer [6,7].
BRCA genes encode essential caretaker proteins for DNA surveillance and damage re-
pair [8]. When those genes are mutated, damaged DNA may not be repaired correctly via
homologous recombination and transcriptional regulation, probably leading to cancer [7,9].
Consequently, BRCA1 mutation carriers have a 40–60% risk of developing ovarian cancer in
their lifetime, while BRCA2 mutation carriers’ cumulative risk is up to 25% [10]. Therefore,
a genetic examination of BRCA mutation status is indicated in case of positive family
history, and close medical care as well as prevention strategies are required.

Platelet-activating factor (PAF) plays a crucial role in inflammation, oncogenic transfor-
mation, and metastasis of various tumor entities [11–13]. PAF is a lipid second messenger
secreted into the tumor microenvironment by circulating cells and cancer cells mediating its
effect through a specific G-protein-coupled receptor (PTAFR) [11,14]. Several studies report
that PAF and its receptor enhance cancer progression and invasiveness of EOC [15–18].
Consequently, inhibition of PTAFR leads to sensitization to cisplatin chemotherapy and
a reduction in tumor growth [19]. On the basis of this evidence, we hypothesize that an
increased degradation of PAF may have protective effects. Therefore, we investigated the
role of platelet-activating factor acetylhydrolase (PAF-AH), the degradation enzyme of PAF,
in ovarian cancer. PAF-AH is a lipoprotein-bound, calcium-independent phospholipase
that is involved in various physiological and pathological processes that influence cell
signaling and metabolism [20]. Apart from this, two other PAF-AH types are known in
mammals, namely, intracellular type I and II. Even though the PAF-AH isoforms show a
low sequence homology, they share a function in PAF catabolism [21]. While intracellular
PAF-AH I shows antiapoptotic effects and has often been described as a critical driver
in cancer pathogenesis [22–25], for plasma type PAF-AH, both pro- and anti-tumorigenic
effects have been reported. On the one hand, high PLA2G7/PAF-AH expression was asso-
ciated with aggressive disease and poor prognosis in prostate cancer and in triple-negative
breast cancer [26,27]. On the other hand, mouse models of Kaposi’s sarcoma and melanoma
with PAF-AH overexpression showed reduced tumor growth and more prolonged survival.
In situ, the inactivation of PAF by PAF-AH impaired metastasis through inhibition of
neoangiogenesis and tumor cell motility [28].

The canonical Wnt/β-catenin signaling is one of the major pathways involved in
tumorigenesis, cancer progression, and the development of therapy resistance to platinum-
based chemotherapies or even poly ADP ribose polymerase inhibitors [29–31]. The cascade
regulates many cellular processes, including development, stemness, cell fate decisions, and
cell proliferation [32]. Aberrant activation promotes a wide range of human malignancies,
including EOC [33–35]. Although mutations in Wnt-related genes are relatively rare in
EOC, except for the endometrioid subtype, expression profiling data prove constitutive
activation of Wnt signaling in ovarian cancer, most likely by alterations in the subcellular
localization of β-catenin [36–38]. β-catenin plays a central role in Wnt signaling through its
nuclear translocation and activation of β-catenin-responsive genes. It is tightly regulated by
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its degradation and nuclear translocation [8]. In this context, glycogen synthase kinase-3β
(GSK3β) represents an important molecular hub. In its active form (phosphorylated at
Y216), GSK3β phosphorylates β-catenin, leading to its ubiquitination and proteasomal
degradation [8,39]. Conversely, in the presence of canonical Wnt ligands, GSK3β kinase
activity is inhibited by phosphorylation at S9 and nuclear β-catenin levels increase initiating
epithelial–mesenchymal transition (EMT) programs [40].

Taken together, the biological consequences of signaling events mediated by PLA2G7/
PAF-AH seem to be tissue- and context-dependent and need to be specified in EOC [41].
Beyond the cellular function, we aimed to assess a possible influence of PAF-AH on the
Wnt signaling pathway for a better understanding of ovarian cancer pathophysiology,
taking into account differences between BRCA1 mutation carriers and BRCA wildtype
(WT) patients.

2. Materials and Methods

2.1. Ethical Approval

The tissue samples used in this study were initially obtained for pathological diagnosis,
completed prior to the current study. Patients’ data were fully anonymized and encoded for
observers during the analysis procedure. The study was approved by the Ethics Committee
of Ludwig Maximilians University, Munich, Germany (approval numbers 227-09, 17-471,
17-527, and 19-972). All experiments were carried out with respect to the standards of the
Declaration of Helsinki (1975).

2.2. Patients and Specimens

In this study, 156 tissue samples from patients who underwent EOC surgery at the
Department of Obstetrics and Gynecology, Ludwig-Maximilian University of Munich, from
1990 to 2002 were analyzed. Patients with benign or borderline tumors were excluded, and
no patient had been treated with neoadjuvant chemotherapy. The follow-up data were
obtained from the Munich Cancer Registry (Munich Tumor Center, Munich, Germany).
The tissue specimens were fixed in 4% buffered formalin and embedded in paraffin for im-
munohistochemical analysis. Staging and grading of EOC were assessed by gynecological
pathologists. Detailed information about the clinical characteristics of patients enrolled in
this study, including tumor grading, histology, and staging, was available. The staging was
performed according to the WHO and FIGO classification (2014).

Unfortunately, the BRCA mutation status of this EOC collective is not available.
Therefore, the BRCA mutation status was defined as unknown, with a BRCA mutation
probability of 10–20% [6,7]. To investigate PAF-AH expression levels in BRCA1 mutation
carriers, we stained additional tumor tissue of 107 patients with a genetically confirmed
BRCA1 mutation (Table 1): 15 patients with a single BRCA1 mutation, and 92 patients with
a combined BRCA1/2 mutation.

Table 1. BRCA mutation status of analyzed patients.

BRCA Mutation Status n Percentage (%)

Mutation unknown 141 56.9
BRCA1 mutation 107 43.1

BRCA1 15 6
BRCA1 + 2 92 37

All mutation carriers showed a proven pathogenic variant and no variant of uncertain
significance according to the classification recommended by the IARC Unclassified Genetic
Variants Working Group (IARC) and endorsed by the Evidence-based Network for the
Interpretation of Germline Mutant Alleles (ENIGMA) Consortium. The specific mutations
were identified and evaluated by next-generation sequencing in our genetic laboratory.

Furthermore, blood samples of EOC patients with pathogenic BRCA1 mutation or
BRCA WT were used in this study. BRCA mutations were identified by next-generation
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sequencing in our genetic laboratory. The characteristics of the patients included in blood
analysis are shown in Table 2.

Table 2. Patient characteristics of the blood analysis.

BRCA Mutation Status n Percentage (%)
Overall Survival

(Months; Median)
Progression-Free Survival

(Months; Median)

No mutation 17 73.9 25.0 17.0
BRCA1 mutation 6 26.1 34.5 28.0

2.3. Immunohistochemistry and Immunocytochemistry

As previously described, tissue microarrays of formalin-fixed, paraffin-embedded
tissue specimens (three spots/patient) were prepared [42]. For immunohistochemistry
(IHC) staining, the tissue slides were dewaxed in xylol, washed in 100% ethanol, incubated
in methanol with 3% H2O2 for 20 min, and rehydrated in a descending ethanol gradient.
The samples were demasked in a pressure cooker using sodium citrate buffer (pH = 6.0)
containing 0.1 M citric acid and 0.1 M sodium citrate in distilled water. After cooking for
5 min, the slides were cooled down and washed in phosphate-buffered saline (PBS). All
slides were incubated with a blocking solution for 30 min to prevent the non-specific bind-
ing of the primary antibody (Reagent 1; Zytochem-Plus HRP-Polymer-Kit (mouse/rabbit);
Zytomed, Berlin, Germany). Primary antibodies against PAF-AH, pGSK3β, and β-catenin
(Table S1) were applied for 16 h at 4 ◦C. The slides were washed with PBS and incubated
with a complex of the secondary antibody and an HRP polymer (Reagent 3; Zytochem-Plus
HRP Polymer-kit (mouse/rabbit); Zytomed, Berlin, Germany). In order to visualize the
immunostaining, we applied the substrate and chromogen-3,3′-diaminobenzidine (DAB;
Dako, Hamburg, Germany) for 10 min. The slides were counterstained with Mayer’s
hemalum and dehydrated in an ascending series of alcohol. Healthy colon tissue or
metastatic colon carcinoma tissue served as positive and negative controls (Figure S1) for
the IHC staining to test antibody function and choose the adequate dilution of the antibody.

For immunocytochemistry (ICC), 5 × 103 UWB1.289 cells/cm2 were seeded on cham-
ber slides (Merck, Darmstadt, Germany). PLA2G7 silencing of UWB1.289 cells was per-
formed after 48 h incubation. Untreated cells served as reference (basal expression). After
treatment, slides were washed with PBS 0.1 M, fixed in 100% ethanol and methanol (1:1)
for 15 min at room temperature (RT), and air dried. To reduce non-specific background
staining, we treated slides with a protein block solution (Dako, Glostrup, Denmark) for
20 min at RT. The slides were incubated with primary antibodies against PAF-AH and
β-catenin (Table S1) for 16 h at 4 ◦C. After washing with PBS, the slides were incubated
with a biotinylated secondary anti-mouse or anti-rabbit antibody (Vector Laboratories,
Burlingame, CA, USA) for 30 min at RT. Again, the slides were washed in PBS and in-
cubated with an avidin–biotin peroxidase complex (Vectastain-Elite; Vector Laboratories,
Burlingame, CA, USA) for 30 min at RT. The antigen–antibody complex was visualized
with the chromogen 3-amino-9-ethylcarbazole (AEC; Dako, Hamburg, Germany) and coun-
terstained with Mayer’s hemalum. Finally, the slides were washed with water and cover
slipped using Kaiser’s glycerin gelatin (Merck, Darmstadt, Germany).

2.4. Staining Evaluation and Statistical Analysis

For evaluation of PAF-AH, pGSK3β, and β-catenin staining, the semi-quantitative
immunoreactive score (IRScore) was used [43], which is calculated by multiplying the
optical staining intensity (0 = no, 1 = weak, 2 = moderate, and 3 = strong staining) by the
percentage of positive stained cells (0 = no staining, 1 ≤ 10%, 2 = 11–50%, 3 = 51–80% and 4
≥ 81% stained cells). All slides were analyzed by two independent observers in a double-
blind process using a photomicroscope (Leitz, Wetzlar, Germany). The median of IRScores
resulting from the three spots of one patient was calculated and used for further analyses.
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Data processing and statistical analysis of patient data, IHC results, and blood analysis
were performed with SPSS 25.0 (v26; IBM, Armonk, NY, USA). The Mann–Whitney U
test was applied to compare IRScores or serum concentrations of PAF-AH between two
independent subgroups (no/unknown mutation vs. BRCA1) [44]. Spearman’s analysis was
used to calculate bivariate correlations between PAF-AH and the Wnt signaling proteins
pGSK3β and β-catenin [45]. Survival times were compared using log-rank testing and
visualized in Kaplan–Meier plots [46]. To identify appropriate cut-off values ROC analysis,
we performed a widely accepted method for cut-off point selection. The Youdan index,
defined as the maximum (sensitivity + specificity−1) [47], is determined to ensure the
optimal cut-off, which maximizes the sum of sensitivity and specificity [48,49]. A Cox
regression model was established for multivariate analysis [50]. p-values ≤ 0.05 were
considered significant. Ct values of the investigated genes were obtained by qPCR and the
relative expression was calculated applying the 2-ΔΔCt formula [51]. For data visualization
and statistical analysis of in vitro-generated data, Graph Pad Prism 7.03 (v7; San Diego,
CA, USA) was used.

2.5. PAF-AH ELISA

To determine the PAF-AH concentration in serum samples, we conducted an enzyme-
linked immunosorbent assay (ELISA; R&D Systems, Minneapolis, MN, USA) according
to the instructions of the manufacturer. The standard curve was created using a four-
parameter logistic curve fit. The assay range was 0.8–50 ng/mL with a sensitivity of
0.284 ng/mL.

2.6. Cell Lines

The human ovarian cancer cell lines ES-2 (clear cell; ATCC, Rockville, MD, USA),
SKOV3 (serous, BRCA WT; ATCC, Rockville, MD, USA), TOV112D (endometrioid; ATCC,
Rockville, MD, USA), and UWB1.289 (serous, BRCA1-negative; ATCC, Rockville, MD, USA)
were maintained in culture with RPMI 1640 GlutaMAX medium (Gibco, Gibco, Paisley,
UK) supplemented with 10% fetal bovine serum (FBS; Gibco, Paisley, UK) in a humified
incubator at 37 ◦C under 5% CO2. The benign ovarian cell line HOSEpiC (served as the
reference; ATCC, Rockville, MD, USA) was maintained in culture in Ovarian Epithelial
Cell Medium (OEpiCM) (ScienCell, Carlsbad, CA, USA,) in a humidified incubator at
37 ◦C under 5% CO2. The benign breast cell line MCF10A (served as the reference; ATCC,
Rockville, MD, USA) was maintained in a special growth and assay medium in a humidified
incubator at 37 ◦C under 5% CO2.

2.7. qPCR

Isolation of mRNA was performed according to the manufacturer’s protocol using
the RNeasy Mini Kit (Qiagen, Venlo, The Netherlands). A total of 1 μg RNA was converted
into cDNA with the MMLV Reverse Transcriptase 1st-Strand cDNA Synthesis Kit (Epi-
centre, Madison, WI, USA). qPCR was performed using FastStart Essential DNA Probes
Master and gene-specific primers (Roche, Basel, Switzerland). Relative expression was
calculated by the 2−ΔΔCt method using β-actin and GAPDH as housekeeping genes
(primer sequences are available in the Table S2) [51].

2.8. siRNA Knockdown

Lipofectamine RNAiMAX reagent (Invitrogen, Carlsbad, CA, USA) was used to trans-
fect small interfering RNA (siRNA; 4 different sequences for PLA2G7: siRNA 1 (SI00072198):
CACCCTTTGGATCCCAAATAA, siRNA 2 (SI00072191): TCAGGACACTTTATTCTGCTA,
siRNA 3 (SI00072184): TCCGTTGGTTGTACAGACTTA, siRNA 4 (SI00072177): AAG-
GACTCTATTGATAGGGAA; Qiagen Sciences, Germantown, MD, USA) into UWB1.289
cells. A scrambled negative control siRNA (Qiagen, Hilden, Germany) was used as a
reference. UWB1.289 cells were seeded into 6-well plates, and the transfection was per-
formed when cell density reached 60–70%. The cells were treated with Opti-MEM Reduced
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Serum Medium (Thermo Fisher Scientific, Waltham, MA, USA) containing siRNA-PLA2G7
and Lipofectamine RNAiMAX. After 36 h, cells were harvested and used for further
experiments.

2.9. Western Blot

The Western blot analysis was performed as previously reported [52]. In short, adher-
ent cells were lysed for 15 min at 4 ◦C with 200 μL RIPA buffer (Sigma-Aldrich Co., St. Louis,
MO, USA), containing a protease inhibitor (1:100 dilution; Sigma-Aldrich Co., St. Louis,
MO, USA). The protein concentration of the lysates was determined with Bradford protein
assay. Protein extracts (65 μg) were separated according to their molecular weight using
12% sodium dodecyl sulfate–polyacrylamide gel and transferred onto a polyvinylidene flu-
oride membrane (EMD Millipore, Billerica, MA, USA). The membrane was blocked for 1 h
with casein (Vector Laboratories, Burlingame, CA, USA) to prevent nonspecific binding of
the antibodies. After casein saturation, the membrane was incubated with diluted primary
antibodies gently shaken overnight at 4 ◦C. As primary antibodies, a rabbit polyclonal anti-
body against PAF-AH (1:200 dilution; Cayman, Ann Arbor, MI, USA), a mouse monoclonal
antibody against GAPDH (1:1000 dilution; GeneTex Co., Eching, Germany), and a mouse
monoclonal antibody against β-actin (1:1000 dilution; Sigma, St. Louis, MO, USA) were
used. GAPDH/β-actin Western blots served as controls. Afterwards, membranes were
washed with 1:10 casein three times and subjected to biotinylated anti-mouse/anti-rabbit
IgG secondary antibodies and ABC-AmP reagent (VECTASTAIN ABC-AmP Kit for rabbit
IgG; Vector Laboratories, Burlingame, CA, USA). The antibody complexes were visualized
with 5-bromo-4-chloro-3-indolylphosphate/nitroblue tetrazolium chromogenic substrate
(Vectastain ABC-AmP Kit; Vector Laboratories, Burlingame, CA, USA). Western blotting
detection and analysis was performed with Bio-Rad Universal Hood II and the correspond-
ing software Quantity One (Bio-Rad Laboratories Inc., Hercules, CA, USA). Each Western
blot experiment was validated nine times (n = 9, three times in three lanes).

2.10. Cell Viability Assay and Proliferation Assay

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric as-
say was performed to measure the cell viability, while 5-bromo-2-deoxyuridine (BrdU)
incorporation assay (Roche, Basel, Switzerland) was used to determine cell proliferation.
For both assays, 5 × 103 UWB1.289 cells/100 μL were seeded on 96-well plates. The cells
were incubated in RPMI 1640 GlutaMAX medium with 10% FBS for 48 h before transfection
(PLA2G7 gene knockdown) was performed, as described above. After PLA2G7 36 h gene
knockdown, MTT and BrdU assay were conducted according to manufacturer’s proto-
col. The optical density (OD) was measured with an Elx800 universal Microplate Reader
(BioTek, Winooski, VT, USA) at 595 nm (MTT) and 450 nm (BrdU). Each experiment was
validated three times (n = 3).

2.11. Wound Healing Assay

UWB1.289/HCC1937 cells were seeded on a 24-well plate (2 × 105 cells/mL). After
24 h, a vertical line was scratched into the middle of the monolayer with a 100 μL pipet tip
to create an artificial wound. Subsequently, the transfection was performed, and digital
images of the scratch assays were taken exactly 0 h and 36 h after PLA2G7 gene knockdown.
The cell migration was monitored using an inverse phase contrast microscope (Leica Dmi1;
Leica, Wetzlar, Germany) with a camera (LEICA MC120 HD; Leica, Wetzlar, Germany).
Microphotographs of wounded areas and areas covered with cells were analyzed by ImageJ.
Available online: https://imagej.nih.gov/ij/ (accessed on 12 April 2020). The cell migration
area is defined as the difference of the area covered with cells at 36 h and 0 h.
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3. Results

3.1. PAF-AH Is an Independent Positive Prognostic Factor in EOC and Correlated with the Wnt
Signaling Proteins pGSK3β and β-Catenin

To understand the role of PAF-AH in aberrant cell signaling, we investigated PAF-
AH’s expression patterns in 156 EOC specimens by IHC. Similarly, the expression of the
Wnt signaling proteins pGSK3β and β-catenin were examined. For PAF-AH, 86.52% of all
successfully stained tissue samples were positive with a median (range) IRScore of 3 (0–12).
The expression profile of PAF-AH regarding clinical characteristics and pathological data is
shown in Table 3. Differences in staining intensity between the histological subtypes were
detected. EOC tissue with serous and endometrioid histology showed higher PAF-AH
levels than clear cell and mucinous specimens. However, there were no relevant differences
regarding subcellular localization of PAF-AH. A total of 98.57% showed cytoplasmatic
pGSK3β (Y216; median IRScore = 4 (0–12)), and all specimens showed membranous β-
catenin (median IRScore = 8 (2–12)) expression. Strong positive correlations between
nuclear/cytoplasmatic PAF-AH, cytoplasmatic pGSK3β, and membranous β-catenin were
found (Table 4).

Table 3. Expression profile of PAF-AH regarding clinical and pathological characteristics.

Clinicopathological
Parameters

PAF-AH Total PAF-AH Nucleus PAF-AH Cytoplasm

n Median
IRScore

p n Median
IRScore

p n Median
IRScore

p

Histology <0.001 * <0.001 * <0.001 *
Serous 102 3 102 3 102 3

Clear cell 11 1 11 1 11 1
Endometrioid 19 3 19 2 19 3

Mucinous 10 0.5 10 0.5 10 1
Lymph node NS NS NS

pN0/X 94 3 94 2 94 3
pN1 48 3 48 2 48 3

Distant Metastasis NS NS NS
pM0/X 137 3 137 2 137 3

pM1 5 4 5 2 5 3
FIGO NS NS NS
I/II 39 3 39 2 39 3

III/IV 98 3 98 2 98 3
Age 0.047 * 0.022 * 0.047 *

≤60 years 75 3 75 2 75 3
>60 years 67 3 67 3 67 3

Serous Grading NS NS NS
Low 22 3 22 3 22 3
High 74 3.5 74 3 74 3

Clear cell,
endometrioid,

mucinous grading
NS NS NS

G1 10 2.5 10 1 10 2.5
G2 10 2 10 1 10 2.5
G3 15 2 15 1 15 2

Differences in IRScores of PAF-AH (total, nucleus and cytoplasm) staining were detected regarding clinical and pathological characteristics
using Mann–Whitney U test. Significant results are indicated by asterisks (*: p ≤ 0.05). p = two-tailed significance, n = number of patients,
NS = not significant.
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Table 4. Correlations between PAF-AH and Wnt signaling proteins pGSK3β and β-catenin.

PAF-AH Nucleus PAF-AH Cytoplasm pGSK3β Cytoplasm β-Catenin Membrane

PAF-AH nucleus
Cc 1 0.469 0.494 0.267
p - <0.001 * <0.001 * 0.001 *
n 141 141 135 140

PAF-AH cytoplasm
0.469 1 0.448 0.291

<0.001 * - <0.001 * <0.001 *
141 141 135 140

pGSK3β cytoplasm
Cc 0.494 0.448 1 0.224
p <0.001 * <0.001 * - 0.008 *
n 135 135 140 139

β-Catenin membrane
Cc 0.267 0.291 0.224 1
p 0.001 * <0.001 * 0.008 * -
n 140 140 139 147

IRScores of PAF-AH (nucleus and cytoplasm), pGSK3β (cytoplasma) and β-catenin (membrane) staining were correlated to each other
using Spearman’s correlation analysis. Significant correlations are indicated by asterisks (*: p ≤ 0.05). Cc = correlation coefficient,
p = two-tailed significance, n = number of patients.

In our patients’ collective, the median age was 58.7 (±31.4) years with a total range
of 31–88 years, while the median overall survival (OS) time was 34.4 (±57.8) months.
Univariate survival analysis revealed that high levels of all studied proteins are associated
with a significantly longer OS (at least twice as long; Figure 1a–c).

Combined survival analysis of the investigated proteins showed an even longer
survival time (median OS 199.8 months vs. 35.2 months, p = 0.044; Figure S2). However, the
subgroup with high expression levels of all factors (total PAF-AH, cytoplasmatic pGSK3β,
and membranous β-catenin) was quite small (n = 11).

A multivariate Cox regression model was established to assess whether the prognostic
factors were independent. Age (>60 vs. ≤60 years, p = 0.039), FIGO stage (III/IV vs. I/II,
p = 0.004), grading (high/G2-3 vs. low/G1, p = 0.002), and tumoral PAF-AH expression
(high vs. low, p = 0.021) turned out to be independent prognostic factors for OS in the
present cohort. In contrast, cytoplasmatic pGSK3β (p = 0.645) and membranous β-catenin
(p = 0.745) were not independent (Table 5). Due to insufficient data, the residual disease
after primary surgery was not included in the multivariate analysis.

Table 5. Multivariate analysis confirmed the independency of tumoral PAF-AH expression as a
positive prognostic factor for OS.

Covariate p Hazard Ratio (95% CI)

Age > 60 vs. ≤60 0.039 * 1.637 (1.026–2.612)
FIGO III/IV vs. I/II 0.004 * 2.585 (1.366–4.891)

Grading high/G2-3 vs. low/G1 0.002 * 2.797 (1.436–5.449)
Total PAF-AH expression high (>2) vs. low (≤2) 0.021 * 0.583 (0.369–0.921)

Cytoplasmatic pGSK3β (Y216) expression high (>6) vs. low (≤6) 0.645 0.877 (0.501–1.535)
Membranous β-catenin expression high (>8) vs. low (≤8) 0.745 0.736 (0.545–1.544)

Significant independent factors are indicated by asterisks (*: p ≤ 0.05). CI: confidence interval.
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Figure 1. Univariate analyses and representative microphotographs of the immunostainings. The Kaplan–Meier estimates
(log-rank testing) show that high tumoral PAF-AH (IRScore > 2; (a)) expression as well as high levels of cytoplasmatic
pGSK3β (IRScore > 6; (b)) and membranous β-catenin (IRScore > 8; (c)) are associated with prolonged OS. Censoring events
have been marked in the graphs (+). Representative microphotographs of the immunostainings (10× magnification, scale
bar = 200 μm; (d)) show the difference between high expression (top) and low expression (bottom).

3.2. BRCA1 Mutant Patients Had Higher PAF-AH Levels in Tumor Tissue and in Serum

PAF-AH expression was also investigated by IHC in tumor tissue of BRCA1 mutation
carriers (n = 107; Table 2). Interestingly, patients with BRCA1 mutation or BRCA1 + 2
mutations showed significantly higher tumoral expression levels of PAF-AH (median
IRScore = 4) compared to patients with unknown BRCA mutation status (n = 141; median
IRScore = 3), for which a mutation probability of 10–20% can be assumed (Figure 2) [6,7].
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Figure 2. BRCA1 mutation carriers showed higher tumoral PAF-AH expression. PAF-AH expression was significantly
higher in tumor tissue of BRCA1 mutation carriers (median IRScore = 4; p < 0.001 indicated by asterisk *; (a)), when
compared (Mann–Whitney U test) to patients with unknown BRCA mutation status (median IRScore = 3). Representative
microphotographs of PAF-AH immunostaining of patients with BRCA WT and BRCA1 + 2 mutation are shown on the right
(b) in 10× magnification (scale bar = 200 μm).

On the basis of the results of IHC, the question arose as to whether differences in
PAF-AH expression between BRCA WT and BRCA mutation carriers can be detected in
blood samples. In a preliminary analysis, PAF-AH serum concentrations of six BRCA1-
mutated and 17 BRCA WT EOC patients were determined (Table 2). Indeed, patients
with a genetically confirmed BRCA1 mutation had significantly higher PAF-AH serum
concentrations (median = 264.56 ng/mL) than BRCA WT patients (median = 176.35 ng/mL,
Mann–Whitney U test, p = 0.012) (Figure 3).

Figure 3. BRCA1 mutation carriers showed higher PAF-AH serum concentrations. PAF-AH serum
concentrations were determined with ELISA. Higher levels of PAF-AH were detected in blood
samples of BRCA1 mutation carriers (n = 6) when compared to patients with BRCA WT (n = 17)
(Mann–Whitney U test, p = 0.012 indicated by asterisk *).

3.3. Only BRCA1-Negative UWB1.289 Cell Line Showed Relevant Expression of
PLA2G7/PAF-AH

The basal mRNA and protein expression of PLA2G7/PAF-AH in four ovarian cancer
cell lines were compared to the benign ovarian epithelial cell line HOSEpiC. Both PLA2G7
expression on mRNA level (p < 0.05; Figure 4A) and PAF-AH expression on protein level
(p < 0.05; Figure 4B) were significantly increased in the BRCA1 mutant ovarian cancer cell
line UWB1.289 compared to HOSEpiC and other ovarian cancer cell lines. The results
derived from qPCR and Western blot were consistent with the results of IHC.
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Figure 4. Only the BRCA1 mutant ovarian cancer cell line UWB1.289 showed a relevant expression
of PLA2G7/PAF-AH. Basal mRNA (qPCR; (A)) and protein (Western blot analysis; (B)) expression of
PLA2G7/PAF-AH in four ovarian cancer cell lines were compared to the expression in the benign
ovarian cell line HOSEpiC. Significant results are indicated by asterisks (*: p ≤ 0.05), no significant
results by diamonds (#: p > 0.05).

3.4. PLA2G7 Knockdown Enhanced Viability, Proliferation, and Motility of UWB1.289 Cells

To assess the functional role of PLA2G7/PAF-AH and its possible impact on the
Wnt/β-catenin signaling pathway in ovarian cancer, we performed in vitro experiments
in the BRCA1-negative ovarian cancer cell line UWB1.289. Firstly, siRNA was transfected
into UWB1.289 for PLA2G7 silencing. A successful downregulation of PLA2G7 and its
protein PAF-AH was confirmed by qPCR and Western blot analysis (Figure S3). As a
degradation enzyme of PAF, we hypothesized that PAF-AH is a protective factor in ovarian
cancer biology. Concordantly, the IHC results showed a positive association of PAF-AH
expression with OS. To characterize the cellular function of PAF-AH, we investigated
viability, proliferation, and migration of UWB1.289 cells. Results of UWB1.289 cells under
PLA2G7 knockdown with the siRNAs described above were compared with the results
of an untreated control group (pseudo-knockdown with scrambled siRNA). As shown in
Figure 5A, the viability of UWB1.289 cells was increased by PLA2G7 silencing. Furthermore,
PLA2G7-downregulated UWB1.289 cells exhibited significantly higher proliferation rates
in comparison to the control group, which indicates that PLA2G7 knockdown induces the
proliferation of EOC cells (Figure 5B). Results from the wound healing assay showed that
after transfection of PLA2G7 siRNA, the migration ability of UWB1.289 was significantly
activated compared to the control group (Figure 5C). These results indicate that PLA2G7
silencing causes cancer progression by activation of viability, proliferation, and migration.
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Figure 5. PLA2G7 silencing favored cancer progression by an activation of viability, proliferation, and migration. MTT
results show that after 36 h siRNA (sequence S1 and S2) knockdown of PLA2G7, the viability of UWB1.289 increased
significantly ((A); p < 0.001). DNA incorporation of BrdU was also significantly higher in the PLA2G7 downregulated
group, indicating an increasing proliferation rate (B). The wound healing assay proved that the migration ability of PLA2G7-
downregulated UWB1.289 cells was significantly activated compared to the control group ((C); p < 0.05). Significant results
are indicated by asterisks (*: p ≤ 0.05) and double asterisks (**: p ≤ 0.001).

3.5. The Cellular Distribution Pattern of β-Catenin Changed by PLA2G7 Knockdown from the
Membrane to Nucleus

After demonstrating the functional impact of PLA2G7 and its protein PAF-AH on
cancer progression, we aimed to validate how PLA2G7 affects the Wnt/β-catenin signaling
pathway. On the basis of the correlation of PAF-AH and β-catenin found in IHC, we carried
out a series of ICCs to prove an interplay of PAF-AH and β-catenin. As expected, PAF-AH
staining was downregulated after knockdown of PLA2G7 compared to the control with
pseudo-knockdown (Figure 6A). Interestingly, the distribution of β-catenin also changed
by PLA2G7 knockdown. While membrane expression was weakened compared to the
control group, the nuclear expression was enhanced (Figure 6B).
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A

B

Figure 6. PLA2G7 silencing caused a shift of β-catenin from the membrane to nucleus. ICC staining of PAF-AH and β-catenin
changed after 36 h silencing of PLA2G7 with siRNA (representative pictures 1. 10× magnification, scale bar = 200 μm and
25× magnification, scale bar = 100 μm). The expression of PAF-AH was downregulated as expected (A). The distribution of
β-catenin changed by PLA2G7 knockdown from a predominantly membranous expression to a nuclear one (B).

4. Discussion

In this study, PLA2G7/PAF-AH’s role in ovarian cancer and its influence on the Wnt
signaling pathway has been evaluated. Besides cytoplasmatic pGSK3β (Y216) and membra-
nous β-catenin (both part of the inactive state of the Wnt signaling pathway), high tumoral
PAF-AH expression was associated with prolonged OS of EOC patients in univariate
analysis (Figure 1). A multivariate Cox regression model proved the independence of PAF-
AH as a favorable prognostic factor (Table 5). In vitro experiments confirmed protective
functional effects of PAF-AH. Silencing of its gene PLA2G7 caused activation of viability,
proliferation, and migration of BRCA1 mutant ovarian cancer cells (Figure 5). Since the
relevant gene and protein expression of PLA2G7/PAF-AH were detected exclusively in the
BRCA1 mutant cell line UWB1.289 (Figure 4), PAF-AH can be considered a new biomarker
for BRCA1 mutant ovarian cancer, indicating good prognosis. Significantly higher PAF-AH
levels were detected in tumor biopsies (Figure 2) and in the serum of BRCA1 mutation
carriers compared to BRCA WT patients (Figure 3). An advantage of PAF-AH as a potential
biomarker is the possibility of its non-invasive determination in blood samples before
surgery. Since the blood analysis conducted in this study is somewhat preliminary, we
suggest further investigation of PAF-AH as a biomarker with prediction ability in BRCA
mutant ovarian cancer in a large-scale prospective clinical trial.

We further show that PAF-AH expression positively correlated with cytoplasmatic
pGSK3β (Y216) and membranous β-catenin expression, which suggests an interaction with
the Wnt/β-catenin signaling pathway. A changed distribution pattern of β-catenin within
the cellular departments in BRCA mutant ovarian cancer cells caused by PLA2G7 gene
knockdown confirmed this assumption. Membrane expression of β-catenin was reduced,
while nuclear expression was upregulated (Figure 6). Thus, increased activation of the
Wnt signaling could be responsible for tumor progression under PLA2G7 knockdown.
We assume that PAF/PTAFR and PLA2G7/PAF-AH might have a negative regulatory
influence on the Wnt signaling pathway, especially in BRCA1 mutant EOC (Figure 7) [53].
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Figure 7. Activation states of canonical Wnt signaling pathway and possible regulation by PAF/PTAFR or PAF-AH. Inacti-
vation of GSK3β by phosphorylation at S9 either in the presence of Wnt ligands or following signal transduction through
PAF/PTAFR/AKT (left) led to accumulation of non-phosphorylated β-catenin and translocation in the nucleus [40,53].
There, β-catenin displaces Groucho/TLE repressors from transcription factors Tcf/Lef and activates transcription of Wnt-
responsive genes [54]. In the absence of Wnt ligands or PAF signaling, e.g., through enhanced PAF degradation by PAF-AH
(right), β-catenin is marked by active GSK3β for ubiquitination and proteasomal degradation [8,39].

Similarly, studies of Furihata et al. [55] and Boccellino and Camussi et al. [56] indicate
a functional link between PAF/PTAFR and β-catenin. A PTAFR antagonist reduced
inflammation-induced colon carcinogenesis in rats, and β-catenin was localized in the cell
membrane in healthy tissue, while it was overexpressed in the nucleus in precursor lesions
and colon cancer [55]. Immunofluorescence analysis of Kaposi’s sarcoma cells also showed
a change in β-catenin distribution from the membrane to a diffuse pattern as a reaction to
PAF treatment [56].

On the basis of our findings and evidence from literature, we can consider two
explanatory approaches for the protective effects of PAF-AH: (1) Influence of PAF-AH on
the Wnt signaling pathway by regulating PAF levels in the tumor microenvironment. (2)
PAF independent regulatory effect of PAF-AH on Wnt downstream genes. Indeed, the
anti-inflammatory properties of PAF-AH further contribute to its protective character [57].

PAF induces various signaling pathways via its G-protein-coupled receptor PTAFR
through the activation of phosphorylation cascades [15,58]. These phospholipid-mediated
protein phosphorylation cascades often represent early responses to mitogenic induc-
tion [59]. While PAF exposure activates, e.g., Src/FAK, FAK/STAT, and AKT, leading
to enhanced proliferation, invasion, and migration, respectively (Figure 8) [15,53,60,61],
GSK3β is inactivated by phosphorylation at S9 [53,60]. β-Catenin is thereby stabilized and
activates Wnt-responsive genes (Figure 7).
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Figure 8. Functional consequences of PAF-AH silencing. By PLA2G7 silencing, PAF-mediated signaling dominated. Binding
to its Gq-coupled receptor PTAFR, PAF activated phosphorylation cascades, which often lead to oncogenic transformation,
tumor growth, angiogenesis, and metastasis [15,53,60,61]. Activation of Src/FAK and their downstream targets PI3K and
MMP2/MMP9 resulted in cancer cell proliferation and cancer invasion, respectively [15]. Proliferation and anti-apoptosis
are induced via FAK/STAT [61]. GSK-3β is inactivated by AKT, leading to enhanced migration by Rac-1 activation and
Rho-A inactivation and active Wnt signaling by stabilizing β-catenin [53].

Zhang et al. reported an elevated expression of PTAFR in BRCA1 mutant cell lines and
tissue of BRCA1 mutation carriers. Additionally, they showed PAF/PTAFR-mediated ma-
lignant transition of BRCA1-mutated non-malignant ovarian epithelial cells by FAK/STAT
phosphorylation, thereby inducing proliferation and anti-apoptosis [61]. As we also found
higher PAF-AH levels in BRCA1 mutation carriers and BRCA1 mutant ovarian cancer
cells, we conclude that PAF-AH upregulation might be relevant to counteract PAF and
Wnt signaling, respectively. By increased PAF degradation, GSK3β remains active, and
β-catenin is marked for degradation, resulting in an inactive Wnt pathway (Figure 7) [39].
The same effect was observed for PTAFR antagonism [61].

Direct modulation of the Wnt signaling pathway by the catalytic subunits of intra-
cellular PAF-AH isoform IB was discovered by Livnat et al. in restricted areas of the
cerebral cortex [62]. In addition to PAF degradation, it is conceivable that the PAF-AH
isoforms show other parallels on a regulatory level. In line with our results, Livnat et al.
showed enhanced proliferation and tangential migration of GABAergic interneurons in
PAF-AH knockout mice. Overexpression of each of the catalytic subunits provoked a shift
of β-catenin from the nucleus to the cytoplasm and repressed Wnt gene expression [62].
However, the molecular interaction between PAF-AH and β-catenin remains unclear and
needs to be defined in future studies.

For breast cancer, an interplay between BRCA1 and the Wnt signaling pathway has
been previously described. Wu et al. found an inverse correlative association between Wnt
signaling and BRCA1 expression in basal-like breast cancer due to epigenetic repression
of BRCA1 by the Wnt effector Slug [40]. Li et al. reported that the nuclear form of β-
catenin was lower or absent in most BRCA1 familial breast cancer tissues compared to
sporadic breast cancer or healthy tissue [8]. For BRCA1 WT, but not mutated BRCA1, direct
interaction with β-catenin on the same binding site as the ubiquitinylating enzyme was
described. Consequently, the half-life of β-catenin is prolonged, and the Wnt signaling
pathway is active in the presence of BRCA1 WT [8]. In BRCA mutant ovarian cancer, Wnt
signaling might be repressed by PAF-AH. Nevertheless, we cannot exclude participations
or crosstalk with other signaling pathways and regulatory factors resulting in the observed
phenotypes.
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5. Conclusions

Patients and in vitro generated data indicate that PAF/PTAFR and PLA2G7/PAF-
AH signaling plays a crucial role in BRCA1 mutant ovarian cancer. While PAF and its
receptor PTAFR promote malignant transformation [59,61], tumor progression [12,15,55,63],
and chemoresistance [19], we were able to identify PLA2G7/PAF-AH as counterpart and
protective factor. Strong positive correlations between PAF-AH and the Wnt signaling
proteins pGSK3β and β-catenin and a shift of β-catenin from the membrane to the nucleus
by PLA2G7 silencing suggest a negative regulatory impact of PAF-AH on the Wnt/β-
catenin signaling pathway. Since PAF-AH mediates protective effects and is non-invasively
detectable in blood samples, it should be considered a potential biomarker that indicates a
good prognosis for patients with BRCA1 mutant ovarian cancer. Thus, further studies are
needed to validate our findings.
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knockdown.
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Abbreviations

ADP adenosine diphosphate
AKT protein kinase B
BRCA breast cancer gene
BrDU 5-bromo-2-deoxyuridine
Cc correlation coefficient
CI confidence interval
DNA deoxyribonucleic acid
ELISA enzyme-linked immunosorbent assay
EMT epithelial–mesenchymal transition
EOC epithelial ovarian cancer
FBS fetal bovine serum
FIGO International Federation of Gynecology and Obstetrics
GAPDH glycerinaldehyd-3-phosphat-dehydrogenase
GSK3β glycogen synthase kinase-3β
ICC immunocytochemistry
IHC immunohistochemistry
IRScore immunoreactive score
MMP matrix metalloproteinase
mRNA messenger ribonucleic acid
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
OS overall survival
PAF platelet-activating factor
PBS phosphate-buffered saline
PI3K phosphatidylinositol 3-kinase
PLA2G7/PAF-AH platelet-activating factor acetylhydrolase
PTAFR platelet-activating factor receptor
qPCR quantitative polymerase chain reaction
Rac-1 ras-related C3 botulinum toxin substrate 1
Rho-A ras homolog family member A
RIPA radioimmunoprecipitation assay
ROC receiver operating characteristic
RT room temperature
siRNA small interfering ribonucleic acid
Src/FAK steroid receptor coactivator/focal adhesion kinase
STAT signal transducer and activator of transcription
Tcf/Lef transcription factor/lymphoid enhancer-binding factor
TLE transducin-like enhancer
WHO World Health Organization
WT wildtype
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Abstract: Epithelial ovarian cancers (EOCs) are fatal and obstinate among gynecological malignancies
in advanced stage or relapsed status, with serous carcinomas accounting for the vast majority.
Unlike EOCs, borderline ovarian tumors (BOTs), including serous BOTs, maintain a semimalignant
appearance. Using gene ontology (GO)-based integrative analysis, we analyzed gene set databases of
serous BOTs and serous ovarian carcinomas for dysregulated GO terms and pathways and identified
multiple differentially expressed genes (DEGs) in various aspects. The SRC (SRC proto-oncogene, non-
receptor tyrosine kinase) gene and dysfunctional aryl hydrocarbon receptor (AHR) binding pathway
consistently influenced progression-free survival and overall survival, and immunohistochemical
staining revealed elevated expression of related biomarkers (SRC, ARNT, and TBP) in serous BOT
and ovarian carcinoma samples. Epithelial–mesenchymal transition (EMT) is important during
tumorigenesis, and we confirmed the SNAI2 (Snail family transcriptional repressor 2, SLUG) gene
showing significantly high performance by immunohistochemistry. During serous ovarian tumor
formation, activated AHR in the cytoplasm could cooperate with SRC, enter cell nuclei, bind to
AHR nuclear translocator (ARNT) together with TATA-Box Binding Protein (TBP), and act on DNA
to initiate AHR-responsive genes to cause tumor or cancer initiation. Additionally, SNAI2 in the
tumor microenvironment can facilitate EMT accompanied by tumorigenesis. Although it has not
been possible to classify serous BOTs and serous ovarian carcinomas as the same EOC subtype, the
key determinants of relevant DEGs (SRC, ARNT, TBP, and SNAI2) found here had a crucial role in
the pathogenetic mechanism of both tumor types, implying gradual evolutionary tendencies from
serous BOTs to ovarian carcinomas. In the future, targeted therapy could focus on these revealed
targets together with precise detection to improve therapeutic effects and patient survival rates.

Keywords: gene ontology; epithelial ovarian cancers; borderline ovarian tumors; differentially
expressed genes; aryl hydrocarbon receptor; epithelial–mesenchymal transition; integrative analysis
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1. Introduction

Ovarian tumors occupy a certain place among gynecological diseases and most cases
are benign in clinical and pathological features such as follicular cysts, corpus luteum cysts,
serous or mucinous cystadenomas, endometriomas, and teratomas [1,2]. Comparatively,
ovarian cancer is the most lethal gynecological malignancy worldwide although the pro-
portion is relatively low [3]. Epithelial ovarian cancers (EOCs) are the leading cause of
death among patients with gynecologic cancers accounting for the vast majority of all
ovarian cancers [4,5]; furthermore, serous carcinoma (SC) accounts for the most common of
EOCs, with a poor prognosis and a five-year survival rate of only 25% with metastases [6,7].
SC is less likely to be found in the early stages (International Federation of Gynecology
and Obstetrics (FIGO) stages I and II), which have higher survival rates because they are
easier to treat, whereas patients at advanced stages (FIGO stages III and IV) have poor
prognosis and high recurrence rates even after complete debulking surgery combined with
chemotherapy (carboplatin and paclitaxel) due to resistance to chemotherapy [6,8,9].

Borderline ovarian tumors (BOTs), a specific subtype of EOCs, consist of disparate
groups of neoplasms based on histopathological features, molecular characteristics, and
clinical behaviors and BOTs can generally be classified into serous, mucinous, and other
subtypes according to clinical and histopathological features [10,11]. Besides, BOTs account
for approximately 10–15% of EOCs and usually occur in younger women, resulting in
an excellent prognosis [12]. Compared with ovarian cancer patients, who almost always
require chemotherapy after a debulking operation, patients with BOTs usually have better
prognoses after adequate surgery with an extremely low probability of recurrence or metas-
tasis [13,14]. Serous BOTs, comprising approximately 65% of BOTs, occur mostly in North
America, the Middle East, and most of Europe [15]. To date, surgery is still the ideal method
to treat BOTs, while adjuvant chemotherapy and radiotherapy are not usually considered
as standard therapies [14,16]. Recent studies have inferred several assumptions, including
the incessant ovulation, gonadotropin, hormonal, and inflammation hypotheses, to explain
the tumorigenesis of serous BOTs [17–19]. Serous BOTs are characterized by mutations
in the KRAS, BRAF, and ERBB2 genes and overexpression of the p53 and Claudin-1 genes;
furthermore, the mitogen-activated protein kinase (MAPK)/extracellular signal-regulated
kinase (ERK) pathway, PI3K/AKT/mTOR pathway, Hedgehog pathway, and angiogenesis
pathway are frequently activated in serous BOTs [13,14,20–25].

As a complex disease, several genetic and environmental factors contribute to SC
development with a complicated carcinogenesis pathway, and the carcinogenesis of SC
evolves through several aberrant functions, which fluctuate with disease progression based
on findings through the widely utilized FIGO system [13,26–32]. It is widely known that
most serous ovarian carcinomas are associated with TP53 mutations [30,33–36]; about
half of them have undergone abnormal DNA repair processes through homologous re-
combination due to epigenetic or genetic alterations of BRCA1, BRCA2, or other DNA
repair molecules [37,38]; and some show gene mutations, such as in BRAF and KRAS [20].
In addition to debulking surgery and subsequent adjuvant chemotherapy, targeted ther-
apy and systemic immunotherapy can also be utilized to enhance the therapeutic effects.
Poly-adenosine diphosphate (ADP) ribose polymerase inhibitors (PARPis), the first ap-
proved cancer drugs, were widely used targeted therapies for BRCA1/2-mutated breast
and ovarian cancers, and they specifically target DNA damage and repair responses, es-
pecially for patients with homologous recombination deficiencies, resulting in increased
survival [39–41]. However, resistance to PARPi has recently become an emerging issue
and breast-related cancer antigens (BRCA) and homologous recombination deficiency
(HRD) status can be considered novel predictive biomarkers of response [42–45]. Therefore,
identifying potential crucial biomarkers for monitoring drug resistance and formulating
new drug combination strategies are efficacious methods to resolve PARPi resistance along
with precision medicine [46,47].

Furthermore, it is well known that serous ovarian carcinomas have a poor clinical
prognosis because they are usually diagnosed too late, while advanced stages usually result
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in frequent emergence of chemoresistance [4,5,8,48,49]. Recent growing evidence suggests
that epithelial–mesenchymal transition (EMT) may contribute to tumor invasion and
metastasis and promote chemotherapeutic resistance, especially to cisplatin, by converting
the motionless epithelial cells into mobile mesenchymal cells, escaping cell adhesion, and
altering the cellular extracellular matrix [50–52]. EMT is a reversible process in which
many crucial components, such as E-cadherin, EpCAM, vimentin, fibronectin, neural
cadherin, matrix metalloproteinases, various integrins, and different cytokeratins, are
regulated by a complex functional network of transcription factors, including the zinc-
finger E-box-binding homeobox factors (Zeb1 and Zeb2), Snail (SNAI1), Slug (SNAI2),
and the basic helix–loop–helix factors (Twist1 and Twist2) [53–55]. Loss of breast cancer
type 1 susceptibility protein (BRCA1), a tumor suppressor that plays a role in mending
double-stranded DNA breaks, is also associated with EMT and tumor initiation [50,56].
The expression of EMT signaling pathways has been correlated with poor prognosis in
various epithelial cancers, including breast, pancreas, prostate, and ovarian cancer, and the
role of EMT in ovarian cancer progression and therapy resistance is highlighted in current
studies [57]; however, the role of EMT plasticity in serous ovarian tumors has not been
comprehensively investigated.

As mentioned above, although both are named the “serous” subtype in terms of
classification, serous BOTs and serous ovarian carcinomas still have decisive differences
in genetic mechanisms, pathological characteristics, and clinical manifestations [13,32].
Various functions can be investigated using differentially expressed genes (DEGs) detected
by microarrays. In contrast to DEGs, we established a gene set regularity (GSR) model,
which reconstructed the functionomes, that is, the GSR indices of the global functions,
and then investigated the dysregulated functions and dysfunctional pathways involved
in the complex disease. Constructing a functionome can provide information about the
dysregulated functionomes accompanied with dysfunctional pathways of complicated
illness and we had conducted several gene set-based analyses by integrating microarray
gene expression profiles downloaded from publicly available databases, which revealed
that comprehensive methods based on functionome defined by gene ontology (GO) are
useful for successfully conducting significant research on BOTs and ovarian carcinomas
of different stages and subtypes [58–64]. Previously, individual studies have focused on
gene set analysis of serous ovarian carcinomas and serous BOTs to uncover pathogenic
mechanisms during tumorigenesis. However, there is no integrated analysis to compare
and discover the genomic functionome of serous BOTs and serous ovarian carcinomas.
Therefore, we first utilized GO-based integrative approaches to explore expression profile
datasets of serous ovarian tumors, including serous BOTs and all stages of serous ovarian
carcinomas, to identify common and meaningful dysregulated functions and dysfunctional
pathways between these two groups. We then selected the featured DEGs by checking the
significant biomarkers related to EMT with cross comparison. In this experiment, we aimed
to excavate newly discovered pathogenetic mechanisms based on previous studies that
differ from previous theories and hoped to take advantage of these new findings applied
in medical detection with targeted therapy and effective avoidance of recurrence for better
prognosis of serous ovarian tumors and patient survival.

2. Materials and Methods

2.1. Workflow for the Integrative Analytic Model

The workflow for this study is shown in the flowchart in Figure 1, and detailed
information is explained below. First, we converted the gene expression profile of the
extracted gene elements downloaded from the Gene Expression Omnibus (GEO) database
with selection criteria for serous ovarian tumors and normal controls to ordered data
and then transformed them into 10,192 quantified GO terms according to the sequential
expression from the gene elements in each gene set. This process produced functionomes
consisting of 10,192 GSR indices, which defined the relatively comprehensive biological and
molecular functions to explore serous ovarian tumors, including serous BOTs and all stages
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of serous ovarian carcinomas. Next, we individually calculated the quantified functions
and functional regularity patterns among serous ovarian tumors and 136 normal ovarian
controls with GSR indices and established the GSR model for the functionome pattern.
Then, we investigated the whole informativeness of genomic functionomes consisting
of the GSR indices and constructed a functionome-based training model of classification
and prediction using the support vector machine (SVM), a set of supervised mathematical
commands from machine learning. The variation in the GSR indices between each serious
ovarian tumor group and normal control group revealed that the biomolecular functions
among serous ovarian tumors were significantly extensively dysregulated in contrast to the
normal control group. Finally, we conducted whole-genome integrative analysis to identify
meaningful dysfunctional pathways together with significant biomarkers of EMT involved
in the progression of serous ovarian carcinomas to determine crucial DEGs that may be
essential parts of the pathogenetic mechanisms for serous ovarian tumors by elucidating
dysregulated functionomes using microarray analysis of gene expression profiles. The
key biological functions and genes involved in the pathogenesis of serous BOTs and all
stages of serous ovarian carcinomas were determined by identifying genome-wide and
GO-defined functions and DEGs.

Figure 1. Workflow of this study. The DNA microarray gene expression profiles of 79 serous borderline tumor (BOT)
samples, 900 serous ovarian carcinoma specimens including all stages, and 136 normal ovarian controls were downloaded
from publicly available databases with gene set regularity (GSR) indices calculated by the Gene Ontology (GO) gene
set. Functionomes consisting of 10,192 GO gene sets established from the polygenic models and cumulative portion
transformations with machine learning and statistical methods were utilized to identify the functionome-based patterns to
investigate dysregulated GO terms, dysfunctional pathways, and biomarkers of epithelial–mesenchymal transition (EMT)
together with integrative analysis and to discover potential crucial differentially expressed genes (DEGs).

2.2. Microarray Dataset Collections and the Selection Criteria

The selection criteria for the microarray gene expression datasets from the GEO
database were as follows: (1) samples of normal controls and serous ovarian tumor samples,
including serous BOTs and serous ovarian carcinomas, should all originate from ovarian
tissues of homo sapiens; (2) datasets should offer sufficient information about the diagnosis
and clinical histopathological subtypes of serous ovarian tumors and normal controls
should consist of tissues or cell cultures from normal ovarian surface epithelium (NOSE)
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judged by histology; and (3) any extracted sample that did not meet the above-mentioned
conditions was discarded and any gene expression profile in a dataset was abandoned if it
contained missing data.

2.3. Computing the GSR Indices and Rebuilding the Functionomes

GSR indices were calculated and extracted from the gene expression datasets by
modifying the differential rank retention (DIRAC) algorithm [65] and used to measure
sequential changes among the gene elements in the gene set datasets of the gene expression
profiles of serous BOTs, all stages of serous ovarian carcinomas, and the most common gene
expression ordering from the normal control samples. The details and calculation process
of the GSR model were described in our previous studied papers [58–64]. The microarray-
based gene expression profiles from serous ovarian tumors and normal ovarian samples
obtained from the GEO database were produced using the corresponding gene expression
levels constructed according to the genetic elements in the GO-based functionome, which
were then con-verted into ordered data based on each expression level. By definition, the
GSR index refers to the ratio of the gene expression sequence in a gene set between the case
group and the most common gene expression sequence from the normal ovarian tissue
samples, ranging from 0 to 1, where 0 represents the most dysregulated state of a gene
set with oppositely ordered gene set regularities between the serous ovarian tumors and
the most common gene expression orderings in the normal controls, whereas 1 indicates
that the genomic regularities in a gene set remain the same between the groups of serous
ovarian tumors and the normal ovarian group. All GSR indices were measured using the R
programming language. A functionome was defined as the complete gene set of biological
functions, and we annotated and defined the human functionome using the 10,192 GO
gene set-defined functions because the definitions for comprehensive biological functions
are not yet available. Therefore, the functionomes used in this study were defined as a
combination of 10,192 GSR indices for all samples.

2.4. Statistical Analysis

The Mann–Whitney U-test was used to test the differences in serous BOTs, all stages
of serous ovarian carcinomas, and controls, and then corrected by multiple hypotheses
using the false discovery rate (Benjamini–Hochberg procedure) [66]. The p-value was set at
p < 0.05.

2.5. Classification and Prediction by Machine Learning with Set Analysis

An R package with the function “kvsm” provided by the “kernlab” (version 0.9–27;
Comprehensive R Archive Network) and kernel-based machine learning methods were
used to classify and predict patterns of GSR indices. K-fold cross-validation was used to
measure the accuracy of classification and prediction of SVM. The results of ten repetitive
predictions were used to evaluate the performance of the binary classification. The R
package “pROC” was used to calculate the area under the curve (AUC) [67]. The R package
“data.table” (version 1.12.8; Comprehensive R Archive Network) was used to display all
possible logical relationships among the dysregulated gene sets of serous ovarian tumors
clearly and sequentially in the tables.

2.6. Verification of Clinical Samples Using Immunohistochemical (IHC) Staining Method

Fifty clinical samples of serous ovarian tumors were collected (serous BOTs, n = 9;
serous ovarian carcinomas, n = 41, including 8 stage I, 2 stage II, 23 stage III, and 8 stage
IV cases). All serous ovarian tumor tissues were collected from female patients undergo-
ing surgical treatments after signing an informed consent agreement. All patients were
diagnosed and treated according to the standard therapeutic guidelines, and all tissues
of patients were kept in the biobank at Tri-Service General Hospital, National Defense
Medical Center, Taipei, Taiwan. The Institutional Review Board of the General Hospital
of the National Defense Medical Center approved the study (2-107-05-043, approved on
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October 26, 2018, and 2-108-05-091, approved on 20 May 2019). Informed consent was
obtained from all patients and control subjects. All clinical tissue samples were confirmed
via quantitative histopathological inspections and diagnosed by professional pathologists,
and IHC staining results were scored as follows: the intensity (I) was multiplied by the
percentage of positive cells (P) of all biomarkers utilized in this study (the formula is shown
as IHC score [Q] = I × P; maximum = 300) [68,69].

3. Results

3.1. Microarrays of Sample Groups for Gene Expression Profiles and Definition for Gene
Set Analysis

We performed a comprehensive bioinformatics method based on GO to explore and
analyze all relational disordered functions of serous ovarian tumors, including serous BOTs
and all stages of serous ovarian carcinomas [70]. The gene expression profiles of DNA
microarray of serous ovarian tumors and normal controls were downloaded from the GEO
repository at the National Center for Biotechnology Information (NCBI) archives. The
whole-sample data were obtained from 30 datasets containing eight heterogeneous DNA
microarray platforms without any missing data. There were 79 serous BOT samples and
900 serous ovarian carcinoma samples based on histopathological classification, including
34 stage I, 39 stage II, 696 stage III, and 131 stage IV cases among the 900 serous ovarian
carcinoma samples according to the FIGO staging system (Table 1). In addition, 136 normal
ovarian samples were collected as a control group for comparison. Table S1 provides
detailed information about all obtained samples and controls. In total, 10,192 GO-based
definitions for annotating all gene set-defined functionomes were also downloaded from
the Molecular Signatures Database (MSigDB), the version “c5.all.v7.1.symbols.gmt” [71].

Table 1. Number of samples and statistics for the groups of serous BOTs and all FIGO stages of serous ovarian carcinomas.

Groups Sample Control Total
Sample Mean

(SD 1)
Control Mean

(SD 1)
p-Value

Serous BOT 2 79 136 215 0.7036 (0.1772) 0.7732 (0.1646) <0.05
Serous ovarian
carcinoma stage I 34 136 170 0.7298 (0.1672) 0.7715 (0.1551) <0.05

Serous ovarian
carcinoma stage II 39 136 175 0.6976 (0.1838) 0.7713 (0.1552) <0.05

Serous ovarian
carcinoma stage III 696 136 832 0.6355 (0.1940) 0.7705 (0.1606) <0.05

Serous ovarian
carcinoma stage IV 131 136 267 0.6147 (0.1969) 0.7706 (0.1565) <0.05

1 SD, standard deviation; 2 BOT, borderline ovarian tumor.

3.2. Histograms of GSR Indices of Functionomes among Each Group with Diverse Differences

According to the divergence in ranking within a gene set between the case and control
groups characterized by GO terms, GSR indices were individually calculated by quantify-
ing alterations in the ranking of gene expression in a gene set or functionome. As displayed
in Figure 2, all averages of GSR indices for the functions of serous ovarian tumors were
computed and then rectified by the mean values of the control group. Divergences in
GSR indices between serous ovarian tumor and normal control groups were statistically
significant (p < 0.05). We found that in the serous ovarian carcinoma group, as the FIGO
stage progressed from early stages (I and II, yellow-green grids in Figure 2B,C, respectively)
to advanced stages (III and IV, yellow-green grids in Figure 2D,E, respectively), the differ-
ences from corresponding normal controls (blue grids in Figure 2) became increasingly
distinct. Furthermore, differences in mutations among serous BOTs (yellow-green grids in
Figure 2A) and normal controls seemed to be more irregular than those at the early stages
(FIGO stage I and II) but less aberrant than at the late stages (FIGO stage III and IV) of
serous ovarian carcinomas. The modulation of dysregulated functionomes was quantified
using the means of the total GSR indices of each functionome of serous ovarian tumors and
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control groups with adjustments compared to the control group. The average corrected
GSR indices for serous BOTs and serous ovarian carcinomas from stage I to IV were 0.7036,
0.7230, 0.6976, 0.6355, and 0.6147, respectively.

Figure 2. Histograms of global GSR indices of functionomes for serous BOTs, all stages of serous
ovarian carcinomas (yellow green), and control groups (blue). Different distributions of the func-
tionomes among five case sample groups and control groups are shown with statistical significance
(p < 0.05). The normal control group (blue, right) was used as the control and is the same in all
panels. Peaks in distribution were observed (yellow green), indicating dysregulated biomolecular
functionomes of serous BOTs and all stages of serous ovarian carcinomas. (A–E) Corrected GSR
indices of serous BOTs: 0.7036 (A); FIGO stage I: 0.7230 (B); FIGO stage II: 0.6976 (C); FIGO stage III:
0.6355 (D); and FIGO stage IV: 0.6147 (E).
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3.3. Regularity Patterns of Functionomes Classified and Predicted by Supervised Machine
Learning with High Sensitivity, Specificity, and Accuracy

As displayed in Figure 2, the regularity patterns of functionomes among the five
serous ovarian tumor groups were compared with those of the normal control group, and
the functional regularity patterns of the five case groups (serous BOTs and all four stages
of serous ovarian carcinomas) showed significant divergence. We then identified, classified,
and predicted different functions of various gene sets defined by GO using SVM, a powerful
technological algorithm for supervised machine learning. The accumulated data of assessed
performances were operated with ten consecutive binary classifications and checked with
forecasting approaches by five-fold cross-validation; all the calculated results with high
sensitivity, specificity, and accuracy are listed in Table S2. The sensitivity, specificity, and
accuracy of binary classification for gene set databases among serous ovarian tumor and
control groups were approximately 95.13–100.00%, 99.85–100.00%, and 98.97–100.00%,
respectively. The AUCs for the performance of each case group ranged from 0.9771 to
1.0000. The evaluated performances by binary classifications between serous ovarian
carcinoma, FIGO stage IV, and normal control groups had the best overall effects. The
results revealed that the quantified functional regularity patterns with the GSR indices
transformed from the DNA microarray gene expression profiles could offer sufficient and
credible information to the SVM for accurate identification and classification. These results
also indicated that all the functional regularity patterns of serous ovarian tumors were
demarcated and suitable for integrated genetic and molecular classifications interpreted in
this study.

3.4. The Most Dysregulated and Common GO Terms among Serous Ovarian Tumors

We used the cluster weight index (CWI) with SVM to uncover 655, 662, 643, 828, and
841 GO terms among serous BOTs and serous ovarian carcinomas at FIGO stages I–IV,
respectively. CWI, a calculated exponent based on the p-values with statistical significance,
is defined as the weighted ratio of the single weight of each clustered GO term divided
by the total weights of the whole clusters, and it is used to measure the representative
weight and express the mutual correlation for every cluster in the GO trees. All identified
GO terms were meaningful and could represent dysregulated functionomes in each group
of serous ovarian tumors. We used the calculated CWI to quantify and judge the value
of each dysregulated GO cluster among the pathogenetic mechanisms of serous ovarian
tumors. We ranked the 50 most dysregulated GO terms judged by CWI for serous ovarian
tumors, as shown in Table 2. The first dysregulated GO terms for each group were
“regulation of immune system process (GO:0002682)” for serous BOT; “transporter activity
(GO:0005215)” for serous ovarian carcinoma, FIGO stage I; “small molecule metabolic
process (GO:0044281)” for serous ovarian carcinoma, FIGO stage II; “regulation of immune
system process (GO:0002682)” for serous ovarian carcinoma, FIGO stage III; and “small
molecule metabolic process (GO:0044281)” for serous ovarian carcinoma, FIGO stage IV.
Details on dysregulated GO terms for all disease groups of serous ovarian tumors are listed
in Table S3. We then selected and reorganized the top 25 from the 50 most dysregulated GO
terms among the five groups by comprehensively comparing weighted CWIs with their
original rankings in each group, as listed in Table S4. Next, we summarized the 25 most
common dysregulated GO terms among the five disease groups of serous ovarian tumors
with representative biological and molecular effects and reclassified them into three major
categories: cellular cycle and signaling-related effects, membrane and transport-related
effects, and metabolic, immunological, and other effects.
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3.5. Three Reclassified Categories of the Top 25 Common Dysregulated GO Terms and the Most
Relevant Corresponding DEGs

As displayed in Table 3, we reclassified the top 25 most common dysregulated GO
terms among serous ovarian tumors into three major categories based on each representa-
tive function. There were 9, 8, and 8 GO terms belonging to “cellular cycle and signaling-
related effects”, “membrane and transport-related effects”, and “metabolic, immunological,
and other effects”, respectively. We sorted the potential genes annotated for all regrouped
GO terms among each category with definitions (http://geneontology.org/, accessed on
5 June 2021) and selected the most relevant DEGs with the highest repetitive frequencies
determined statistically with cross comparisons. Nine GO terms were reclassified to cellu-
lar cycle- and signaling-related effects and four most relevant DEGs were identified with
the highest repetition: EDN1 (endothelin 1), AKT1 (AKT serine/threonine kinase 1), IL1B
(interleukin 1 beta), and INS (insulin). Eight GO terms were reclassified to membrane- and
transport-related effects and the two most relevant DEGs were identified with the highest
repetition: CDK5 (cyclin dependent kinase 5) and ATP1B1 (sodium/potassium-transporting
ATPase subunit beta-1). Eight GO terms were reclassified to metabolic, immunological, and
other effects and the seven most relevant DEGs were identified with the highest repetition:
PTK2B (protein tyrosine kinase 2 beta), MTOR (mechanistic target of rapamycin kinase),
APP (amyloid beta precursor protein), KIT (tyrosine-protein kinase KIT), LEP (leptin),
MAPK3 (mitogen-activated protein kinase 3), and SRC (proto-oncogene tyrosine-protein
kinase Src).

3.6. The Significant Common Dysfunctional GO-Defined Pathways and Corresponding DEGs

We firstly discovered that there were 5346, 4047, 6779, 7985, and 8251 dysfunctional
pathways defined with GO terms in the serous BOT and serous ovarian carcinoma stage
I–IV groups, respectively. Then, we placed these pathways in order of correlation for each
group according to statistically significant p-values. Next, we selected the top 50 most dys-
functional pathways ranked by p-value for each disease group to investigate meaningful
correlations, as listed in Table 4 and the detailed GO-defined pathways for serous ovarian tu-
mors are listed in Table S5. “Negative regulation of isotype switching (GO:0045829)” ranked
first in the serous BOT group; “modified amino acid transmembrane transporter activity
(GO:0072349)” ranked first in serous ovarian carcinoma, FIGO stage I; “DNA double-strand
break processing involved in repair via single-strand annealing (GO:0010792)” ranked
first in serous ovarian carcinoma, FIGO stage II; “DNA double-strand break processing
involved in repair via single-strand annealing (GO:0010792)” ranked first in serous ovarian
carcinoma, FIGO stage III; and “aryl hydrocarbon receptor binding (GO:0017162)” ranked
first in serous ovarian carcinoma, FIGO stage IV. Moreover, we found only one common
dysfunctional pathway among the five disease groups of serous ovarian tumors: “aryl
hydrocarbon receptor binding (GO:0017162),” which is ranked at 42, 2, 2, 29, and 1 in
the groups of serous BOTs and serous ovarian carcinomas of stages I–IV, respectively.
Meanwhile, we also found ten corresponding genes, AHR (aryl-hydrocarbon receptor), AIP
(aryl-hydrocarbon receptor-interacting protein), ARNT (aryl hydrocarbon receptor nuclear
translocator), ARNT2 (aryl hydrocarbon receptor nuclear translocator 2), ARNTL (aryl
hydrocarbon receptor nuclear translocator-like), NCOA1 (nuclear receptor coactivator 1),
NCOA2 (nuclear receptor coactivator 2), TAF4 (TATA-box binding protein associated factor
4), TAF6 (TATA-box binding protein associated factor 6), and TBP (TATA box binding pro-
tein), with their representative proteins annotated for these GO term-defined dysfunctional
pathways acquired from the GO gene set database (http://geneontology.org/, accessed on
5 June 2021).
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Table 3. Categorized lists of the top 25 common dysregulated GO terms among serous ovarian tumors reclassified by
biological functions and the most relevant corresponding DEGs in each group.

Cellular Cycle and Signaling Related Effects

GO ID GO Term Most Relevant DEGs

GO:0045595 Regulation of cell differentiation

EDN1, AKT1, IL1B, INS

GO:0007267 Cell-cell signaling

GO:0042592 Homeostatic process

GO:0048585 Negative regulation of response to stimulus

GO:0007049 Cell cycle

GO:0033043 Regulation of organelle organization

GO:0051240 Positive regulation of multicellular
organismal process

GO:0023056 Positive regulation of signaling

GO:0098772 Molecular function regulator

Membrane and Transport Related Effects

GO ID GO Term Most Relevant DEGs

GO:0005215 Transporter activity

CDK5, ATP1B1

GO:0006811 Ion transport

GO:0051049 Regulation of transport

GO:0040011 Locomotion

GO:0055085 Transmembrane transport

GO:0070727 Cellular macromolecule localization

GO:0046907 Intracellular transport

GO:0022610 Biological adhesion

Metabolic, Immunological, and Other Effects

GO ID GO Term Most Relevant DEGs

GO:0044281 Small molecule metabolic process

PTK2B, MTOR, APP, KIT, LEP, MAPK3, SRC

GO:0006629 Lipid metabolic process

GO:0031399 Regulation of protein modification process

GO:0051174 Regulation of phosphorus metabolic process

GO:0019219 Regulation of nucleobase containing
compound metabolic process

GO:0002520 Immune system development

GO:0022008 Neurogenesis

GO:0000003 Reproduction
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3.7. The Influences of Distinct Valuable DEGs with Corresponding Biomarkers Expressed in Serous
Ovarian Tumors

So far, we have performed GO-based integrative methods to analyze, discover, and
reclassify the 25 most important common dysregulated functions among the serous ovarian
tumor groups into distinct effective categories and obtained 13 corresponding DEGs in
total. We also found one common dysfunctional pathway among the five disease groups
and the corresponding ten DEGs. Next, we searched several important biomarkers and
relevant genes with close relationships with EMT among ovarian cancers from previous
research [50,57,72] and compared them with the DEGs of the top 25 meaningful dysregu-
lated functionomes in this experiment by checking for repetitions and cross comparisons.
Five featured DEGs were selected: CDH1 (cadherin 1), CTNNB1 (catenin beta 1), SNAI1
(snail family transcriptional repressor 1, SNAIL), SNAI2 (snail family transcriptional repres-
sor 2, SLUG), and TWIST1 (twist-related protein 1). In addition, we have individually estab-
lished three functional protein–protein interaction networks using the STRING database
(https://string-db.org, accessed on 5 June 2021) based on the relevant DEGs and their
corresponding proteins as biomarkers. These networks comprised the following: one, all
relevant DEGs sorted from the top 25 common dysregulated functionomes (Figure 3A); two,
the 10 DEGs involved in the dysfunctional AHR binding pathway (Figure 3B); and three,
the featured DEGs among relevant biomarkers associated with EMT (Figure 3C). All these
biomarkers revealed intensive interactions with regulatory cross effects in each network.
Simultaneously, we searched the GEO (http://www.ncbi.nlm.nih.gov/geo/, accessed
on 5 June 2021) and The Cancer Genome Atlas (TCGA; http://cancergenome.nih.gov,
accessed on 5 June 2021) repositories, including datasets downloaded from three major
microarray platforms, GPL96 (Affymetrix HG-U133A), GPL570 (Affymetrix HG-U133 Plus
2.0), and GPL571/GPL3921 (Affymetrix HG-U133A 2.0), which contained extracted and cor-
rected raw data of 1232 patients with serous ovarian carcinoma. We entered these datasets
with gene expression into the PostgreSQL relational database and compared 28 meaningful
DEGs (EDN1, AKT1, IL1B, INS, CDK5, ATP1B1, PTK2B, MTOR, APP, KIT, LEP, MAPK3, SRC,
AHR, AIP, ARNT, ARNT2, ARNTL, NCOA1, NCOA2, TAF4, TAF6, TBP, CDH1, CTNNB1,
SNAI1, SNAI2, and TWIST1) selected from the above steps. Then, we calculated and investi-
gated the DEG expression levels, progression-free survival (PFS), and overall survival (OS)
among serous ovarian carcinoma patients using the Mann–Whitney test and the receiver
operating characteristic test in the R statistical environment (http://www.r-project.org, ac-
cessed on 5 June 2021) with Bioconductor libraries (http://www.bioconductor.org, accessed
on 5 June 2021) followed by a second normalization to set the average expression of the
22,277 identical probes (http://kmplot.com/analysis/index.php?p=service&cancer=ovar,
accessed on 5 June 2021) [73]. Combining all the methods mentioned above, we found
that only four DEGs (SRC, ARNT, TBP, and SNAI2) showed stronger and closer relation-
ships than the other biomarkers in each functional protein–protein interaction network
(Figure 3A–C) and had consistent synchronous poor effects on PFS and OS among patients
with serous ovarian carcinomas with statistical significance (Figure 3D–K). The high ex-
pression levels of the four potentially crucial genes (SRC, ARNT, TBP, and SNAI2) were
significantly correlated with poor prognosis and survival, and the hazard ratios of PFS and
OS are shown in each graph below (Figure 3D–K).
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Figure 3. The significant biomarkers influencing serous ovarian tumors. (A–C) Panels display identified potential in-
volving DEGs subjected to protein–protein interaction (PPI) analysis with interactive network from the STRING database
(https://string-db.org (accessed on 21 July 2021)) with intensive interactions. (A) All 13 relevant DEGs sorted from the
top 25 common dysregulated GO terms, (B) all ten DEGs in-volved in dysfunctional aryl hydrocarbon receptor (AHR)
binding pathway, and (C) five featured DEGs among relevant biomarkers associated with EMT. (D–K) The four meaningful
DEGs (SRC, ARNT, TBP and SNAI2) associated with poor survival outcomes. PFS: (D) SRC, (E) ARNT, (F) TBP, (G) SNAI2;
OS: (H) SRC, (I) ARNT, (J) TBP, and (K) SNAI2 in serous ovarian carcinomas. The hazard ratios of the PFS of SRC,
ARNT, TBP, and SNAI2 were 1.36 (1.11–1.68, p = 0.0031), 1.89 (1.51–2.36, p = 1.3 × 10−8), 1.34 (1.16–1.54, p = 7.5 × 10−5),
and 1.34 (1.16–1.55, p = 7.3 × 10−5), respectively. The hazard ratios of the OS of SRC, ARNT, TBP, and SNAI2 were
1.34 (1.05–1.72, p = 0.017), 1.46 (1.17–1.84, p = 0.00098), 1.24 (1.04–1.48, p = 0.018), 1.36 (1.16–1.59, p = 0.00015), respectively.

3.8. Immunohistochemical Validation of Expression Levels for SRC, ARNT, TBP, and SNAI2
among Serous Ovarian Tumors

Since the inferred biomarkers including SRC, ARNT, TBP, and SNAI2 from the previ-
ous analysis were assumed to be influential in the tumorigenesis of serous ovarian tumors,
we gathered relevant clinical samples from a cohort of patients (serous BOT, n = 9; serous
ovarian carcinoma, n = 41, including n = 8, 2, 23, and 8 for FIGO stages I–IV, respectively)
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to explore the clinical characteristics and verify the specific manifestations of the four
abovementioned selected DEGs that were determined to participate in the pathogenetic
mechanisms of serous ovarian tumors. Because the number of samples in each group
was inconsistent, we combined groups as follows to facilitate verification and comparison:
serous BOTs, early-stage serous ovarian carcinomas (FIGO stages I and II), and late-stage
serous ovarian carcinomas (FIGO stages III and IV). We then performed IHC staining of
anti-SRC, anti-ARNT, anti-TBP, and anti-SNAI2 antibodies separately among the three
modified disease groups to clinically assess the significant manifestation of SRC, ARNT,
TBP, and SNAI2. Professional pathologists verified and interpreted the results evenly
and repeatedly throughout the whole diagnostic process using SPSS software (IBM SPSS
Statistics version 22.0 for Windows, IBM Corp., Armonk, NY, USA) to quantify the im-
munoscores of SRC, ARNT, TBP, and SNAI2. The organized results clearly showed that
the highest biomarker expression levels tended to occur in the group of late-stage serous
ovarian carcinoma, followed by the early-stage group, and lastly the serous BOT group
(Figure 4A). We also found that the highest mean values of expression levels for all these
biomarkers (SRC, ARNT, TBP, and SNAI2) belonged to the late-stage serous ovarian car-
cinoma group, with clear increasing trends from the serous BOT group to the late-stage
group, and the calculated mean values of the relevant biomarkers were statistically sig-
nificant (Figure 4B). The detailed results of all scores for relevant featured biomarkers of
clinical samples and detailed clinical characteristics of the patients (grade, menopausal
status, the presence of BRCA1, BRCA2 mutation, overall survival, and Ca125 level) are
listed in Table S6. These results were in accordance with our inferences, implying that
many dysregulated functionomes deduced from the integrative GO-based enrichment
analysis are dedicated to the pathogenetic mechanisms of serous ovarian tumors. Similarly,
these validated results also demonstrated that the dysfunctional AHR binding pathway
played a role in the tumorigenesis of serous ovarian tumors. Furthermore, this verification
supported the association between EMT and tumor progression. All these significant
results confirmed the importance of the previously proposed DEGs and related pathogenic
tumorigenesis for serous ovarian tumors.

 

Figure 4. Cont.
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Figure 4. Verified analysis of biomarkers among serous ovarian tumors by IHC staining. (A) Clinical
samples from patients with serous BOTs (n = 9, left column), early stages of serous ovarian carcinomas
(n = 10, middle column), and late stages of serous ovarian carcinomas (n = 31, right column) were
immunostained with hematoxylin and eosin (first row), anti-SRC antibody (second row), anti-ARNT
antibody (third row), anti-TBP antibody (fourth row), and anti-SNAI2 antibody (fifth row). (B) Box
plots for expressed biomarkers including SRC, ARNT, TBP, and SNAI2 among groups of serous
BOTs (blue), early stages of serous ovarian carcinomas (green), and late stages of serous ovarian
carcinomas (light brown). All the expression levels of these meaningful biomarkers were quantified
and clearly revealed an increasing trend of mean values from serous BOTs to late stages of serous
ovarian carcinomas with statistical significance.

4. Discussion

In this study, we implemented a comprehensive GO-based multi-genome interpre-
tative model using gene set defined functionomes and GSR indices calculated based on
gene expression profiles and levels downloaded from public gene set databases to further
investigate the complicated and divergent molecular and genetic events of serous ovarian
tumors, including serous BOTs and serous ovarian carcinomas at all stages. All results
obtained using SVM were statistically significant with high sensitivity, specificity, and
accuracy. The GSR indices of all groups of serous ovarian tumors compared to the control
groups revealed obvious deviations. The most apparent divergence detected was in the
group of serous ovarian carcinoma, FIGO stage IV, and the deviation of serous BOT was
just between the early and late stages of serous ovarian carcinomas. Among all groups
of serous ovarian tumors, we first identified the top 25 significant common dysregulated
functionomes with 13 relevant DEGs, then found one common dysfunctional pathway,
AHR binding (GO:0017162), containing 10 corresponding DEGs and excavated five ap-
plicable EMT-related DEGs that were related with ovarian neoplasms. Recently, EMT, a
reversible process in which epithelial cells acquire mesenchymal cell characteristics due to
the loss of cellular polarity and adhesion with increasing cellular migration, has become
an important concept in research on tumorigenesis, progression, and chemoresistance
of ovarian neoplasms; thus, we included biomarkers of EMT for ovarian tumors in this
research. After integrative analysis, including comparison of functional protein–protein
interactions and patient survival (PFS and OS) of serous ovarian carcinomas, we obtained
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four potentially important DEGs: SRC, ARNT, TBP, and SNAI2. Finally, IHC validation of
these four biomarkers revealed that they significantly increased in samples incrementally
from serous BOT to early stages and then to late stages of serous ovarian carcinomas.
Since the results obtained in this study are extraordinarily rich and complex, we mainly
explained and discussed the crucial dysfunctional AHR binding pathways accompanied by
four consequential DEGs that were statistically verified. However, other related meaningful
results deserve further exploration and investigation.

Among the preliminary results of GO-based analysis for each group of serous ovarian
tumors, we noticed significant differences between serous BOT and serous ovarian carci-
nomas, that is similar to the divergences of clinical manifestations and histopathological
characteristics between the two groups; furthermore, there were also discrepancies even in
the four stages of serous ovarian carcinomas. This experiment thus revealed that serous
BOTs and serous ovarian carcinomas are basically inconsistent, although all histopathologi-
cal classifications are confirmed as “serous”. Even so, we identified the top 25 dysregulated
functionomes from the first 50 GO-defined terms among the five groups and reclassified
them into three categories according to their representative functions. After statistical
comparison, we noticed that the category of metabolic and immunological effects had the
greatest influence on serous ovarian tumors, followed by membrane and transport-related
effects, and lastly, cellular cycle and signaling-related effects. Therefore, we can reasonably
infer the importance of the metabolome and immunome in the tumorigenesis of serous
ovarian tumors, which require investigation in the future together with the other two
effects. In our experiments, we also identified 13 highly relevant DEGs. Many related
studies have examined how these DEGs affected the formation of serous ovarian tumors,
such as tyrosine kinase related DEGs (PTK2B, KIT, and SRC) [74–76], crucial factors known
to be related to tumorigenesis (AKT1, MTOR, MAPK3) [64,77–80], DEGs related to cellular
metabolism and immunity (EDN1, IL1B, INS, APP, LEP) [29,56,60,81–86], and agents for
signal transmission and channels of cell membranes (CDK5 and ATP1B1) [59,87,88]. Among
these DEGs, we found that SRC has consistently poor effects on the survival of serous ovar-
ian carcinoma patients with a poor prognosis of PFS and OS. SRC, a non-receptor protein
tyrosine kinase known as a proto-oncogene, participates in the regulation of embryonic
development and cell growth [89]. SRC has been found to be activated and overexpressed
in association with HER-2/neu overexpression in a high percentage of ovarian cancers,
especially in the late stage, and to increase proliferation, angiogenesis, and invasion dur-
ing tumor development [90]. Silencing of SRC could enhance the cytotoxicity of taxol in
ovarian cancer cells to improve the efficacy of chemotherapy [91].

Of the top 50 GO-defined dysfunctional pathways, we found only one meaningful
common pathway (AHR binding, GO:0017162) among the five disease groups. We con-
ducted integrated analysis to comprehensively discover the pivotal role of the AHR binding
pathway in the tumorigenesis of serous ovarian tumors for the first time. However, in ad-
dition to the dysfunctional AHR binding pathway, we also found two common disordered
pathways, including positive regulation of keratinocyte differentiation (GO:0045618) and
adiponectin secretion (GO:0070162), in all stages of serous ovarian carcinomas. Although
not in the top 50 pathways of serous BOTs, these two disordered pathways may be poten-
tial problems to be investigated further for the pathogenesis of serous ovarian carcinoma.
Through comprehensive analysis, it was revealed that ARNT and TBP have consistently
poor effects on PFS and OS. AHR, a ligand-activated transcription factor, is notable for
its role in environmental chemical toxicity [92–94]; however, in recent studies, AHR was
also recognized to play a critical role in tumorigenesis through complex epigenetic and
pathogenetic mechanisms encompassing both pro- and anti-tumorigenic activities [95,96].
AHR exists in the cytoplasm and is induced and activated by linking with a group of
environmental pollutants as well as other AHR ligands from microbes and diet, and it
undergoes certain conformational transformations together with SRC and other cofactors
in the cytoplasm to translocate to the nucleus in a dissociated form [95,97–99]. AHR can
heterodimerize with ARNT, a nuclear translocator, to compose the AhR-ARNT complex,
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which subsequently binds with specific DNA sequences and xenobiotic response element
(XRE) in the enhancer region of certain genes associated with TBP, leading to transcrip-
tional activation of enzymes, such as the cytochrome P450 (CYP) enzymes 1A1 (CYP1A1),
CYP1A2, and CYP1B1, for xenobiotic metabolism to induce carcinogenicity of cancer stem
cells as tumors or initiate cancer (Figure 5) [100–103]. Although the current research on the
AHR binding pathway and serous ovarian tumors is still limited, it can be roughly under-
stood that the AHR binding pathway influences the formation and occurrence of serous
ovarian malignancy through the deep deletion and amplification of AHR transcription
factors [95,96,104,105]. Moreover, localization of AHR in the nucleus of tumor cells has
been associated with a worse outcome in patients with ovarian cancer, and the role of the
AHR/ARNT/CYP-enzyme pathway [106,107] and AHR-driven TBP gene expression in
carcinogenesis and cancer initiation, as well as its potential use, have been considered as
therapeutic targets for better outcomes [108]. In addition, AHR and NCOA1 discovered in
this experiment may also be targets warranting further discussion [98].

Figure 5. Proposed pathogenetic mechanism of the AHR binding pathway combined with EMT-related factors for tumori-
genesis of serous ovarian tumors. BOT: borderline ovarian tumor; OvCa: ovarian carcinoma.

Approximately 80% of patients with ovarian cancer suffer from recurrence of metasta-
sis within five years after the initial therapy with debulking operation and chemotherapy
due to the development of resistance [109,110]. Accumulating findings have recently
demonstrated that EMT may induce chemotherapy resistance and cancer cell stemness
by regulating EMT transcription factors, such as Zeb1, Zeb2, Snail, Slug, and Twist1, in
a complicated network, and all functional EMT in the tumor microenvironment could
exchange tumor cell morphology to upgrade metastatic abilities via migration and inva-
sion [72,111–113]. Because avoidance of EMT may be crucial for evaluating and managing
tumor metastasis and recurrence [114], we selected five featured DEGs by proofreading and
collation with all meaningful DEGs from the top 25 common functionomes of all groups
of serous ovarian tumors, and we found that SNAI2 was the most influential DEG due to
the concordant results of patient survival. IHC analysis showed an increasing trend from
borderline tumors to the late stage of ovarian malignancy. The transcriptional factor SNAI2,
also known as SLUG, is considered important for cell migration, differentiation, and metas-
tasis [115,116]. Our study identified the expression and role of SNAI2 in serous ovarian
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tumors, indicating the progression of serous ovarian tumors possibly through EMT. So far,
the association between the AHR binding pathway and EMT among serous ovarian tumors
remains unexplored thoroughly, and this experiment provides the opportunity to solve this
problem. Aromatic hydrocarbon substances, such as phthalates, di(2-ethylhexyl)phthalate
(DEHP), or bisphenol A, are recognized as aggravators, as they upregulate and promote
cell proliferation and tumor progression [117–119]. In contrast, dietary phytoestrogen
and kaempferol could exert anti-carcinogenic and anti-proliferative effects through AHR-
related pathways to inhibit the EMT process [120]. Our results showed that there is indeed
a tight correlation between AHR and EMT as the degree of malignancy develops in serous
ovarian tumors, just like other malignancy [121]. However, how the AHR binding path-
way and EMT interact and influence each other in tumor progression and resistance to
chemotherapy warrants further research.

This study had several limitations. First, we noticed some limitations in the integrative
analytic methods utilized in this study, because the gene set databases of GO terms and
related biomolecular pathways did not completely contain or fully define all functionomes
of humans. False positivity was attributed to the heterogenicity of disparate cellular
histopathological compositions and the indistinguishable elements of different gene sets
among the chosen tumor and control samples, and detection by the GSR model was un-
certain due to missed errors and untransformed GSR indices if the expression levels were
undetectable when converting levels for ordering gene expression. However, these disad-
vantages may not be obvious in the overall results coupled with the statistically significant
high sensitivity, specificity, and accuracy of this experiment. To eliminate these problems in
the future, a more precise programming syntax design and more specified sample screening
are required. The second limitation is the uneven distribution of case groups. The numbers
of serous BOTs, serous ovarian carcinomas, and normal control samples are quite different,
and even in the largest population of serous ovarian carcinomas, the numbers of tumors
in each stage are quite different. According to the known proportions of serous ovarian
tumors, serous ovarian carcinomas account for more EOCs than BOTs, and early stages of
serous ovarian carcinomas are usually difficult to diagnose, resulting in fewer diagnoses
than at advanced stages. The number of specimens collected for subsequent clinical verifi-
cation also fits this situation. Although the number of clinical samples is small, with the
support of the support vector machine (SVM) used in this study, the preliminary results of
this multidisciplinary comprehensive analysis are reliable with high sensitivity, specificity,
and accuracy. Even a relatively small number could obtain statistically significant results
through IHC verification. Perhaps a more intact gene expression profile database could
be constructed to decrease individual discrepancies among ethnic groups in retrospective
or prospective cohort studies conducted on a larger scale globally. Third, this study only
investigated the common pathogenetic mechanisms of serous ovarian tumors. However,
due to the current lack of research, the small number of clinical specimens, and limited
funds, data gathered from the GO term database are somewhat obstructed, especially data
of serous BOT. Nevertheless, the results are clear and statistically significant, as determined
by clinical verification with the immunostaining method. In the future, it may be necessary
to gather more specimens, examine more global academic research, and utilize databases
of various subtypes to compare and investigate more profoundly and comprehensively the
pathogenetic mechanisms with the aid of large-scale experimental tests and funding.

In summary, to investigate potential crucial pathogenetic mechanisms, we performed
an integrated GO-based analysis to obtain global genome-wide expression profiles individ-
ually and explore meaningful dysregulated functionomes, dysfunctional pathways, and
relevant biomarkers of EMT among assorted groups of serous ovarian tumors with the
support of elementary machine learning. Based on the above conclusions, we proposed
the inferred hypothesis for the formative process of serous ovarian tumor that activated
AHR could cooperate with SRC in the cytoplasm to enter cell nuclei and then bind to
ARNT together with TBP to act on DNA for initiating targeted AHR-responsive genes to
cause tumor or cancer initiation. Besides, biomarker of EMT such as SNAI2 in the tumor
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microenvironment could also facilitate EMT process accompanied with tumorigenesis
(Figure 5). These results provided new directions for understanding the tumorigenesis
of serous ovarian tumors and more potential crucial targets for the identification, treat-
ment, monitoring, and even prevention of recurrence combined with targeted therapies as
precision medicine in the future.

5. Conclusions

Serous ovarian tumors, consisting mainly of serous ovarian carcinoma and serous
BOT, are epithelial tumors of the ovary with distinctive characteristics for each subtype.
In this study, we made use of integrative analytic methods to select the top 25 significant
common GO terms as dysregulated functionomes reclassified into three crucial categories
(metabolic, immunological, and other effects; membrane and transport-related effects; and
cellular cycle and signaling-related effects) and acquired 13 corresponding DEGs with
high probability through cross comparison. For the first time, the dysfunctional AHR
binding pathway accompanied with 10 corresponding DEGs was found significantly to
be participated in tumorigenesis of both serous BOT and serous ovarian carcinoma and
five vital biomarkers related to EMT were searched and gathered for this analytic study.
Finally, four important DEGs (SRC, ARNT, TBP, and SNAI2) were compiled to have distinct
effects on the survivals of serous ovarian tumor patients with the help of IHC staining
for verification showing elevated expression among all clinical samples with increasing
malignancy from serous BOT to early stages and to late stages of serous ovarian carcinomas.
All acquired results initially supported the inference that dysregulated functionomes
with active DEGs and relevant biomarkers could cooperate with the dysfunctional AHR
binding pathway together with increased EMT effects in the tumor microenvironment
to synergistically influence tumor initiation. These findings considerably contributed to
elucidating the pathogenesis of serous ovarian tumors.
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Abstract: Cervical cancer is one of the most common malignant cancers in women worldwide. The
5-year survival rate is 65%; nevertheless, it depends on race, age, and clinical stage. In the oncogenesis
of cervical cancer, persistent HPV infection plays a pivotal role. It disrupts the expression of key
proteins as Ki-67, p16, involved in regulating the cell cycle. This study aimed to identify the potential
role of testin in the diagnosis of cervical precancerous lesions (CIN). The study was performed on
selected archival paraffin-embedded specimens of CIN1 (31), CIN2 (75), and CIN3 (123). Moderate
positive correlation was observed between testin and Ki-67 as well as testin and p16 expression in all
dysplastic lesions (r = 0.4209, r = 0.5681; p < 0.0001 for both). Statistical analysis showed stronger
expression of the testin in dysplastic lesions vs. control group (p < 0.0001); moreover, expression
was significantly higher in HSIL than LSIL group (p < 0.0024). In addition, a significantly stronger
expression of testin was observed in CIN3 vs. CIN1 and CIN3 vs. CIN2. In our study, expression
of Ki-67, p16, and testin increased gradually as the lesion progressed from LSIL to HSIL. The three
markers complemented each other effectively, which may improve test sensitivity and specificity
when used jointly.

Keywords: testin; p16 protein; cervical cancer; cervical neoplasia; immunohistochemistry

1. Introduction

Cervical cancer is one of the most common malignant cancers in women worldwide.
Each year, over 580,000 new cases of cervical cancer are diagnosed [1]. The American
Cancer Society estimates that 4290 women will die due to cervical cancer in 2021 in the
United States. In 2018, the number of deaths worldwide was 311,000, 90% of which occurred
in low- and middle-income countries. The 5-year survival rate is 65%; nevertheless, it
depends on race, age, and clinical stage. In developing countries in Africa, Asia, and South
America, cervical cancer causes over 50% of early deaths in women of childbearing age.
The WHO (World Health Organization) invests great effort into decreasing mortality and
morbidity by means of promoting both primary and secondary preventive care for cervical
cancer. In May 2018, WHO announced its project to eliminate cervical cancer as a public
health issue between 2020 and 2030, reducing the age-correlated incidence rate to 4/100,000.
WHO developed a triple intervention plan, which includes scaling up vaccination against
HPV, twice-lifetime cervical screenings up to 70%, and treatment of preinvasive lesions and
invasive cancer to 90% [2]. Informing patients that HPV is an important cause of cervical
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cancer has led to significant advances in the primary and secondary prevention of cervical
cancer. Ten years ago, the WHO introduced vaccines against two of the most cancerogenic
types, HPV16 and HPV18. They are highly effective at preventing HPV infections when
administered before sexual activity. Nowadays there are available vaccines against seven
carcinogenic HPV types and two non-cancer types that cause warts [3]. Cervical cancer
is most often diagnosed in women aged 35–44, whereas it rarely occurs before 20 years
of age. Over 15% of all cases occur in women above 65 years of age; however, it is rare
in women who undergo regular screening. The main risk factor of cervical cancer is
persistent HPV infection. It promotes impaired growth and differentiation of cells, leading
to dysplasia (cervical intraepithelial neoplasia, CIN) [4]. We distinguished three grades
of cervical dysplasia: CIN1 (LSIL; low-grade squamous intraepithelial lesion), CIN2, and
CIN3 (classified together as HSIL; high-grade squamous intraepithelial lesion). The risk of
developing invasive cervical cancer from HSIL is approximately 20% (10–40% according
to literature) [5–7]. In the oncogenesis of cervical cancer, persistent HPV infection plays a
pivotal role as it is necessary for CIN changes to occur. In assessing the risk of progression
of lesions and the proper selection of treatment, techniques of viral DNA identification
are used, which may be helpful in the triage of patients with cytological diagnosis of
atypical squamous cells of undetermined significance (ASCUS). HPV DNA tests are highly
sensitive, but the specificity of HPV tests is low due to most HPV infections being naturally
cleared [8]; this creates the need to search for more specific diagnostic methods. More
specific markers of cervical cancer have been identified from HPV-induced oncogenesis
studies. The oncogenic HPV viruses disrupt the expression of key proteins as Ki-67, p16
involved in regulating the cell cycle. Our study aimed to identify the potential role of testin
protein in the diagnosis of cervical precancerous lesions. Research points to its possible
role in cervical cancer, whereas in CIN it has not been analyzed yet [9,10]. In this article,
we focus on the correlation between testin and known markers used in the diagnosis of
cervical intraepithelial changes.

2. Materials and Methods

2.1. Material

The study was performed on selected archival paraffin-embedded specimens of CIN1
(31), CIN2 (75), and CIN3 (123). Patients aged from 25 to 86 years old were female (Table 1).
The control group consisted of 125 cases of normal cervical tissue possessed from patients
who underwent total hysterectomy due to uterine leiomyomas. Patients were operated on
between 2014 and 2017 in the Polish Mother’s Memorial Hospital in Lodz.

Table 1. Clinicopathological features of study group patients.

Feature N %

Age
<35 119 51.97

35–45 75 32.75
>45 35 15.28

Cytology result
CIN 1 31 13.5
CIN 2 75 32.8
CIN 3 123 53.7

Histology result
LSIL 31 13.5
HSIL 198 86.5

2.2. TMA Construction

Hematoxylin and eosin-stained (HE) 6-μm thick paraffin sections were prepared to
verify the histopathological diagnosis and assess the suitability of the sample for further
analysis. In short, slides were scanned utilizing histologic scanner Pannoramic MIDI
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(3DHistech Ltd., Sysmex Suisse AG, Horgen, Switzerland). Afterward, scans were ex-
amined by two independent pathologists who chose and electronically labeled areas of
the CIN in the changed epithelium of the cervix. For TMA construction, from the corre-
sponding paraffin donor blocks, triplicate tissue core punches (2 mm) for every case were
obtained (TMA Grand Master; 3DHistech, Budapest, Hungary). The normal epithelial
tissue of the cervix was marked as a control group.

2.3. Immunohistochemistry (IHC)

Immunohistochemical reactions were performed on 4 μm paraffin sections obtained
from TMA blocks in an automated staining platform, Autostainer Link48 (Dako, Glostrup,
Denmark). Deparaffinization, rehydration, and antigen retrieval was performed using
EnVision FLEX Target Retrieval Solution (97 ◦C, 20 min; pH 6 for Ki-67 and pH 9 for
p16 and testin) in PT-Link. The activity of endogenous peroxidase was blocked by 5 min
exposure to a peroxidase-blocking reagent (Dako). Monoclonal mouse anti-p16 antibody
(1:100+linker, 550834, BP Pharmingen, San Diego, CA, USA), anti-Ki-67 (ready to use,
IR626, Dako), and polyclonal rabbit anti-testin (1:400, NBP1-87987, Novus Biologicals,
Centennial, CO, USA) were used as the primary antibody (20 min incubation) followed
by incubation with a secondary antibody conjugated with horseradish peroxidase (EnVi-
sion™ FLEX/HRP—20 min incubation). 3,3′-diaminobenzidine (DAB) was utilized as the
peroxidase substrate, and the sections were incubated for 10 min. Finally, all sections were
counterstained with EnVision FLEX Hematoxylin (Dako) for 5 min. After dehydration in
graded ethanol concentrations (70%, 96%, absolute) and xylene, all slides were closed with
coverslips in SUB-X Mounting Medium in a coverslipper.

The slides were scanned using a histologic scanner, Pannoramic MIDI (3DHistech).
Reactions were evaluated (Ki-67) with the use of Quant Center software (3DHistech) under
researcher supervision. For every case, three TMA cores were quantified by the algorithm
SCORE (range = 0–8), and the final result was an average count. Expression of testin
was assessed using a Pannoramic Viewer Digital image analysis as well as a routinely
used immunoreactive scale (IRS) by Remmele and Stegner, presented in Table 2. The
expression of p16 antigen was evaluated by two parameters, a percentage of p16-positive
cells, and reaction intensity. The percentage of positive cells was evaluated in the highest
expression area (“hot spot”) and graded as follows (grade 0) when no cells stained, positive
cells >0–5% (grade 1), positive cells >5–25% (grade 2), positive cells >25% (grade 3). The
intensity of the reaction was scored as negative (0), weak (1), moderate (2), and strong (3).
The reaction was considered as positive when nuclear, or nuclear and cytoplasmic, strong,
and diffuse p16 staining beginning from the basal cell layer of the epithelium was observed.
Whereas non-specific patterns, focal, wispy, small clusters of cells and a complete lack of
staining qualified as negative p16 expression. Testin cytoplasmatic expression was scored
as follows:

Table 2. Immunoreactive scale scoring system.

Score
Positively Stained

Cells (PP)
Intensity of Staining

(SI)
IRS Points (PP × SI) IRS Classification

0 no staining no color reaction 0–1 Negative

1 <10% mild reaction 2–3 Positive, mild expression

2 10–50% moderate reaction 4–8 Positive, moderate expression

3 51–80% strong reaction 9–12 Positive, strong expression

4 >80%
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2.4. Statistical Analysis

The results were statistically analyzed using GraphPad Prism 5.0 software using
Spearman correlation, Kruskal–Wallis, Dunn’s multiple comparison, and Mann–Whitney
tests. In all analyzed cases, the associations were considered statistically significant for
p < 0.05.

3. Results

Expression of Ki-67 was observed in 100%, p16 in 84.6%, and testin in 98.25% of
cervical dysplasia cases (Figure 1).

Figure 1. Immunohistochemical expression of Ki-67 ((A), CIN1; (D), CIN2; (G), CIN3); p16 protein ((B), CIN1; (E), CIN2;
(H), CIN3), and testin ((C), CIN1; (F), CIN2; (I), CIN3). Magnification ×200.

A moderate positive correlation was observed between testin and Ki-67 as well testin
and p16 expression in all dysplastic lesions (r = 0.4209, r = 0.5681; p < 0.0001 for both;
Spearman correlation test). The relationships subdivided according to CINs are presented
in Table 3.

Table 3. Spearman correlation test results.

CIN1 CIN2 CIN3

Ki-67 p16 Ki-67 p16 Ki-67 p16

testin
r = 0.3678
p < 0.0418 NS r = 0.3441

p < 0.0025
r = 0.6348
p < 0.0001

r = 0.3406
p < 0.0001

r = 0.4364
p < 0.0001

Ki-67
r = 0.5342
p < 0.0028

r = 0.6032
p < 0.0001

r = 0.3802
p < 0.0001

Statistical analysis showed stronger expression for testin in dysplastic lesions vs.
control group (p < 0.0001; Mann–Whitney test; Figure 2A). Moreover, the expression
was significantly higher in HSIL than the LSIL group (p < 0.0024; Mann–Whitney test;
Figure 2B). Expression of p16 and Ki-67 was stronger in all dysplastic lesions vs. control
group (p < 0.0001; Mann–Whitney test; Figure 2 C,D), and the expression of these two
markers was higher in HSIL than in LSIL (p < 0.0001; Mann–Whitney test). The expression
of p16 does not show statistically significant differences between normal cervical tissue
and CIN1 (p > 0.05; Dunn’s multiple comparison test). The expression of Ki-67 in normal
cervical tissue was significantly lower than in CIN1 (p < 0.05; Dunn’s multiple comparison
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test). In addition, significantly stronger expression of testin was observed in CIN3 vs. CIN1
and CIN3 vs. CIN2 cases (p < 0.05 respectively; Dunn’s multiple comparison test). There
were no statistically significant differences in testin expression between CIN1 and CIN2 as
well as in p16 expression between CIN2 and CIN3 (p > 0.05; Dunn’s Multiple Comparison
test). Additionally, moderate positive correlation was observed between the expression
of testin and Ki67, testin and p16 also between Ki-67 and p16 in all dysplastic lesions
(p < 0.0001, r = 0.3917; p < 0.0001, r = 0.5681; p < 0.0001, r = 0.5655 Spearmann correlation
test; Figure 3A–C). No differences in the relationship between age groups and type of CIN
were observed. The highest percentage of HSIL lesions occurred in the <35 age group
(Table 4). In addition, there was no statistically significant relationship between age groups
and Ki-67 (Figure 4) or p16 median (Figure 5), but the relationship between age group and
testin was close to being statistically significant (Chi-square test; p = 0.0667; Table 5).

Figure 2. Immunohistochemical reaction in cervical intraepithelial neoplasia: (A) testin expression in CIN lesions; (B) testin
expression in LSIL and HSIL lesions; (C) p16 expression in CIN lesions; (D) Ki-67 expression in CIN lesions. * p < 0.05,
** p < 0.01 and *** p < 0.001.
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Figure 3. Immunohistochemical reaction in cervical intraepithelial neoplasia: (A) testin and Ki-67 correlation in CIN lesions;
(B) testin and p16 correlation in CIN lesions; (C) Ki-67 and p16 correlation in CIN lesions.

Table 4. LSIL and HSIL in specific age groups.

LSIL HSIL

<35 13 106
35–45 13 62

>45 5 30

Figure 4. Median of the Ki-67 expression in age groups of CIN lesions.
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Figure 5. Median of the p16 expression in age groups of CIN lesions.

Table 5. Median of the testin expression in age groups of CIN lesions.

Testin < Median Testin > Median

<35 58 61
35–45 49 26

>45 18 17

4. Discussion

The term dysplasia refers to the replacement of normal squamous stratified epithelium
by abnormal cells with pathological morphology spreading on successive layers of the
epithelium. In the early 1980s, this term was changed into cervical intraepithelial neoplasia
by the International Society of Gynecological Pathologists [11]. The terminology change
was dictated by a detailed understanding of cervical cancerogenesis. All changes in the
epithelium leading to the formation of CIN1, CIN2, CIN3, and cervical cancer are a series
of related events, not isolated actions as previously believed. For clinicians, the most
important aspect of diagnostics for CIN is to differentiate LSIL from HSIL. For this reason,
many currently ongoing studies search for new markers that may streamline the diagnostic
process. In this study, we focused on the correlation between testin and Ki-67 as a marker of
proliferation and p16, indicating the impact of the HPV infection on the cervical epithelium.
The latest report indicates that the TES gene is a tumor suppressor gene that can contribute
to cancerogenesis, but the mechanism of the loss of TES gene expression is still unknown.
HPV infection leads to the overexpression of E6 and E7 oncoproteins which disrupt the
normal function of the tumor suppressor gene [12]. There is a lack of studies that analyze
the expression of testin in LSIL and HSIL. The expression of this producer in CIN may
prove an important factor in the development of cervical lesions.

P16, also known as p16INK4a, is encoded by the cyclin-dependent kinase inhibitor 2A
(CDKN2A) gene located on chromosome 9p21.3. It is a cell cycle protein that regulates cell
proliferation in the G1-S phase due to the reciprocal relationship with another tumor sup-
pressor protein-Rb. In persistent HPV infection, oncogenic proteins E6 and E7 bind to host
regulatory proteins. In HPV, E6 oncoproteins lead to the dysfunction of the p53 suppressor
gene through direct protein–protein interaction, inducing p53 protein degradation [13].
On the other hand, E7 oncoproteins form a complex with retinoblastoma (Rb) protein that
blocks the phosphorylation of Rb protein, thereby increasing free E2F; this results in both
abnormal cell cycle progression and overexpression of p16 protein. Overexpression of p16
is commonly found in cells infected by HPV. Currently, IHC expression of p16 together with
the expression of Ki-67 is routinely used to improve diagnosis of cervical lesions [14–16]. In
the present study, the correlation between the grade of cervical lesions and the expression of
p16 was strong (p < 0.0001). A similar correlation was observed according to the expression
of Ki-67. It directly confirms the observation of other authors’ research and indicates the
validity of using commercial kits (CINtec PLUS Kit) to diagnose LSIL and HSIL [17–20].
Our study confirms the results of other research and indicates that p16 expression positively
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correlates with the degree of cervical lesions [21]. This study also shows no statistically
significant difference between the expression of p16 in normal cervical tissue and CIN1,
suggesting that p16 does not fully reflect the degree of cervical lesions. The absence of
p16 expression can be used to eliminate associated high-grade squamous intraepithelial
lesions in biopsy material. There is one limitation of p16 analysis as a CIN marker. P16
expression can sometimes be focal or diffuse in benign endocervical intercalated columnar
cells, tubal metaplasia of the endometrium, and cervical endometriosis [22]. Despite that,
the expression of p16 in these cells does not have the premalignant potential [23].

Ki-67 is a cellular marker of proliferation, detected in the non-G0 phase of the cell
cycle [24]. In normal squamous cervical epithelium, Ki-67 is present only in basal and
parabasal layers. In dysplasia and carcinoma, their expression extends above the basal one-
third of squamous epithelium [25]. Many studies have shown that the elevated expression
of Ki-67 is closely related to cell mitosis and cell proliferation [26–29]. Some scientists
highlight this marker’s role in distinguishing different degrees of cervical lesion [21,28,29].
The results of this study showed that the expression of Ki-67 was higher in the CIN1,
CIN2, and CIN3 groups than in the control group (p < 0.05). The expression level of
Ki-67 was significantly higher in HSIL than LSIL (p < 0.05), indicating that the expression
level increased with the development of the HSIL lesions. Moreover, there is a significant
difference in Ki-67 expression between normal cervical tissue and CIN1. Some studies show
that Ki-67 is expressed in proliferative non-cancerous tissue, and in this study, patients with
LSIL also have a positive expression of Ki-67 [30]. High expression of Ki-67 is associated
with the severity of cervical lesions but not with HPV infection [31]. There is evidence
that Ki-67 has a prognostic value superior to the standard histopathological grading to
prognosticate CIN progression. Several studies have shown that diffuse expression of Ki-67
is present in almost all cases of HSIL or cervical cancer [32–34].

Testin is a protein with molecular mass 47kDa. The human TES gene is localized on the
fragile site FRA7G at 7q31.2 [35]. Testin protein comprises three LIM (Linl-1, Isl-1, Mec-3)
domains, and each consists of two zinc fingers linked by two amino acid spacers [36].
It was observed that the N- and C-terminal parts could interact with each other and
create open and close conformations in cells. When expressed separately in cells, these
two halves show partially different subcellular localizations with a dominant role of LIM
domains targeting focal adhesion. Testin is localized along the actin stress fibers at the
cell–cell junction and focal adhesion. Testin can interact with cytoskeletal proteins such
as zyxin, talin, and VASP [9,37]. Together, they play a significant role in cell motility
and adhesion. In chicken and human fibroblast, testin notably activates cell spreading,
but there is a loss of testin increased cell motility. These suggest that testin appears
crucial in regulating cellular migration, invasion, and process of epithelial-mesenchymal
transition. Additionally, testin is involved in the cell cycle. The expression of testin protein
positively correlates with a percentage of cells in the G1 phase; however, overexpression
can induce apoptosis and decreased colony-forming ability. The expression of testin has
been described in many types of human malignancies, but there is fewer data about the
expression of testin in cervical intraepithelial neoplasia. The mechanism and pathways
of testin’s influence on cancerogenesis are still unknown. Some of the authors point out
hypermethylation of the gene as the main factor. [35,36,38–43]. In this study, the expression
of testin was significantly stronger in all dysplastic lesions compared to the control group.
Testin expressed stronger in HSIL than LSIL; this indicates testin as a good diagnostic
marker for distinguishing cervical lesions (CIN1 vs. CIN2 and CIN3). Zhong et al. support
that testin has open and close conformations in cells by detecting the anti-TES serum in
the nucleolus and anti-TESC as well anti-TESN sera in the cytoplasm. Cellular location
is important for protein function because many phosphates, kinases, and transcription
factors regulate their activity by controlling subcellular distribution [44]. Testin shuttling
among cellular compartments may have divergent functions with different interacting
partner proteins. The multiple conformational states and different locations in cellular
compartments impact various expressions of testin protein; this may be the factor that
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suggests low testin expression in HSIL lesions. Future studies should be performed to
find functions correlating with different cellular locations [45]. We plan on expanding our
research with further studies to include cancer tissue. We plan on researching correlations
between testin and lymphovascular space invasion, nodes metastasis, angiogenesis, and
epithelial-mesenchymal transition markers in the upcoming months.

5. Conclusions

In our study, the expressions of Ki-67, p16, and testin gradually increased as the lesion
progressed from LSIL to HSIL. The three markers complemented each other effectively,
which may improve test sensitivity and specificity when used jointly.
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37. Popiel, A.; Kobierzycki, C.; Dzięgiel, P. The Role of Testin in Human Cancers. Pathol. Oncol. Res. 2019, 25, 1279–1284. [CrossRef]

84



Biomedicines 2021, 9, 1010

38. Li, H.; Huang, K.; Gao, L.; Wang, L.; Niu, Y.; Liu, H.; Wang, Z.; Wang, L.; Wang, G.; Wang, J. TES inhibits colorectal cancer
progression through activation of p38. Oncotagret 2016, 7, 45819. [CrossRef]

39. Ma, H.; Weng, D.; Chen, Y.; Huang, W.; Pan, K.; Wang, H.; Sun, J.; Wang, Q.; Zhou, Z.; Wang, H.; et al. Extensive analysis of
D7S486 in primary gastric cancer supports TESTIN as a candidate tumor suppressor gene. Mol. Cancer 2010, 9, 190. [CrossRef]

40. Chêne, L.; Giroud, C.; Desgrandchamps, F.; Boccon-Gibod, L.; Cussenot, O.; Berthon, P.; Latil, A. Extensive analysis of the 7q31
region in human prostate tumors supports TES as the best candidate tumor suppressor gene. Int. J. Cancer 2004, 111, 798–804.
[CrossRef]

41. Sarti, M.; Pinton, S.; Limoni, C.; Carbone, G.M.; Pagani, O.; Cavalli, F.; Catapano, C.V. Differential expression of testin and
survivin in breast cancer subtypes. Oncol. Rep. 2013, 30, 824–832. [CrossRef]

42. Wang, M.; Wang, Q.; Peng, W.; Hu, J. Testin is a tumor suppressor in non-small cell lung cancer. Oncol. Rep. 2017, 37, 1027–1035.
[CrossRef] [PubMed]

43. Qiu, H.; Zhu, J.; Yuan, C.; Yan, S.; Yang, Q.; Kong, B. Frequent hypermethylation and loss of heterozygosity of the testis derived
transcript gene in ovarian cancer. Cancer Sci. 2010, 101, 1255–1260. [CrossRef]
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Abstract: Ovarian cancer is the most common cause of gynecological cancer-related death in the
developed world. Disease recurrence and chemoresistance are major causes of poor survival rates in
ovarian cancer patients. Ovarian cancer stem cells (CSCs) were shown to represent a source of tumor
recurrence owing to the high resistance to chemotherapy and enhanced tumorigenicity. Chimeric
antigen receptor (CAR)-based adoptive immunotherapy represents a promising strategy to reduce
the risk for recurrent disease. In this study, we developed a codon-optimized third-generation CAR
to specifically target CD44, a marker widely expressed on ovarian cancer cells and associated with
CSC-like properties and intraperitoneal tumor spread. We equipped NK-92 cells with the anti-CD44
CAR (CD44NK) and an anti-CD19 control CAR (CD19NK) using lentiviral SIN vectors. Compared
to CD19NK and untransduced NK-92 cells, CD44NK showed potent and specific cytotoxic activity
against CD44-positive ovarian cancer cell lines (SKOV3 and OVCAR3) and primary ovarian cancer
cells harvested from ascites. In contrast, CD44NK had less cytotoxic activity against CD44-negative
A2780 cells. Specific activation of engineered NK cells was also demonstrated by interferon-γ (IFNγ)
secretion assays. Furthermore, CD44NK cells still demonstrated cytotoxic activity under cisplatin
treatment. Most importantly, the simultaneous treatment with CD44NK and cisplatin showed higher
anti-tumor activity than sequential treatment.

Keywords: chimeric antigen receptor; ovarian cancer; CD44; adoptive immunotherapy; NK cells

1. Introduction

Ovarian cancer remains the most lethal among gynecological cancers [1]. Unfortu-
nately, because localized ovarian cancer is generally asymptomatic and screening tests
have not been successfully implemented, 75% of patients present with advanced tumor
stages (FIGO stages III–IV) at the time of diagnosis [2]. Therefore, there is an urgent need
for the development of novel and effective therapeutic strategies. It is well-known that
the immune system plays an important role in monitoring tumor development and pro-
gression [3]. Compelling clinical evidence shows that the presence of tumor-infiltrating
lymphocytes (TILs) is associated with a favorable prognosis in ovarian cancer [4–7]. These
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studies suggest that the immune system plays a substantial role in controlling ovarian
cancer progression and that immunotherapy might present an effective therapeutic option.

Chimeric antigen receptor (CAR)-modified T and natural killer (NK) cells have gained
recent attention in ovarian cancer treatment [8,9]. CARs are synthetic receptors that consist
of a single-chain variable fragment (scFv) for antigen recognition, a transmembrane domain
and a cytoplasmic domain to activate the NK cells. Second and third-generation CARs
were developed, which additionally contain one or two co-stimulatory domains, such
as those derived from CD28 and/or 4-1BB, to improve survival and proliferation of the
effector cells [10,11].

Recurrence followed by chemoresistance is one of the main contributing factors to
the poor prognosis in ovarian cancer patients. Many researchers have demonstrated the
existence of ovarian cancer stem cells (CSCs) with increased tumorigenicity, differenti-
ating capacity and chemoresistance [12,13]. Therefore, targeted therapy against CSCs
has emerged as a promising strategy in combination with conventional chemotherapy in
ovarian cancer. CD44 expression has been shown to be associated with CSC-like properties
in a variety of tumors [14,15], including ovarian cancer [16]. In addition, CD44 is known to
be the major receptor for hyaluronan (HA), which is implicated in cell–cell and cell–matrix
interactions and is associated with the promotion of cancer metastasis [17,18]. The binding
of HA to CD44 was shown to mediate ovarian cancer cell adhesion to peritoneal mesothelial
cells [19,20]. Collectively, CD44 could be a promising target molecule for immunotherapy
in ovarian cancer.

In this study, we developed a novel CD44-specific third-generation CAR and analyzed
its anti-tumor activity in ovarian cancer cell lines and primary patient-derived ovarian can-
cer cells. To maximize the benefits of anti-CD44 CAR expressing NK cells, the cytotoxicity
was also evaluated in combination with chemotherapy.

2. Material and Methods

2.1. Cell Lines

Human embryonic kidney 293T cells (HEK-293T, ATCC CRL-3216) were used for
lentiviral vector production and grown in Dulbecco’s modified Eagle’s medium (Biochrom,
Berlin, Germany) supplemented with 10% heat inactivated FBS, 100 U/mL penicillin,
100 mg/mL streptomycin, and 10 mmol/L HEPES. NK-92 cells were cultured in RPMI-1640
medium (Sigma-Aldrich, Steinheim, Germany) supplemented with stable L-Glutamine,
10% FBS, 100 U/mL penicillin, 100 mg/mL streptomycin, and 200 IU/mL IL-2 (Proleukin
S; Novartis Pharma GmbH, Nürnberg, Germany). Ovarian cancer cell lines A2780, SKOV3,
and OVCAR3 were stably equipped with EGFP by lentiviral transduction and cultured in
RPMI-1640 medium supplemented with stable L-Glutamine, 10% FBS, 100 U/mL penicillin,
and 100 mg/mL streptomycin. After obtaining informed consent, primary ovarian cancer
cells (P1, P2 and P3) were harvested from sequential ascites samples of an ovarian cancer
patient and cultured in the same condition as ovarian cancer cell lines in low-attachment
flasks (Corning, Wiesbaden, Germany).

Cloning of Vectors and Lentiviral Vector Production

The sequence of CD44 scFv was selected from a fully human anti-CD44 monoclonal
antibody (mAb) called PF-03475952 [21]. All sequences underwent optimization of codon
usage and GC content to increase the efficiency of transcriptional processing and protein
expression. The recognition sequences of restriction enzymes (AgeI, NotI, SalI, and BsrgI)
were removed, and then the DNA synthesis was performed by GeneArt (Thermo Fisher,
Regensburg, Germany). Our anti-CD44 CAR was generated from an already published
third-generation anti-CD19 CAR [22] by replacing the scFv fragment. This anti-CD19 CAR
contains CD28, 4-1BB and CD3ζ domains and served as a control in further experiments.
After producing a third-generation lentiviral SIN vector, an internal ribosomal entry site
(IRES)-driven dTomato expression cassette was inserted between SalI sites to allow co-
expression and facilitate detection of transduced cells.
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To produce lentiviral vectors, HEK-293T cells were transfected using a calcium phos-
phate method. HEK-293T cells (5 × 106) were seeded in 10 cm dishes and cultured
overnight. The following plasmids for each dish were mixed and diluted in water with the
desired volume: 12 μg of the vector plasmid, 12 μg of pcDNA3.GP.4 × CTE (gag/pol), 5 μg
of pRSV-Rev and 2 μg of RD114/TR envelope plasmids. The purified lentiviral packaging
plasmids were purchased from Plasmid Factory (Bielefeld, Germany). Viral supernatants
were harvested 36 h after transfection, filtered through MillexGP 0.22 μm filters (Millipore,
Schwalbach, Germany), concentrated via ultracentrifugation, and stored at –80 ◦C until use.

2.2. Transduction of NK Cells

NK-92 cells were equipped with CAR constructs by Retronectin-assisted transduction.
Briefly, 48-well plates were coated with Retronectin (Takara, Shiga, Otsu, Japan) (210 μL
of 24 μg/mL in PBS per well) overnight at 4 ◦C or 2 h at room temperature. Retronectin
was then removed. The wells were blocked with sterile-filtered PBS containing 2% BSA
for 30 min at room temperature. After washing with HBSS/HEPES (Biochrom, Berlin,
Germany), viral supernatants were then added into the Retronectin-precoated plates and
centrifuged for 30 min at 400× g and 4 ◦C. Afterwards, 5 × 104 NK-92 cells were added
and incubated for 24 h. Then, the cells were transferred to uncoated plates.

2.3. IFNγ Release Assays

IFNγ release assays were performed in triplicate by co-culture of NK cells and tar-
get cells at an E/T ratio of 5:1 in 96-well plates in a final volume of 200 μL of NK cell
media containing 200 IU/mL IL-2. After 24 h, cell fraction-free co-culture supernatants
were assayed for presence of IFNγ using DuoSet Ancillary Reagent Kit (R&D Systems,
Minneapolis, MN, USA), according to the manufacturer’s instructions. The average zero
standard optical density (O.D.) was measured by the microplate spectrophotometer at a
wavelength of 450 nm, and correction was set to 540 nm.

2.4. Cytotoxicity Assays
2.4.1. Live Cell Imaging Using Fluorescent Microscopy

GFP expressing ovarian cancer cells were seeded in 48-well plates and cultured
overnight. The effector NK cells were then added at an effector-target (E/T) ratio of 5:1.
Time-lapse imaging was immediately started with temperature and gas control. Phase-
contrast and fluorescent images of each position were taken every 15 min. The positions
were selected and saved by the software before addition of NK cells; the acquisition focal
plane was quickly set afterwards.

2.4.2. Analysis of Cytotoxicity by Fluoroskan Ascent™ FL

Ovarian cancer cells were seeded in flat-bottom 96-well plates (Sarstedt, Nürmbrecht,
Germany) at appropriate densities (A2780, 2 × 104 cells/well; SKOV3 and OVCAR3,
1.5 × 104 cells/well) and cultured overnight. NK-92 and CAR-NK-92 cells were added at
an E/T ratio of 5:1 on the following day. At several time points, culture medium containing
NK cells and cell debris was completely removed by inverting the plates and blotting
them against clean paper towels. After adding 200 μL 5% (w/v) SDS into each well, the
fluorescence intensities of GFP in the cell homogenate, which corresponds to the cell
numbers, was measured at excitation 485 nm/emission 520 nm using Fluoroskan Ascent™
FL (Thermo Fisher Scientific, Waltham, MA, USA).

2.4.3. Analysis of Cytotoxicity by xCELLigence

To estimate the anti-tumor activity of NK cells against unmarked primary ovarian
cancer cells, the xCELLigence RTCA SP instrument (ACEA Biosciences, San Diego, CA,
USA) was used according to the instructions of the supplier. To achieve equilibrium of
E-Plate 96 surface (ACEA Biosciences), 100 μL of cell culture media were added to each of
the 96 wells before seeding the target cells. The plates were then left in the cell culture hood
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for 30 min at room temperature. Afterwards, the background impedance of cell culture
media was measured for calculation of the cell index value. Next, the E-Plate 96 was
removed from the incubator and the desired cells were added in 50 μL medium. The
cell suspension was properly prepared for the appropriate cell concentrations previously
determined by a titration experiment (A2780: 2 × 104; OVCAR3: 1.5 × 104; SKOV3 and
primary ovarian cancer cells: 1 × 104). The plate was left in the culture hood for 30 min
to allow the cells to settle to the bottom of the well. Then, the E-Plate 96 was reinserted,
and the impedance of each well was measured every 15 min. The next day, when the
cells reached the logarithmic growth phase, E-Plate 96 was removed from the incubator
and effector NK cells were added in 50 μL medium at the desired E/T ratio. Then, the
impedance was measured every 1 min for 8 h and every 15 min thereafter. The experiments
were manually stopped 48 to 72 h after the addition of effector cells.

2.5. Chemotoxicity Assays

A2780 or primary ovarian cancer cells P3 were seeded in 48-well plates in the appropri-
ate cell number. NK cells at an E/T ratio of 2:1 and cisplatin at the previously determined
IC50 concentration (Sigma Aldrich, St. Louis, MO, USA) were added in 200 μL medium.
Total incubation time was 96 h. In the sequential treatment groups, co-incubation with NK
cells was performed for 24 h and cisplatin treatment for 72 h. Cells were washed twice
before changing conditions to ensure no NK cells or cisplatin remained. Controls were
analyzed at each step to reduce systematic bias. After treatment, all wells were washed
twice and analyzed with the CellTiter 96® AQueous One Solution Cell Proliferation Assay
(Promega, Fitchburg, WI, USA) following the manufacturer’s protocol.

2.6. Statistical Analysis

Data from the experiments are expressed as means ± standard deviations. Two-way
ANOVA combined with Tukey’s multiple comparisons test was used to analyze Fluoroskan
results. One-way ANOVA combined with Tukey’s multiple comparisons test was used for
comparison of differences among indicated groups. A p <0.05 was considered significant.

3. Results

3.1. Generation of a New Codon-Optimized Anti-CD44 CAR

The CAR sequence was cloned into a third-generation lentiviral SIN vector
(pRRL.PPT) [23]. After production of lentiviral vector, retronectin-mediated transduc-
tion was performed on human NK-92 cells. The design of the CAR is shown in Figure 1A.

A2780, SKOV3 and OVCAR3 cell lines were used as target cells. Surface CD44 ex-
pression levels of these human ovarian cancer cell lines were evaluated by flow cytometry.
SKOV3 and OVCAR3 were shown to have high CD44 expression (98.8% and 85.3%, respec-
tively), whereas A2780 lacked CD44 expression (Figure 1B).

3.2. CD44NK Cells Show Specific Cytotoxicity against Ovarian Cancer Cell Lines

To directly visualize the CAR-NK-92 cell-killing process, ovarian cancer cell lines
expressing EGFP were co-cultured with CAR-NK-92 cells at an E/T ratio of 5:1. As soon
as NK cells were added, a series of images were taken every 15 min by fluorescence
microscopy. Figure 2A shows the morphological changes of the cell death induced by
CAR-NK cells.
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Figure 1. The structure of the new codon-optimized anti-CD44-CAR and antigen expression on target
cells. (A) Schematic illustration of the modular architecture of newly developed third-generation
CARs. (B) Flow cytometric analyses of the antigen expression of CD44 on ovarian cancer cell lines.

Figure 2. (A) Visualization of killing by CAR-NK-92 cells by fluorescence microscopy. A2780, SKOV3,
and OVCAR3 cells were co-cultured with effector NK cells at an E/T ratio of 5:1. CD19NK cells were
used as an antigen-specificity control. During the early process of death, the cells became smaller
in size with condensed cytoplasm and tightly packed organelles. After cell shrinkage, massive
membrane blebbing occurred, followed by separation of cell fragments into apoptotic bodies and
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subsequently loss of the GFP signal. (B) Fluoroskan results showing the killing effect of the CAR-NK-
92 cells in ovarian cancer cell lines. GFP-expressing A2780, SKOV3, and OVCAR3 cells were seeded
in flat-bottom 96-well plates at previously determined densities (A2780, 2 × 104 cells/well; SKOV3
and OVCAR3 1.5 × 104 cells/well). On the next day, NK-92 and CAR-NK-92 cells were added at
the effector/target (E/T) ratio of 5:1. After removing culture medium containing NK cells and cell
debris, residual attached cells were lysed with SDS, and fluorescence intensity was measured at
excitation 485 nm/emission 520 nm using Fluoroskan Ascent™ FL. * indicates a significant difference
calculated by two-way ANOVA, p < 0.05. Values represent the mean from two separate experiments
each containing three samples.

To quantify the cytotoxicity of CAR-NK-92 cells, a fluorescence-based cell survival
assay was used. CAR-NK-92 cells and NK-92 cells were co-incubated with GFP expressing
ovarian cancer cells (E/T ratio of 5:1). The GFP intensities were measured with the
Fluoroskan reader every 2 h. Compared to A2780 and OVCAR3 cells cultured alone,
viability of these cancer cells was significantly reduced by co-culture with untransduced
NK-92 cells (p < 0.0001) (Figure 2B). However, the nonspecific cytotoxicity of NK-92 and
control CD19NK cells did not affect the survival rate of SKOV3 cells as compared to SKOV3
cells cultured alone (p = 0.939). On the contrary, the survival rate in SKOV3 cells was
significantly decreased by CD44NK cells (p < 0.0001). Significant cytotoxicity of CD44NK
cells was also observed in OVCAR3 cells. No enhanced cytotoxicity of CD44NK cells was
observed in CD44-negative A2780 cells. No differences in survival of all three cell lines
were observed between those co-incubated with CD19NK cells or NK-92 cells. To further
test the capacity of CD44NK cells to specifically eliminate target cells, a CD44-expressing
lentiviral vector (co-expressing eGFP) was introduced into the CD44-negative A2780 cells.
As shown in Figure S1, enforced expression of CD44 resulted in more efficient elimination
of the CD44-modified A2780 cells by CD44NK cells. This was also shown by fluorescence
microscopy of these co-cultures (Figure S2).

3.3. CD44NK Cells Specifically Kill Primary Patient-Derived Ovarian Cancer Cells

To analyze the killing activity of CAR-NK-92 cells against primary cancer cells, three
patient-derived ovarian cancer cell samples (P1-3) were used. These cells were harvested
from ascites of one patient at three different time points during chemotherapy. P1 was
obtained before paclitaxel treatment, P2 and P3 were collected 20 and 30 days after initi-
ation of paclitaxel treatment, respectively. The cells were characterized by high EPCAM
and mesothelin expression (see Figure S3). The ascites cells also showed high CD44 ex-
pression, which did not decrease during or after chemotherapy (Figure 3A). We used the
xCELLigence analyzer to measure the cytotoxicity of engineered NK cells, as the primary
ovarian cancer cells were not labeled with fluorescence markers. Co-incubation of primary
cells with CD44NK cells resulted in pronounced and dose-dependent lysis of cancer cells
over time (Figure 3B–D). A complete lysis of target cells was already observed in P1 and P3
at an E/T ratio of 5:1, target cells reached baseline CI values after 4 h in P1 and 9 h in P3.
A higher E/T ratio (10:1) led to an accelerated lysis of P3 within 4 h. Adding CD44NK cells
at the E/T ratio of 1:1 caused a significant CI value reduction within 9 h in P3 (Figure 3C).
To verify killing after co-incubation, microscopic images of P3 cells before and 2 h after
co-incubation with control NK-92 or CAR-engineered NK cells at the E/T ratio with 5:1 are
shown in Figure 3E.
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Figure 3. CD44NK cells specifically kill primary patient-derived ovarian cancer cells. (A) Flow
cytometric analyses of expression levels of CD44 on three different primary ovarian cancer cell
samples collected from one patient before chemotherapy (P1) or during chemotherapy (P2 and P3).
Cytotoxic effects of engineered NK-92 cells on primary ovarian cancer cells P2 (B), P3 (C), and P1
(D) as measured by xCELLigence. E/T indicates the specific effector/target cell ratios. (E) Sequential
microscopic images of the co-culture of CD19NK or CD44NK cells with primary ovarian cancer cells
with an E/T ratio of 5:1.

3.4. Determination of CAR-NK-92 Activity by IFNγ Quantification

To quantify IFNγ secretion, NK-92 and CAR-NK-92 cells were either cultured alone or
co-cultured with target cells at an E/T ratio of 5:1. After 24 h, cell-free supernatants were
harvested and measured for IFNγ secretion using an ELISA. As shown in Figure 4, NK-92
and CAR-NK-92 cells spontaneously produced negligible or low levels of IFNγ when
incubated alone. CD44NK cells were strongly activated by CD44 high expressing SKOV3,
OVCAR3 and primary cells, and produced significantly increased IFNγ (p < 0.0001). Com-
pared to CD19NK, co-incubation with CD44NK cells resulted in a 174- and 111-fold increase
in IFNγ secretion level in P1 and P3, respectively. A five-fold increase in IFNγ secretion
level was also shown in co-culture of A2780 cells with CD44NK cells compared to A2780
cells co-cultured with CD19NK cells. This may be due to the very low expression of CD44
on A2780 cells.
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Figure 4. Quantification of IFNγ produced by NK-92 and CAR-NK-92 cells. IFNγ concentration in
the cell-free supernatant after co-culture for 24 h with an E/T ratio of 5:1 was measured by ELISA.
Values represent the mean ± standard deviation from two separate experiments, each containing
three samples. * p < 0.05 compared to CD19NK.

3.5. Additive Anti-Tumor Activity of CD44NK Cells in Combination with Cisplatin Treatment

Platinum-based chemotherapy remains the core of primary treatment of advanced-
stage ovarian cancer. In an attempt to maximize the benefits of the current therapy, the anti-
tumor effect of combinatorial treatment of cisplatin and CAR-NK-92 cells was evaluated.
CD44-negative A2780 and CD44-positive P3 cells were used as target cells. Co-incubation
was performed for 4 days with NK cells at an E/T ratio of 2:1 and with the previously
determined cisplatin IC50 dose. For the sequential treatment, co-incubation with NK cells
and cisplatin was performed over 24 and 72 h, respectively. Relative survival rates were
calculated by dividing the results obtained from each group by the results of cisplatin
monotherapy (Figure 5A,B). CAR-NK-92 and untransduced NK-92 cells were still cytotoxic
under cisplatin treatment. (Figure 5B). Compared to CD19NK and untransduced NK-92
cells, CD44NK cells significantly enhanced anti-tumor effects when applied as monotherapy
(p < 0.05) and with simultaneous treatment using cisplatin (p < 0.005) (Figure 5B). Notably,
this effect was not observed in CD44 negative A2780 cells under all designated conditions
(p > 0.31) (Figure 5A).

Figure 5. Additive anti-tumor activity of CD44NK cells in combination with cisplatin treatment.
A2780 (A) and P3 (B) cells were treated for 4 days (cisplatin treatment for 72 h, NK-92 or CAR-NK-92
treatment 24 h) with the previously determined IC50 dose of cisplatin and an E/T ratio of 2:1. Relative
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survival rate was calculated by dividing the results obtained from each group by the results of
cisplatin monotherapy. Tumor cell loss of A2780 (C) and P3 (D) was calculated by dividing the results
of CD44NK cells by the results of untransduced NK-92 cells for the designated conditions. * indicates
a significant difference calculated by one-way ANOVA, p < 0.05. Values represent the mean from two
separate experiments each containing three samples.

To further evaluate the benefit of incorporating CD44NK cells in the treatment of
ovarian cancer, we calculated the relative cytotoxicity of CD44NK cells in relation to the un-
specific NK-92 cells to rule out possible unspecific killing effects (Figure 5C,D). As expected,
no significant differences were observed in CD44 negative A2780 cells (Figure 5C). CD44NK
cells showed significantly higher anti-tumor activity in the simultaneous treatment with
cisplatin than in sequential treatment (p < 0.05) (Figure 5D). The simultaneous treatment
with CD44NK cells and cisplatin also resulted in the lowest survival rate in the P3 primary
ovarian cancer sample (p < 0.05) (Figure 5B).

4. Discussion

In this work, we describe a novel anti-CD44 third-generation CAR directed against
ovarian cancer. The increased efficiency of anti-ovarian cancer activity by CD44NK cells
led to specific killing activity against ovarian cancer cell lines and patient-derived ovarian
cancer cells in various assays. Concurrent therapy with cisplatin increased the killing effect
compared to the respective monotherapy or a sequential therapy. Thus, the combination of
immunotherapy with cisplatin could be a promising treatment strategy for advanced or
relapsed ovarian cancer.

CD44 and its variants represent promising targets for ovarian cancer immunotherapy.
The expression of CD44 was shown to be more pronounced in the recurrent and metastatic
ovarian cancer tissues, when compared with its primary counterparts. Most ovarian cancer
cells are initially chemosensitive. However, there is a population of highly chemoresistant
cells with stem cell properties that survives initial therapy [24]. The exact surface markers
characterizing ovarian CSCs remain controversial, but CD133, CD44, and CD24 are widely
described as ovarian CSC markers in current studies [25]. Importantly, a correlation
between the poor outcome of ovarian cancer patients and the expression of these CSC
markers has been observed [26,27]. Contrary to other CSC markers, i.e., CD133, CD44 is
widely expressed in ovarian cancer cells and was highly expressed in the samples analyzed
in this study. Interestingly, several studies found CD44 expression to be associated with
CSC-like properties of ovarian cancer cells. For example, ALDH1-bright cells from ovarian
cancer cell lines show increased CD44 expression [28] and inhibition of CD44 was shown
to inhibit growth of sphere-forming ovarian cancer cells [29]. However, the role of CD44 as
a stem cell marker is still controversial and needs to be investigated in further studies.

Independently from its role as a CSC marker, a significant correlation was demon-
strated between CD44 expression and disease-free survival and overall survival [27]. It was
reported that peritoneal cells produce several extracellular matrix molecules that interact
with CD44 [30,31]. CD44 was shown to mediate ovarian cancer cell adhesion to peritoneal
mesothelial cells by binding cell surface HA, and thus promotes intraperitoneal ovarian
cancer spread [19,20,32]. Downregulation of CD44 expression dramatically decreased
the migratory potentials and invasiveness of ovarian cancer cells in vitro and suppressed
tumor growth and peritoneal dissemination of human ovarian cancer xenograft in nude
mice [27,33]. Interestingly, a recent study demonstrated that ovarian cancer-derived exo-
somes could transfer CD44 to human peritoneal mesothelial cells (HPMCs) and induce
morphologic change in HPMCs to a mesenchymal, spindle phenotype. These exosomes
increased CD44 expression in HPMCs, which facilitated cancer invasion by inducing the
HPMCs to secrete matrix metalloproteinase-9 (MMP9) [34]. Furthermore, CD44 expression
was shown to be significantly higher in the paclitaxel-resistant ovarian cell lines than in the
drug-sensitive parental cell lines. Overexpression of CD44 was found in relapsed/recurrent
tumors in a xenograft mouse model treated with paclitaxel [27]. CD44 targeted therapy
was shown to effectively inhibit ovarian cancer dissemination, abrogate ascites, and pro-
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long survival time [35,36]. All of these pieces of evidence suggest that developing new
strategies to target CD44 in ovarian cancer may prevent disease recurrence, metastasis, and
chemoresistance.

CAR-based immunotherapy has shown outstanding results in hematological ma-
lignancies [37]. Ovarian cancer is an immunogenic tumor with several tumor-specific
antigens, which makes it an excellent target for CAR therapy. Sun et al. developed a
humanized HER2 CAR containing chA21 scFv and T-cell intracellular signaling chains
made up of CD28 and CD3ζ. They demonstrated that anti-HER2 CAR T cells were able to
recognize and kill ovarian cancer cells ex vivo [38]. CAR-modified MUC-CD-targeted T
cells infused through either intravenous or intraperitoneal injection showed either delayed
progression or fully eradicated disease in SCID-Beige mice bearing orthotopic human
MUC-CD-positive ovarian carcinoma tumors [9]. However, an early phase I study using
anti-FRα CAR T cells in ovarian cancer patients reported that tumor burden was not
significantly reduced in any patient. CAR T cells were present in the circulation in large
numbers for the first 2 days after transfer, but rapidly declined to barely detectable levels
one month later in most patients [39]. Although robust anti-tumor activity of anti-FRα CAR
T cells was shown in vitro, they were unable to show tumor regression in clinical settings
in patients due to their inability to persist in the tumor microenviroment. To overcome
this limitation, Song and colleagues developed a new anti-FRα CAR in combination with a
4-1BB co-stimulatory motif and demonstrated that 4-1BB improved CAR T cell persistence
in vivo [10]. Carpenito et al. equipped T cells with a third-generation mesothelin-specific
CAR consisting of CD28 and 4-1BB as co-stimulators, and transferred them intratumorally
and intravenously into mice engrafted with pre-established tumors. After infusion of
those CAR T cells, tumor burden was reduced, and complete eradication of the tumors
was observed in some cases [40]. However, a CAR with mouse origin scFvs has limited
anti-tumor effect due to transgene immunogenicity. Therefore, a second-generation fully
human anti-mesothelin CAR (P4 CAR) was developed. Primary human T cells expressing
P4 CAR efficiently killed mesothelin-expressing tumors in vitro and in vivo [8]. A phase I
trial for infusion of anti-mesothelin CAR T cells in patients with recurrent serous ovarian
cancer was shown to be feasible and safe [41].

In contrast to other studies that used T cells in CAR therapy for ovarian cancer [8,9,38–42],
we chose NK-92 as effector cells in this study. NK-92 cells were established from a patient
with non-Hodgkin’s lymphoma and their safety and anti-tumor capability were shown
in clinical trials [43,44]. NK-92 cells were shown to be generally safe with moderate and
transient toxicities in advanced cancer patients, and large-scale expansion of these cells
is feasible [44]. Importantly, NK-92 cells express a relatively large number of activating
receptors and lack most of the killer inhibitory receptors (KIRs) that are normally expressed
on NK cells. Furthermore, NK-92 express high levels of molecules involved in the perforin-
granzyme cytolytic pathway and additional cytotoxic effector molecules, indicating the
potential of alternative anti-tumor mechanisms [45]. This confers NK-92 cells with superior
cytotoxicity against a broad spectrum of tumor targets. Kloess and colleagues compared
the function of CD123-CAR-expressing NK-92 cells and primary human donor NK (dNK)
cells. They demonstrated that CAR-NK-92 cells had significantly stronger cytotoxic activity
against leukemia cells as compared to CAR-dNK cells. The cytokine secretion profiles
of CAR-NK-92 and CAR-dNK cells were shown to be very different [46]. However, it
is important to note that CAR-NK-92 cells also exhibited significantly higher potential
for adverse side effects against non-target cells [46]. Notably, NK-92 cells can be easily
expanded in cultures with short doubling times to generate potent clinical-grade NK-92
effectors [47] and require only minimal manipulation without the need for cell-selection
procedures. Thus, NK-92 cells offer an attractive platform for future study of novel NK-
cell-based therapy.

In this study, we chose CD44 as a promising target and developed a novel third-
generation anti-CD44 CAR incorporating a fully human anti-CD44 scFv linked to CD28
and 4-1BB as co-stimulators and a CD3ζ signaling domain. NK-92 cells equipped with the
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anti-CD44 CAR exhibited potent cytotoxic activity against CD44-positive ovarian cancer cell
lines and primary ovarian cancer cells. Among these target cancer cells, A2780, OVCAR3,
P2 and P3 cells also appeared to be sensitive to nonspecific cytotoxicity of CD19NK and
NK-92 cells. However, CAR-restricted killing induced by CD44NK occurred more rapidly
and more potently in CD44-positive OVCAR3, P2 and P3 cells. In parallel, the measurement
of NK cell activation by IFNγ secretion assays confirmed these observations. Meanwhile,
this significantly increased CAR-restricted cytotoxicity of CD44NK was hardly observed
in CD44-low-expressing A2780 cells. Interestingly, we detected a slightly increased IFNγ

level in co-culture of A2780 cells with CD44NK cells compared to that with CD19NK cells.
This may be due to the very low expression of CD44 on A2780 cells, and the death of those
cells was not detected by fluorescent microscopy or Fluoroskan measurements. Notably, P1
cells exhibited high resistance to nonspecific cytotoxicity of CD19NK and NK-92 cells even
with a higher E/T ratio of 10:1 (data not shown), but these primary cancer cells strongly
activated CD44NK cells and were largely eliminated by CD44NK cells with a lower E/T
ratio of 5:1. In this study, we tested the killing effect of CD44NK cells against three primary
samples isolated from one patient at different time points. Therefore, we cannot predict
cytotoxic effects against all ovarian cancer cells in general. Since CD44NK cells showed
activity against all tested cell lines and primary cells that express CD44, we assume that the
CD44NK cells will also be effective against other ovarian cancer cells that express CD44.
However, we also know that the cytotoxic activity of CAR-T or CAR-NK cells depends
on susceptibility of the individual cells as shown in Figure 3. Thus, each patient has to be
screened for CD44 expression before CAR therapy can be considered.

A previous study indicated that carboplatin induced CD44 expressing ovarian cancer
cells to produce HA, which can contribute to chemoresistance by regulating ATP binding
cassette transporter expression [48]. This highlights the importance of combinatorial treat-
ment of chemotherapy and CD44-targeted therapy in ovarian cancer. To investigate the
feasibility of combinatorial treatment of cytoreductive chemotherapy and specific elimina-
tion of CD44-positive highly chemoresistant tumor cells by CD44NK cells, we tested the
anti-tumor activity of cisplatin and CAR-NK-92 cells in monotherapy, simultaneous, and
sequential treatment. To mimic clinical settings and reduce the nonspecific cytotoxicity of
NK cells, we used a low E/T ratio of 2:1. Compared to cisplatin monotherapy, simultaneous
treatment with CD44NK cells and cisplatin resulted in a significant additive anti-tumor
effect on P3 cells (27.1% more cell reduction). In contrast, simultaneous treatment with
control NK cells and cisplatin did not show any additive effect in P3 primary ovarian
cancer cells.

However, CAR-based therapy for solid tumors is faced with many challenges. In hema-
tological malignancies, circulating CAR-engineered effector cells in the bloodstream have
already reached the majority of their target cancer cells. In solid tumors, there are multi-
ple barriers that hinder therapeutically sufficient tumor infiltration by CAR effector cells
(reviewed in [49]). Regional CAR effector cell administration is one method to facilitate
NK cell interaction with the tumor and potentially reduce off-tumor toxicity. A study of
intraperitoneal (i.p.) injection of pan-ErbB/IL-4 CAR T cells targeting patient-derived
malignant pleural mesotheliomas xenografts in SCID mice showed tumor regression or
cure in all mice [50]. Katz and colleagues showed that i.p. delivery of CAR T cells resulted
in superior protection against peritoneal tumors, when compared with systemically infused
CAR T cells. I.p. infusion also provided prolonged protection against i.p. tumor relapse
and demonstrated an increased effector memory phenotype over time [51]. Further in vivo
studies are required to evaluate the efficacy and safety of CD44NK treatment.

CD44 is also widely distributed in normal tissues, e.g., central nervous system, lung,
and hematopoietic cells [52]. The potential toxicity of CD44NK cells on normal tissues
should be investigated in further studies. Strategies to prevent possible side effects, e.g., by
using bispecific CARs, are already being evaluated in our lab.

In summary, we developed a novel third-generation CAR against CD44. The CAR-
restricted killing effect of CD44NK cells was demonstrated in vitro. Additionally, we
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investigated combinatorial treatment strategies of CD44NK cells and cisplatin therapy
and showed that CD44NK cells retained cytotoxicity during cisplatin incubation. The
most potent anti-tumor effect was achieved by simultaneous treatment with CD44NK
cells and cisplatin. This study will be the basis for further in vivo studies and future
clinical developments.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biomedicines9101339/s1, Figure S1. CD44NK effectively kill A2780 cells that were modified
to express CD44, Figure S2. CD44-specific killing capacity of CD44NK cells. CD44NK cells were
co-cultured with A2780 eGFP cells, A2780 CD44iGFP cells or OVCAR3 eGFP cells at an effector to
target (E:T) ratio of 5:1, Figure S3. Flow cytometric analyses of EPCAM and Mesothelin expression
levels on the three different primary ovarian cancer cell samples.
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Abstract: DNA damage response (DDR) is important for maintaining genomic integrity of the cell.
Aberrant DDR pathways lead to accumulation of DNA damage, genomic instability and malignant
transformations. Gene mutations have been proven to be associated with epithelial ovarian cancer,
and the majority of the literature has focused on BRCA. In this study, we investigated the somatic
mutation of DNA damage response genes in epithelial ovarian cancer patients using a multiple-
gene panel with next-generation sequencing. In all, 69 serous, 39 endometrioid and 64 clear cell
carcinoma patients were enrolled. Serous carcinoma patients (69.6%) had higher percentages of DDR
gene mutations compared with patients with endometrioid (33.3%) and clear cell carcinoma (26.6%)
(p < 0.001, chi-squared test). The percentages of DDR gene mutations in patients with recurrence (53.9
vs. 32.9% p = 0.006, chi-squared test) or cancer-related death (59.2 vs. 34.4% p = 0.001, chi-squared test)
were higher than those without recurrence or living patients. In endometrioid carcinoma, patients
with ≥2 DDR gene mutations had shorter PFS (p = 0.0035, log-rank test) and OS (p = 0.015, log-rank
test) than those with one mutation or none. In clear cell carcinoma, patients with ≥2 DDR gene
mutations had significantly shorter PFS (p = 0.0056, log-rank test) and OS (p = 0.0046, log-rank test)
than those with 1 DDR mutation or none. In the EOC patients, somatic DDR gene mutations were
associated with advanced-stage tumor recurrence and tumor-related death. Type I EOC patients with
DDR mutations had an unfavorable prognosis, especially for clear cell carcinoma.

Keywords: epithelial ovarian cancer; DNA damage response; somatic mutation; clear cell carcinoma

1. Introduction

Epithelial ovarian carcinoma (EOC) is a major cause of death in women worldwide,
and patients are usually diagnosed at an advanced stage with a 5-year survival of less
than 50% [1–4]. Clinical prognostic factors include cancer stage, histological subtypes,
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tumor grade, residual tumor size after debulking surgery and response to chemotherapy.
Despite an initial good response to primary treatments of debulking surgery and adjuvant
platinum-based chemotherapy, the majority of patients experience a cancer relapse that is
resistant to salvage treatments and eventually die of the disease [4,5].

Precision medicine is the current direction for cancer management depending on
the specific genetic or molecular features of cancer. There are several subtypes of EOC—
high-grade serous, clear cell, endometrioid, mucinous and low-grade serous—that could
be viewed as distinct diseases for their differences in clinical course and pathological
features [6,7]. To date, the most promising target therapies for EOC are anti-angiogenesis
agents and poly ADP-ribose polymerase inhibitors (PARPi). Bevacizumab in combination
with chemotherapy has demonstrated improved progression-free survival, and an overall
survival benefit in high-risk patients [8–10]. Maintenance therapy with PARPi has revised
the management of EOC in newly diagnosed and recurrent diseases. The identification
of BRCA mutations or homologous recombination deficiency (HRD) status is critical for
selecting potential patients, but both positive and negative patients as defined by current
HRD assays benefited from PARPi [11–15].

DNA damage response (DDR) is important for maintaining a cell’s genomic integrity,
and the DDR pathway is composed of various molecules that detect DNA damage, activate
cell-cycle checkpoints, trigger apoptosis, and coordinate DNA repair [16–18]. Several
exogenous or endogenous sources (e.g., oxidative damage, radiation, ultraviolet light,
cytotoxic materials, replication errors) may result in DNA damage that may eventually
lead to genomic instability and cell death [19]. DDR consists of several pathways, including
base excision (BER), mismatch (MMR) and nucleotide excision repair (NER); translesion
synthesis (TLS) for single-strand break repair; homologous recombination (HR) and nonho-
mologous DNA end joining (NHEJ) for double-strand break repair; and cell cycle regulation
(CCR) (27, 28). Homologous recombination is an error-proof repair pathway to restore the
original sequence at the double-strand DNA break. BRCA 1/2 genes participating in HR
and maintaining PARPi therapy for BRCA-mutated EOC is a good example of synthetic
lethality [20]. Several other DDR genes have been identified as potential targets for novel
cancer therapy under clinical investigation [16,17]. Understanding the complex DDR path-
ways is helpful for exploring the feasibility of novel DDR inhibitors in clinical practice. In
the study, we investigated the somatic mutations of DDR genes in 172 EOC patients using
a targeted DDR gene panel using a next-generation sequencing method. The correlation of
the somatic DDR gene mutations, clinical parameters and outcomes was analysed.

2. Materials and Methods

2.1. Patients and Specimens

The study protocol was approved by the National Taiwan University Hospital Research
Ethics Committee (201509042RINA, approved on 24 November 2015 and 201608025RINA,
approved on 07 October 2016). Informed consent from all participants was obtained and
the methods were performed in accordance with the guidelines and regulations. From
December 2015 to October 2018, 172 women diagnosed with epithelial ovarian cancer
who had received debulking surgery and adjuvant chemotherapy were enrolled. The
cancerous tissue specimens collected during debulking surgery were immediately frozen
in liquid nitrogen and stored at −70 ◦C. A portion of the tissue specimens were sent for
pathological examinations to confirm the diagnosis and ensure tumorous tissue sufficient
for the following experiments. Clinical data were obtained from medical records, including
age, cancer stage, the findings during debulking surgery, treatment course and recurrence.
Optimal debulking surgery was defined as a maximal residual tumor size <1 cm following
surgery. The tumor grade based on International Union Against Cancer criteria, and
cancer stage was based on International Federation of Gynecology and Obstetrics (FIGO)
criteria [21]. All patients received platinum-based adjuvant chemotherapy and regular
follow-ups after primary treatments. Recurrence was defined as abnormal results from
imaging studies (including computerized tomography or magnetic resonance imaging),
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elevated CA-125 (more than twice the upper normal limit) for two consecutive tests in 2-
week intervals, or a biopsy-proven disease. Progression-free survival (PFS) was defined as
the time from the date of primary treatment completion to the date of confirmed recurrence,
disease progression or last follow-up. Overall survival (OS) was defined as the period from
surgery to the date of death related to EOC or the date of last follow-up.

2.2. The Panel of DNA Damage Repair Genes

We selected 60 genes involved in DNA damage response (DDR) for the gene panel
(Table 1), including genes of homologous recombination (HR), nonhomologous DNA end
joining (NHEJ), base excision repair (BER), mismatch repair (MMR), nucleotide excision
repair (NER), translesion synthesis (TLS) and cell cycle regulation (CCR) [16,17].

Table 1. List of the DNA damage response (DDR) gene panel.

Gene DDR Pathway Gene DDR Pathway

ATM CCR ku70/XRCC6 NHEJ
BARD1 HR ku80/XRCC5 NHEJ
BRCA1 HR MDM4 CCR

BRCA2/FANCD1 HR MLH1 MMR
BRIP1/FANCJ HR MLH3 MMR

CHEK2 CCR MRE11 HR
DDB1 NER MSH2 MMR
DDB2 NER MSH3 MMR
ERCC1 NER MSH6 MMR

ERCC2/XPD NER MUTYH BER
ERCC3/XPB NER NBN HR

ERCC4 NER NBS1 HR
ERCC5/BIVM NER OGG1 BER
ERCC6/CSB NER PMS1 MMR
ERCC8/CSA NER PMS2 MMR

FANCA HR POLD1 TLS
FANCB HR POLE TLS
FANCC HR POLB TLS

FANCD1/BRCA2 HR POLH TLS
FANCD2 HR POLK TLS
FANCE HR RAD50 HR
FANCF HR RAD51 HR

FANCG/XRCC HR RAD51C/FANCO HR
FANCI HR RAD51D HR

FANCJ/BRIP1 HR TP53 CCR
FANCL/PHF9 HR XPA NER

FANCM HR XPC NER
FANCN/PALB2 HR XRCC2 NHEJ

FANCO/RAD51C HR XRCC3 NHEJ
FANCP/SLX4 HR XRCC4 NHEJ

Note: BER: base excision repair; CCR: cell cycle regulation; DDR: DNA damage repair; HR: homologous
recombination; MMR: mismatch repair; NER: nucleotide excision repair; NHEJ: nonhomologous DNA end
joining; TLS: translesion synthesis.

2.3. Genomic DNA Extraction

Genomic DNA was isolated using a QIAGEN Genomic DNA extraction kit according
to the manufacturer’s instructions (Qiagen Inc., Valencia, CA, US). The purity and concen-
tration of the genomic DNA were checked by agarose gel electrophoresis and the OD260/280
ratio.

2.4. Library Preparation, Next-Generation Sequencing, and Sequence Mapping

The genomic DNA was fragmented with Covaris fragmentation protocol (Covaris,
Inc., Woburn, MA, US). The size of the fragmented genomic DNA was checked by Ag-
ilent Bioanalyzer 2100 (Agilent Technologies, Inc., Santa Clara, CA, US) and NanoDrop
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spectrophotometer (Thermo Fisher Scientific, Inc., Wilmington, DE, US). The target gene
library was generated with NimblGen capture kits (Roche NimblGen, Inc. Hacienda Dr
Pleasanton, CA, US). The samples were sequenced by Illumina MiSeq with paired-end
reads of 300 nucleotides.

The analysis algorithm was conducted according to our previous protocol [22]. Briefly,
the raw sequencing data were aligned with the reference human genome (Feb. 2009,
GRCh37/hg19) with Burrows–Wheeler Aligner software (version 0.5.9) [23]. SAM tools
(version 0.1.18) was used for data conversion, sorting, and indexing [24]. For single
nucleotide polymorphisms (SNPs) and small insertion/deletions (indels), Genome Analysis
Toolkit (GATK; version 2.7) was used for variant calling with Base/indel-calibrator and
HaplotypeCaller. Pindel or Breakdancer software were used for structural variants larger
than 100 bp which cannot be identified by GATK, such as large deletions, insertions and
duplications [25]. After variant calling, ANNOVAR was used for annotation of the genetic
variants [26,27]. The dbSNP, Exome sequencing Project 6500 (ESP6500) and the 1000
Genomes variant dataset were used to filter common variants of sequencing results.

2.5. Variant Classification

The sequence variants were classified according to the IARC variant classification [28].
The pathogenic mutations were defined as large-scale deletion, frame-shift mutation,
nonsense mutation, genetic variants associated with uncorrected splicing and mutations
affecting protein function demonstrated by functional analyses. The pathogenic and likely
pathogenic mutations were used as deleterious mutations in our study. An allele frequency
greater than 0.01 in the general population in the 1000 Genomes variant dataset or ESP6500
database were considered benign or likely benign genetic variants. Silent and intronic
variants that did not affect splicing were also considered benign or likely benign. Other
variants, mainly missense mutations without known functional data, were considered as
variants of uncertain significance (VUSs). To reduce their number, bioinformatics analyses,
including PolyPhen2 and SIFT, were used to evaluate potential pathogenicity [29–31].
The VUSs were suspected of being deleterious mutations if they met two criteria: (1) a
population frequency of less than 0.01 in the 1000 Genomes and ESP6500 databases and
(2) a bioinformatics analysis result with a SIFT score less than 0.05 and a polyphen2 score
greater than 0.95.

2.6. Statistical Analysis

All statistical analyses were performed using the Statistical Package for Social Sciences
software package (IBM SPSS Statistics for Windows, Version 22.0. IBM Corp. Armonk,
NY, US) and R (version 3.1.2, The R Foundation for Statistical Computing, Institute for
Statistics and Mathematics, Wirtschaftsuniversität Wien, Welthandelsplatz Vienna, Austria).
One-way ANOVA was used to compare continuous variables and a chi-squared test was
used for categorical variables. Survival curves were generated using the Kaplan–Meier
method, and differences were calculated using the log-rank test. A multivariate Cox’s
regression model was used to evaluate the prognostic factors for progression-free survival
(PFS) and overall survival (OS). Statistical significance was set as a p value of less than 0.05.

3. Results

3.1. Clinical Characteristics of the Patients

There were 172 EOC patients enrolled: 69 serous, 39 endometrioid and 64 clear cell
carcinomas (Table 2). There were 68 high-grade serous carcinomas (type II tumor) and 104
type I tumors. The median age was 52, and the median pre-treatment CA125 value was
400 U/mL; 59.9% were diagnosed at an advanced cancer stage, and 65.1% had undergone
optimal debulking surgery; 59.3% had disease recurrence, and 44.2% died of EOC. All
patients received adjuvant platinum and paclitaxel chemotherapy.
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Table 2. Characteristics of the epithelial ovarian cancer patients.

Patient Numbers 172

Median Age (years old) 52 (29–85)
Median CA 125 (U/mL) 400 (12–7265)

Histology
Serous carcinoma 69 (40.1%)

Endometrioid carcinoma 39 (22.7%)
Clear cell carcinoma 64 (37.2%)

FIGO stage
Early 69 (40.1%)

Advanced 103 (59.9%)
Grade
Low 29 (16.9%)
High 143 (83.1%)

Debulking surgery
Optimal 112 (65.1%)

Suboptimal 60 (34.9%)
Recurrence

Yes 102 (59.3%)
No 70 (40.7%)

Death
Yes 76 (44.2%)
No 96 (55.8%)

3.2. Deleterious DDR Gene Mutations

As shown in Table 3, 114 deleterious somatic mutations were identified from 26 genes
of our 60-gene DDR panel in 78 EOC patients: 27 nonsense mutations in 23 patients, 28
frameshift mutations in 20, 28 missense mutations in 26 patients and 31 mutations involving
uncorrected splicing in 29 patients. There were single-gene mutations in 57 patients, and
multiple-gene mutations in 21: 2 mutations in 14 patients, 3 mutations in 2, 4 mutations in
3, 5 mutations in 1 and 6 mutations in 1 patient (Figure 1). We also identified 109 missense
mutations classified as variants of uncertain significance (VUSs) with the potential of being
deleterious mutations after searching the database (http://www.ncbi.nlm.nih.gov/snp,
accessed on 28 September 2021) and bioinformatic analyses (Table S1 and Figure S1).

The pattern of prevalent mutated DDR genes was different among the histological
subtypes (Figure 1). The proportion of wild type DDR genes was 54.7% in all EOC patients;
30.4% in serous carcinoma, 66.7% in endometrioid carcinoma and 73.4% in clear cell
carcinoma. The top three prevalent mutated DDR genes were TP53 (27.9%), MUTYH (6.4%)
and BRCA2 (5.8%) for all patients. Serous carcinoma—TP53 (56.5%), BRCA2 (5.8%) and
RAD51C (5.8%); endometrioid carcinoma—TP53 (15.4%), ATM (12.8%) and MSH2 (7.7%);
clear cell carcinoma—MUTYH (9.4%), TP53 (4.7%), BRCA2 (3.1%) and ERCC8 (3.1%). The
top three prevalent mutated subgroups of DDR genes were CCR (30.8%), HR (10.5%)
and BER (7.0%) for all patients. Serous carcinoma—CCR (58.05%), HR (15.9%) and BER
(5.8%); endometrioid carcinoma—CCR (23.1%), MMR (15.4%) and HR (7.7%); clear cell
carcinoma—BER (9.4%), CCR (6.3%) and HR (6.3%). For detailed information, please refer
to Table S2 and Figure S2.
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Table 3. The deleterious DDR gene mutations in the patients.

Gene Mutation Transcript gDNA/cDNA Amino Acid Reported/Novel

ATM frameshift deletion NM_000051 c.1402_1403del p.K468fs rs587781347
ATM frameshift deletion NM_000051 c.8426delA p.Q2809fs rs587782558
ATM frameshift insertion NM_000051 c.4736dupA p.Q1579fs rs864622164
ATM missense mutation NM_000051 c.C6200A p.A2067D rs397514577
ATM nonsense mutation NM_000051 c.C5188T p.R1730X rs764389018
ATM nonsense mutation NM_000051 c.C850T p.Q284X rs757782702

BARD1 frameshift insertion NM_000465 c.70_71insGT p.P24fs NA
BRCA1 nonsense mutation NM_007294 c.3531dupT p.S1178_K1179delinsX NA
BRCA1 nonsense mutation NM_007294 c.G2635T p.E879X rs80357251
BRCA2 frameshift deletion NM_000059 c.1585delT p.F529fs NA
BRCA2 frameshift insertion NM_000059 c.7407dupT p.T2469fs rs397507916
BRCA2 nonsense mutation NM_000059 c.4965delC p.Y1655X rs80359475
BRCA2 nonsense mutation NM_000059 c.A5623T p.K1875X NA
BRCA2 nonsense mutation NM_000059 c.C2590T p.Q864X rs1060502414
BRCA2 nonsense mutation NM_000059 c.C6952T p.R2318X rs80358920
BRCA2 nonsense mutation NM_000059 c.G3922T p.E1308X rs80358638
BRIP1 frameshift insertion NM_032043 c.394dupA p.T132fs rs587781416

CHEK2 splicing NM_007194 g. 29130716 C>G NA
ERCC8 frameshift deletion NM_000082 c.191_195del p.S64fs NA
ERCC8 splicing NM_000082 c.1123-2->T NA
ERCC8 splicing NM_000082 c.1123-2->T NA
ERCC8 splicing NM_000082 c.1123-2->T NA
ERCC8 splicing NM_000082 c.1123-2->T rs777444521
FANCC nonsense mutation NM_000136 c.G1225T p.E409X NA
FANCG splicing NM_004629 c.511-2->C NA
FANCI splicing NM_001113378 c.3187-2A>G NA

FANCM frameshift deletion NM_020937 c.3998delA p.Q1333fs rs746983128
MLH1 frameshift deletion NM_000249 c.1771delG p.D591fs NA
MLH1 splicing NM_000249 c.2104-2A>G rs267607889
MLH1 splicing NM_000249 c.790+2T>C rs267607790
MLH3 missense mutation NM_001040108 c.G2221T p.V741F rs28756990
MLH3 missense mutation NM_001040108 c.G2221T p.V741F rs28756990
MLH3 missense mutation NM_001040108 c.G2221T p.V741F rs28756990
MLH3 missense mutation NM_001040108 c.G2221T p.V741F rs28756990
MRE11 frameshift insertion NM_005590 c.1222dupA p.T408fs rs774440500
MSH2 nonsense mutation NM_000251 c.C226T p.Q76X rs63750042
MSH2 nonsense mutation NM_000251 c.G1738T p.E580X rs63751411
MSH2 splicing NM_000251 c.943-1G>C rs12476364
MSH3 frameshift deletion NM_002439 c.1141delA p.K381fs rs587776701
MSH6 frameshift insertion NM_001281492 c.2916dupT p.T972fs NA
MSH6 nonsense mutation NM_001281492 c.G726A p.W242X NA

MSH6 splicing NM_001281492 g. 48033792 _ 48033795
del TAAC NA

MUTYH missense mutation NM_001128425 c.G1187A p.G396D rs36053993
MUTYH nonsense mutation NM_001128425 c.G467A p.W156X rs762307622
MUTYH splicing NM_001128425 c.576+1G>C NA
MUTYH splicing NM_001128425 c.934-2A>G rs77542170
MUTYH splicing NM_001128425 c.934-2A>G rs77542170
MUTYH splicing NM_001128425 c.934-2A>G rs77542170
MUTYH splicing NM_001128425 c.934-2A>G rs77542170
MUTYH splicing NM_001128425 c.934-2A>G rs77542170
MUTYH splicing NM_001128425 c.934-2A>G rs77542170
MUTYH splicing NM_001128425 c.934-2A>G rs77542170
MUTYH splicing NM_001128425 c.934-2A>G rs77542170

OGG1 nonsense mutation NM_016819 c.A974G p.X325W NA
POLD1 splicing NM_002691 c.2954-1G>- NA
RAD50 frameshift deletion NM_005732 c.2157delA p.L719fs NA
RAD50 frameshift deletion NM_005732 c.536delT p.I179fs NA
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Table 3. Cont.

Gene Mutation Transcript gDNA/cDNA Amino Acid Reported/Novel

RAD50 frameshift insertion NM_005732 exon13:c.2157dupA p.L719fs rs397507178
RAD51C frameshift insertion NM_058216 c.390dupA p.G130fs rs730881940
RAD51C nonsense mutation NM_058216 c.T833G p.L278X NA
RAD51C splicing NM_058216 c.905-2A>C NA
RAD51C splicing NM_058216 c.905-2A>C NA
RAD51D splicing NM_002878 c.480+1G>A NA

TP53 frameshift deletion NM_000546 c.102delC p.P34fs NA
TP53 frameshift deletion NM_000546 c.121delG p.D41fs NA
TP53 frameshift deletion NM_000546 c.216delC p.P72fs NA
TP53 frameshift deletion NM_000546 c.257_272del p.A86fs NA
TP53 frameshift deletion NM_000546 c.501delG p.Q167fs NA
TP53 frameshift deletion NM_000546 c.539_549del p.E180fs NA
TP53 frameshift insertion NM_000546 c.102dupC p.L35fs NA
TP53 frameshift insertion NM_000546 c.455dupC p.P152fs NA
TP53 frameshift insertion NM_000546 c.498dupA p.Q167fs NA
TP53 frameshift insertion NM_000546 c.889dupC p.H297fs NA
TP53 missense mutation NM_000546 c.A488G p.Y163C rs148924904
TP53 missense mutation NM_000546 c.A578G p.H193R rs786201838
TP53 missense mutation NM_000546 c.A659C p.Y220S rs121912666
TP53 missense mutation NM_000546 c.A659G p.Y220C rs121912666
TP53 missense mutation NM_000546 c.A659G p.Y220C rs121912666
TP53 missense mutation NM_000546 c.A736G p.M246V rs483352695
TP53 missense mutation NM_000546 c.A838G p.R280G rs753660142
TP53 missense mutation NM_000546 c.C380T p.S127F rs730881999
TP53 missense mutation NM_000546 c.C451T p.P151S rs28934874
TP53 missense mutation NM_000546 c.C844T p.R282W rs28934574
TP53 missense mutation NM_000546 c.C844T p.R282W rs28934574
TP53 missense mutation NM_000546 c.G412C p.A138P rs28934875
TP53 missense mutation NM_000546 c.G524A p.R175H rs28934578
TP53 missense mutation NM_000546 c.G524A p.R175H rs28934578
TP53 missense mutation NM_000546 c.G638T p.R213L rs587778720
TP53 missense mutation NM_000546 c.G730A p.G244S rs1057519989
TP53 missense mutation NM_000546 c.G743A p.R248Q rs11540652
TP53 missense mutation NM_000546 c.G743A p.R248Q rs11540652
TP53 missense mutation NM_000546 c.G818A p.R273H rs28934576
TP53 missense mutation NM_000546 c.G818A p.R273H rs28934576
TP53 missense mutation NM_000546 c.G836A p.G279E rs1064793881
TP53 missense mutation NM_000546 c.G856A p.E286K rs786201059
TP53 nonsense mutation NM_000546 c.588_589insTGA p.V197delinsX NA
TP53 nonsense mutation NM_000546 c.912dupT p.K305_R306delinsX NA
TP53 nonsense mutation NM_000546 c.C430T p.Q144X NA
TP53 nonsense mutation NM_000546 c.C499T p.Q167X NA
TP53 nonsense mutation NM_000546 c.C574T p.Q192X NA
TP53 nonsense mutation NM_000546 c.C586T p.R196X rs397516435
TP53 nonsense mutation NM_000546 c.C637T p.R213X rs397516436
TP53 nonsense mutation NM_000546 c.G272A p.W91X NA
TP53 nonsense mutation NM_000546 c.G438A p.W146X NA
TP53 nonsense mutation NM_000546 c.G859T p.E287X NA
TP53 nonsense mutation NM_000546 c.G880T p.E294X rs1057520607
TP53 splicing NM_000546 c.376-1G>T NA
TP53 splicing NM_000546 c.672+1G>A rs863224499
TP53 splicing NM_000546 c.993+2T>G NA
TP53 splicing NM_000546 c.993+2T>G NA
TP53 splicing NM_000546 c.993+1G>T rs11575997

TP53 splicing NM_000546 g.7577493_7577497 del
CCTGA NA

XRCC4 frameshift deletion NM_003401 c.810delA p.R270fs NA
XRCC6 splicing NM_001469 c.589+1G>T NA
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Figure 1. Deleterious DNA damage response (DDR) gene mutations in 172 epithelial ovarian carcinoma (EOC) patients
(A) The pattern of DDR mutations of different histologic subtypes. (B) The percentages of DDR mutations in all 172 EOC
patients. (C) The percentages of DDR mutations in different histologic subtypes. (D) The percentages of DDR mutations
classified by different pathways in different histologic subtypes.

3.3. Correlation of DDR Gene Mutations with Clinical Outcomes of the EOC Patients

We evaluated the correlations between the mutation of DDR genes, the clinicopatho-
logic parameters and outcome of the EOC patients. As shown in Table 4, type II tumors had
a higher percentage of HR gene mutations than type I tumors (16.18 vs. 6.73%, p = 0.048,
chi-squared test). Endometrioid carcinoma (15.38%) had a higher percentage of MMR
mutations than those of serous carcinoma (2.90%) and clear cell carcinoma (4.69%) (p = 0.03,
chi-squared test). Low-grade tumors had a higher percentage of MMR mutations compared
with high-grade tumors (17.24 vs. 4.20%, p = 0.009, chi-squared test). Type II tumors had
a higher percentage of DSBR mutations than type I tumors (17.65 vs. 6.73%, p = 0.026,
chi-squared test). Serous carcinoma (57.97%) had a higher percentage of CCR mutations
than those of endometrioid carcinoma (23.08%) and clear cell carcinoma (6.25%) (p < 0.001,
chi-squared test). Type II tumors had higher percentage of CCR mutations than those of
type I tumors (58.82 vs. 12.50%, p < 0.001, chi-squared test). The advanced-stage patients
had a higher percentage of CCR mutations than the early-stage patients (42.72 vs. 13.04%,
p < 0.001, chi-squared test). The recurrent patients had a higher percentage of CCR muta-
tions than those without recurrence (39.22% vs. 18.57%, p = 0.004, chi-squared test). Patients
who died of EOC had higher percentages of CCR mutations than living patients (40.79 vs.
22.92%, p = 0.012, chi-squared test). Serous carcinoma (69.57%) had higher percentage of
DDR mutations than those of endometrioid carcinoma (33.33%) and clear cell carcinoma
(26.56%) (p < 0.001, chi-squared test). Type II tumors had a higher percentage of DDR
mutations than type I tumors (70.59 vs. 28.85%, p < 0.001, chi-squared test). The advanced
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stage patients had higher percentage of DDR mutations than the early-stage patients (57.28
vs. 27.54%, p < 0.001, chi-squared test). Recurring patients had a higher percentage of DDR
mutations than those without recurrence (53.92 vs. 32.86%, p = 0.006, chi-squared test).
Patients who died of EOC had a higher percentage of DDR mutations than living patients
(59.21 vs. 34.38%, p = 0.001, chi-squared test).

EOC patients without DDR gene mutation had longer progression-free survival (PFS)
(p = 0.0072, log-rank test, Figure 2A) and overall survival (OS) (p = 0.022, log-rank test,
Figure 2B) than those with 1 DDR or ≥2 DDR mutations. In serous carcinoma, patients
with or without DDR mutations had similar PFS (p = 0.56, log-rank test, Figure 2C). Patients
with ≥2 DDR mutations had a trend of better OS than those with 1 mutation or none,
but it was not statistically significant (p = 0.47, log-rank test, Figure 2D). In endometrioid
carcinoma, patients with ≥2 DDR gene mutations had shorter PFS (p = 0.0035, log-rank test,
Figure 2E) and OS (p = 0.015, log-rank test, Figure 2F) than those with 1 mutation or none.
In clear cell carcinoma, patients with ≥2 DDR gene mutations had significantly shorter
PFS (p = 0.0056, log-rank test, Figure 2G) and OS (p = 0.0046, log-rank test, Figure 2H) than
those with 1 DDR mutation or none.

Tumor recurrence with CCR gene mutation (HR: 1.68 (1.12–2.50), p = 0.011), 1 DDR
gene mutation (HR: 1.71 (1.12–2.60), p = 0.013), endometrioid carcinoma (HR: 0.17 (0.08–0.37),
p < 0.001), type II tumor (HR: 2.69 (1.81–4.00), p < 0.001), advanced-stage carcinoma (HR:
5.29 (3.16–8.85), p < 0.001), high-grade tumor (HR: 5.57 (2.26–13.70), p < 0.001) and optimal
debulking surgery (HR: 0.28 (0.18–0.41), p < 0.001) were significant in the univariate Cox
regression model (Table 5). Advanced-stage carcinoma (HR: 3.08 (1.63–5.80), p = 0.001)
and optimal debulking surgery (HR: 0.51 (0.32–0.80), p = 0.004) were important prognostic
factors in the multivariate analysis. Cancer-related death with TLS gene mutation (HR:
33.76 (3.95–289.00), p = 0.001), 1 DDR gene mutation (HR: 1.96 (1.20–3.20), p = 0.007), en-
dometrioid carcinoma (HR: 0.12 (0.04–0.38), p < 0.001), type II tumor (HR: 1.88 (1.19–2.96),
p = 0.007), advanced-stage carcinoma (HR: 6.84 (3.28–14.25), p < 0.001), high-grade tumor
(HR: 17.97 (2.50–129.29), p = 0.004) and optimal debulking surgery (HR: 0.26 (0.16–0.41),
p < 0.001) were significant in the univariate Cox regression model. Type II tumor (HR: 0.35
(0.20–0.60), p < 0.001), TLS gene mutation (HR: 9.57 (1.08–84.83), p = 0.042), advanced-stage
carcinoma (HR: 4.82 (2.09–11.09), p < 0.001) and optimal debulking surgery (HR: 0.38
(0.22–0.64), p < 0.001) were important prognostic factors in the multivariate analysis.
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4. Discussion

Our study showed that nearly half of the epithelial ovarian cancer (EOC) patients
had DNA damage response (DDR) gene mutations with varied proportions of histologi-
cal subtypes. Two-thirds of serous adenocarcinoma patients, one-third of endometrioid
adenocarcinoma patients and one-fourth of clear cell carcinoma patients had DDR gene
mutations. Our DDR gene panel consisted of the genes involved in single-strand break
repair, double-strand break repair and cell cycle regulation, including the genes recom-
mended by National Comprehensive Cancer Network (NCCN) guidelines as cost-effective
tools for assessing the lifetime risk of EOC, such as ATM, BRCA1/2, BRIP1, MLH1, MSH2,
MSH6, PALB2, RAD51C and RAD51D [32]. The major components of DDR gene mutations
were CCR in serous, CCR and SSBR in endometrioid and SSBR in clear cell carcinomas;
CCR and DSBR in type II tumors (high-grade serous carcinoma in the cohort); and SSBR in
type I tumors. A multiple DDR gene panel increased the detection rate of somatic mutation
of genes involved in DNA damage repair pathway in comparison with a BRCA test alone.
The percentage of BRCA 1/2 somatic mutation in serous carcinoma was 7.2, which was
compatible with the 6–7% in previous studies [33–37]. The non-BRCA HR somatic mutation
of our study was more than 10% in serous and endometrioid carcinomas, and the MMR
somatic mutation was around 15% in endometrioid carcinomas, which was compatible
with the previous study [38].

Our study showed that ovarian clear cell carcinoma patients with DDR gene mutations
had an unfavorable survival prognosis. Those who had somatic DDR mutations were
significantly associated with advanced-stage carcinomas, tumor recurrence and tumor-
related death. The trend was different in histological subtypes as serous carcinomas or
type II tumors with DDR mutation showed a better survival trend. Non-serous or type I
EOC patients with DDR mutations had a poor prognosis, especially in clear cell carcinoma.
Ovarian clear cell carcinoma is an aggressive drug-resistant subtype of EOC in association
with endometriosis and glycogen accumulation. It accounts for about 5–13% of all EOCs
in Western populations, but up to 20–25% in East Asia, including Taiwan [2,3]. Previous
studies showed that the somatic mutations of ovarian clear cell carcinoma (mainly in
ARID1A, PIK3CA, KRAS and PPP2R1A) might be related to chromatin remodeling, cell
proliferation, cell cycle checkpointing and cytoskeletal organization [39–49]. However, the
frequent mutations of ARID1A, PIK3CA, PPP2R1A or TP53 in ovarian clear cell carcinoma
did not correlate well with the prognosis [45]. Other infrequent gene mutations of clear
cell carcinoma included ARID1B, ARID3A, CREBBP, CSMD3, CTNNB1, LPHN3, LRP1B,
MAGEE1, MLH1, MLL3, MUC4, PIK3R1, PTEN and TP53 [41,43,46,48,49]. DDR gene
mutations in ovarian clear cell carcinoma was unclear in the literature, and our finding of
an unfavorable prognosis in clear cell carcinoma patients with DDR gene mutations could
provide useful information.

Our DDR gene panel could provide a scientific rationale for patient selection in future
clinical trials that target DNA damage repair response pathways, especially in clear cell
carcinoma. BRCA gene tests or companion HRD assays are currently suggested for PARPi,
but there are unmet problems that need to be resolved [11–15,20]. The most important one
is that the HRD assays cannot consistently identify patients who do not benefit from PARPi
therapy. The consensus for the cut-off value was indeterminate because the thresholds
of HRD assays were developed from retrospective exploratory analyses [11,50,51]. Gen-
erally, advance-stage, high-grade serous carcinoma patients with tumor BRCA (tBRCA)
mutations, including germline (gBRCA) or somatic (sBRCA), derived the greatest bene-
fit from PARPi maintenance therapy [11–15]. Approximately 11–18% of patients had a
gBRCA mutation, and another 6–7% patients had an sBRCA mutation with a negative
gBRCA test [33–37]. However, about 5% of gBRCA mutated patients tested negative for
tBRCA [52–54]. The non-BRCA HR gene mutations were usually pooled together to inter-
pret the association with clinical outcomes in previous studies because of their relatively
low prevalence [35,55–57]. Twenty-one platinum-sensitive recurrent patients with non-
BRCA somatic mutations (BRIP1, CDK12, RAD54L and RAD51B) derived benefit from
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olaparib in study 19 [58]. In ARIEL2, there were 20 patients with non-BRCA HR gene
mutations (ATM, BRIP1, CHEK2, FANCA, FANCI, FANCM, NBN, RAD51B, RAD51C and
RAD54L), but the sensitivity in discriminating a rucaparib response was only 11% [59].
However, BRCA wild type EOC patients still benefitted from PARPi, which indicated that a
BRCA test by itself was inadequate for selecting EOC patients for PARPi [13–15]. It needs to
be determined which individual or panel of non-BRCA HR genes could be used to predict
a PARPi response, especially in non-serous EOC patients.

There were limitations to our study. First, germline gene mutations were not investi-
gated. These not only inform the patients but also identify family members of the possible
risk of malignancy [52–54]. The NCCN suggested germline gene tests of ATM, BRCA1/2,
BRIP1, MLH1, MSH2, MSH6, PALB2, RAD51C, RAD51D and STK11 to assess the lifetime
risk of EOC [32], but how many genes should be included in the panel is inconclusive.
Second, the numerous variants of uncertain significance (VUSs) identified by multiple
gene panels would cause controversy in risk assessment and management [60–62]. The
biological functions and clinical impacts of most individual mutations in the genomic
loci have not been well characterized, especially for VUSs [63]. Even in the well-studied
BRCA gene, there is a difference among laboratories in the VUS reporting rate (3–50%),
detection protocols and management strategies [64]. Further sharing and integration of
gene sequencing data in an open database might decrease VUSs. Third, the cohort sample
was not large enough; only the trends of clinical prognosis that correlated with each DDR
pathway were found. Further large-scale investigations are needed.

5. Conclusions

Our study found that nearly half of the EOC patients had DDR gene mutations of
varying proportions in the histological subtypes. Patients with somatic DDR mutations
were significantly associated with advanced-stage carcinoma, tumor recurrence and tumor-
related death. Type I EOC patients with DDR mutations had an unfavorable prognosis,
especially for clear cell carcinoma. A broad multiple-gene DDR panel would provide not
only comprehensive information of gene mutations but also a rationale for a future study
of a novel therapy target for DNA damage response pathways.
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Abstract: To investigate the role of DNA mismatch repair status (MMR) in survival of endometrioid
endometrial cancer in Hong Kong Chinese women and its correlation to clinical prognostic factors,
238 patients with endometrioid endometrial cancer were included. Tumor MMR status was evaluated
by immunohistochemistry. Clinical characteristics and survival were determined. Association of
MMR with survival and clinicopathological parameters were assessed. MMR deficiency (dMMR)
was found in 43 cases (16.5%). dMMR was associated with poor prognostic factors including older
age, higher stage, higher grade, larger tumor size and more radiotherapy usage. Long-term survival
was worse in dMMR compared to the MMR proficient group. The dMMR group had more deaths,
shorter disease-specific survival (DSS), shorter disease-free survival (DFS), less 10-year DSS, less
10-year DFS, and more recurrence. The 5-year DSS and 5-year DFS in the dMMR group only showed
a trend of worse survival but did not reach statistical significance. In conclusion, dMMR is present
in a significant number of endometrioid endometrial cancers patients and is associated with poorer
clinicopathological factors and survival parameters in the long run. dMMR should be considered
in the risk stratification of endometrial cancer to guide adjuvant therapy and individualisation for
longer follow up plan.

Keywords: endometrioid endometrial cancer; DNA mismatch repair (MMR); MMR deficient (dMMR);
long-term survival

1. Introduction

Endometrial cancer is the most common gynaecological cancer in the developed world
and its incidence is on a continual rise. Endometrial carcinogenesis is driven by defects
in signal transduction pathways such as the DNA mismatch repair (MMR) pathway, p53
pathway [1], phosphatidylinositol 3 kinase (PI3K)–AKT pathway, and WNT/ β-catenin sig-
nalling pathway [2]. Microsatellite instability (MSI) and phosphatase and tensin homolog
(PTEN) mutation are the commonest genetic alterations in endometrial cancer [3].

The MMR system is a strand-specific DNA repair system which maintains genomic
stability. MMR proteins, including MutL Homolog 1 (MLH1), MutS Homolog 2 (MSH2),
MutS Homolog 6 (MSH6) and PMS1 Homolog 2, Mismatch Repair System Component
(PMS2), are responsible for repairing base-base mismatch during DNA replication. MMR
system also promotes cell cycle arrest and programmed cell deaths in response to DNA
damage [4]. Microsatellites are short repetitive nucleotide sequences of DNA, which are
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prone to slippage and replication errors due to its repetitive structure. Therefore, when the
MMR system is inactivated, it could lead to accumulation of DNA replication errors and
MSI (in which the number of repeated DNA bases in a microsatellite is different from what
it was when the microsatellite was inherited. In addition, inactivation of MMR system
increases spontaneous mutations in the cells and is associated with cancers [4].

Deficiencies in MMR proteins were reported in 20% to 30% of endometrial cancers [5,6].
MMR deficiency can be somatic or germline. The majority of deficient mismatch repair
deficiency in endometrial cancers is sporadic resulting from somatic mutations [3]. The
presence of a germline mutation is suggestive of Lynch syndrome, a hereditary cancer
syndrome associated with multiple cancers including colorectal and endometrial cancer [7].
Lynch syndrome is caused by an autosomal dominant germline mutation of one of the
MMR genes, MLH1, MSH2, MSH6 and PMS2 [7].

There are three ways to detect defects in MMR system: immunohistochemistry (IHC),
polymerase chain reaction (PCR)-based assays and next-generation sequencing (NGS) [8].
IHC can identify defects in MMR protein expression, classifying tumors as MMR proficient
(pMMR) or MMR deficient (dMMR) [9,10]. PCR and NGS can evaluate for MSI, classifying
tumors into high (MSI-H) or low (MSI-L) or stable levels (MSS) of MSI [8–11]. A study
found a high correlation of IHC and PCR, with a concordance rate of 96% [9], while
another study showed that IHC alone missed 17% of MSI cases identified by PCR [12]. The
2020 ESGO/ESTRO/ ESP guideline on endometrial cancer had recommended IHC as the
preferred approach to identify defects in MMR gene because of its wide availability and
cost-effectiveness [13].

Endometrial cancer patients generally have good prognosis with a 5-year survival rate
of around 80% [14]. However, some cases (~20%) do recur [15] and prognostic markers
are needed to select high-risk patients for adjuvant treatment and close monitoring [16].
Traditionally, endometrial cancers are classified into type 1 and type 2. Type 1 endometrial
cancers are characterized by being estrogen-related, of endometrioid histology, occurring
in pre-menopausal obese women and have more favourable prognosis. Type 2 endome-
trial cancers are characterised by being non-estrogen related, developing from atrophic
endometrium, of non-endometrioid histology, occurring in post-menopausal women and
have poorer prognosis [17]. Clinicopathological factors associated with worse survival
include older age, higher tumor stage, higher grade, non-endometrioid histology and the
presence of lymphovascular space invasion (LVSI) [14].

dMMR is an established carcinogenesis mechanism in endometrial cancer. However,
its clinical significance remains controversial. Some studies had showed that dMMR was
associated with older age, higher grade, higher stage disease, larger tumor, more LVSI and
deeper myometrial invasion [5,18]. By contrast, some studies found no difference in stage,
grade or LVSI [16]. dMMR tumors were more often of endometrioid than non-endometrioid
histology with dMMR found in 51.4% of endometrioid tumors but only 20% of serous/clear
cell tumors [19]. The relationship between dMMR and endometrial cancer survival is still
unclear. A recent study involving 728 cases found that in endometrioid endometrial cancer,
somatic dMMR was associated with worse disease specific survival (DSS) when compared
to pMMR tumors (hazard ratio HR = 2.18) [14]. The worse prognosis was particularly
evident in early-stage cancer [3,20] of endometrioid histology [5,14]. A decrease recurrence
free survival had also been reported in a small number of studies [5]. Opposing findings
were reported in another study involving 473 cases of endometrial cancer, showing that
dMMR were associated with improved DSS (HR = 0.3) [6]. No difference in survival was
found in some other studies [16]. A meta-analysis failed to find any association between
survival and MMR status [21].

In additional to prognostic implications, MMR analysis is useful in the development
of precision medicine in endometrial cancer [1]. It can guide the delivery of adjuvant
therapy [22] and act as a biomarker to predict a response to immunotherapy [23]. Im-
munotherapy with immune checkpoint inhibitor such as anti-programmed death (PD)-1
and anti-PD-ligand 1 (PD-L1) antibodies is a rapidly emerging anti-cancer therapy [24].
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The study’s primary objective is to investigate the role of MMR status in the long-
term survival of endometrial cancer patients of endometrioid histology. The secondary
objectives include determining the prevalence of dMMR in Chinese endometrial cancer
patients and its correlation to known prognostic factors such as lymph node involvement,
disease grade, disease stage and presence of LVSI. Ninety percent of endometrial cancer is
of endometrioid histology and its behavior is very different from non-endometrioid tumors,
with the latter having poorer prognosis [16]. In view of the high prevalence of endometrioid
tumors, the difference in clinical behavior from non-endometrioid tumors, more dMMR
being reported in endometrioid tumors compared to non-endometrioid tumors (51.4% vs.
20%) [3,18,19,25], and the detrimental effect of dMMR being more reported in endometrioid
tumors, our study focused on endometrioid tumors.

2. Materials and Methods

2.1. Patients

This is a retrospective study including 238 cases. Endometrial cancer of endometrioid
histology was identified from the electronic database of Prince of Wales Hospital, a Hong
Kong public hospital. Patients with hysterectomy performed and histology of surgical
specimen analyzed from February 2001 to June 2010 were included. Baseline demograph-
ics were collected from the hospital electronic medical record system. Treatment data
including operation performed, radiotherapy and chemotherapy were collected. The stan-
dard surgical treatments for endometrial cancer include total hysterectomy and bilateral
salpingoophorectomy. Pelvic and/or para-aortic lymphadenectomy may be performed
depending on the surgical risk, tumor grade, histology, cervical involvement, enlargement
of lymph node and depth of myometrial invasion (as assessed by pre-operative endometrial
sampling), MRI and intra-operative examination. In general, lymphadenectomy will be per-
formed for cases of stage IB or above or high-grade disease whereas a radical hysterectomy
will be performed if cervical invasion is suspected. The need for adjuvant therapy will be
discussed in a multi-disciplinary meeting including gynaecologists, clinical oncologists
and pathologists.

Pathological data including tumor size (maximum tumor dimension), grade, LVSI,
myometrial invasion, cervical invasion, pelvic and para-aortic lymph node involvement,
survival data (including 5-year and 10-year disease free survival (DFS), disease specific
survival (DSS), overall survival (OS)), and recurrence were collected. Endometrial cancer
staging and grading were based on the publication from the International Federation of
Gynecology and Obstetrics in 2009. The OS was determined from the date of treatment
to date of last contact or death from any cause. The DSS was determined from the date of
treatment to date of last contact or death resulting from endometrial cancer. The DFS was
determined from the date of treatment to the date of recurrence diagnosis. The study was
approved by the local institutional ethics committee (CREC Ref. No. 2019.716).

2.2. Mismatch Repair (MMR) Status Analysis with Immunohistochemistry (IHC)

The tumor expression of MMR proteins including MLH1, MSH2, MSH6 and PMS2
were evaluated by IHC. Immunostaining was performed on 4 μm unstained formalin-fixed
paraffin embedded slides with Ventana Optiview detection kit and 3,3′-Diaminobenzidine
as chromogen. The list of antibodies used, and protocols adopted are listed in Table S1.
Intensity of immunohistochemical staining was characterized into levels 0, 1, 2, 3 with
level ≥1 regarded as a positive stain. MMR protein expression was considered as retained
when there was ≥ 10% positive staining in tumor cell nuclei, whereas staining in <10%
was considered as indeterminate and 0% staining was considered as loss of expression
provided that the internal control was positive [26,27]. If the internal control was negative,
the result would be interpreted as non-informative. The tumor was regarded as dMMR if
there was a loss of one or more of the four MMR protein expressions [16]. A paired loss of
MLH1/PMS2 or MSH2/MSH6 will indicate a defect in the dominant partner (MLH1 or
MSH2). The MMR results were interpreted separately by two pathologists.
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2.3. Statistical Analysis

Sample size calculation was performed with the online survival curve sample size
calculation tool provided by the Centre for Clinical Research and Biostatistics of the Chinese
University of Hong Kong [28]. The significance level and power of test were set at 0.05.
Median OS was set at 225 months, hazard ratio as 0.42 and rate of dMMR as 20% based
on previously published studies [19,29]. The follow-up duration was set at 120 months. A
required sample size of 214 was obtained. The data were analysed with software Statistical
Package for Social Science Statistics Version 22. Survival was evaluated with Kaplan–Meier
survival analysis and compared statistically using a log rank test. Cox regression analysis
was used to assess the hazard ratio of MMR status on survival. The association of MMR
protein status with clinicopathological parameters was assessed by the Chi square test,
Fisher’s exact test and t-test. Statistical significance was set at two-sided p < 0.05.

3. Results

3.1. MMR Protein Expression

Protein expression of MLH1, MSH2, MSH6 and PMS2 was evaluated in a total of
238 cases of endometrial cancer of endometrioid histology by IHC. Representative re-
sults of immunohistochemical staining of MLH1, MSH2, MSH6 and PMS2 are shown in
Figure 1a–e. Cases were considered as MLH1 loss, MSH2 loss, MSH6 loss, and PMS2 loss
are shown in Figure 1a, 1b, 1c and 1d, respectively. A representative case with all MMR
proteins retained is shown in Figure 1e.
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MLH1 loss MSH2 loss

MSH6 loss PMS2 loss

MMR retained

a. b.

c.

e.

d.

Figure 1. Expression of mismatch repair (MMR) proteins in endometrioid endometrial cancer tissues. (a) A representative
case of MLH1 loss, immunohistochemistry (IHC) staining showed loss of MLH1 protein expression in tumor cells. (b) A
representative case of MSH2 loss, IHC staining showed loss of MSH2 protein expression in tumor cells. (c) A representative
case of MSH6 loss, IHC staining showed loss of MSH6 protein expression in tumor cells. (d) A representative case of PMS2
loss, IHC staining showed loss of PMS2 protein expression in tumor cells. (e) A representative case of MMR retained, IHC
staining showed all four of the MMR proteins (MLH1, MSH2, MSH6 and PMS2) retained in tumor cells.

125



Biomedicines 2021, 9, 1385

Loss of one or more of the four MMR protein expressions was seen in 43 cases (16.5%),
which were regarded as dMMR. Among these cases, 62.8% (27/43) with MLH1 loss, 14%
(6/43) with MSH2 loss, 2.3% (1/43) with MSH6 loss, and 20.9% (9/43) with PMS2 loss
(Table 1). Therefore, the most common type of deficient MMR protein was MLH1, followed
by PMS2. All MMR proteins were retained in 162 cases (62.1%), which were regarded as
pMMR. The result was indeterminate in 33 cases (12.6%) (Table 1).

Table 1. MMR expression in endometrioid endometrial cancer.

MMR Status Number [Percentage]

MMR Retained 162/238 [62.1%]

MMR Loss

- MLH1 Loss
- PMS2 Loss
- MSH2 Loss
- MSH6 Loss

43/238 [16.5%]

- 27/43 [62.8%]
- 9/43 [20.9%]
- 6/43 [14%]
- 1/43 [2.3%]

MMR Indetermined

- PMS2 Indeterminate
- MSH6 Indeterminate
- MLH2 Indeterminate

33/238 [12.6%]

- 27/33 [81.8%]
- 4/33 [12%]
- 2/33 [6%]

3.2. Clinical Characteristics

Two hundred and five cases with deficient MMR (dMMR) or proficient MMR (pMMR)
were included in the analysis. The clinical parameters are shown in Table 2. The mean age
was larger in the dMMR compared to the pMMR group (57.9 vs. 53.6, p = 0.04). Adjuvant
pelvic radiotherapy was more frequently given to the dMMR group (p = 0.03), while
adjuvant vault radiotherapy and chemotherapy were similar. Stage IA endometrial cancer
was more common in the pMMR than dMMR group (71% vs. 48.8%, p = 0.01), while stage
II endometrial cancer was more common in the dMMR than pMMR group (18.6% vs. 8%,
p = 0.05). The number of early-stage cases (stages I and II) and late-stage cases (stages III
and IV) were not different (p = 0.18).

Table 2. MMR status in association with clinical parameters.

Clinical Parameters MMR Deficient (n = 43) MMR Proficient (n = 162) p-Value

Age Mean 57.9
(SD 11.29)

Mean 53.6
(SD 12.29) 0.04

Parity (missing n = 62) Mean 2.33 (SD 2.19) Mean 1.82 (SD 1.49) 0.14

Parity

- 0
- 1
- 2
- 3
- ≥4

(missing n = 13)
- 9/30 ((30%)
- 2/30 (6.75)
- 7/30 (23.3%)
- 5/30 (16.7%)
- 7/30 (23.3%)

(missing n = 49)
- 30/113 (26.5%)
- 17/113 (15%)
- 30/113 (26.5%)
- 22/113 (19.5%)
- 14/113 (12.4%)

Menopause 22/40 (55%) 76/152 (50%) 0.7

Colorectal cancer 3/43 (7%) 4/162 (2.5%) 0.16

Operation

- Total hysterectomy
- Radical Hysterectomy
- Pelvic lymphadenectomy
- Para-aortic lymphadenectomy

- 38/43 (88.4%)
- 5/43 (11.6%)
- 12/43 (27.9%)
- 10/43 (23.3%)

- 156/162 (96.3%)
- 6/162 (3.7%)
- 46/162 (28.4%)
- 26/162 (16%)

0.08

Bilateral salpingoophorectomy 43/43 (100%) 153/162 (94.4%) 0.25
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Table 2. Cont.

Clinical Parameters MMR Deficient (n = 43) MMR Proficient (n = 162) p-Value

Adjuvant vault radiotherapy 10/43 (23.3%) 24/162 (14.8%) 0.28

Adjuvant pelvic radiotherapy 18/43 (41.9%) 38/162 (23.5%) 0.03

Adjuvant chemotherapy 3/43 (7%) 12/162 (7.4%) 0.61

Stage

- IA
- IB
- II
- IIIA
- IIIB
- IIIC1
- IIIC2

- 21/43 (48.8%)
- 8/43 (18.6%)
- 8/43 (18.6%)
- 2/43 (4.7%)
- 1/43 (2.3%)
- 1/43 (2.3%)
- 2/43 (4.7%)

- 115/162 (71%)
- 21/162 (13%)
- 13/162 (8%)
- 7/162 (4.3%)
- 2/162 (1.2%)
- 1/162 (0.6%)
- 3/162 (1.9%)

0.01

0.05

3.3. Pathological Characteristics

The association of pathological parameters with MMR status is shown in Table 3.
Uterine tumors were larger in the dMMR than pMMR group (p = 0.01) and dMMR were
associated with higher grade disease (p = 0.01). Pathological findings in deep myometrial
invasion, cervical invasion, LVSI, pelvic and para-aortic lymph node involvement were
not different between pMMR and dMMR tumors. Although the difference did not reach
statistical significance, there was a trend towards more deep myometrial invasion, cervical
invasion and LVSI in the dMMR group (Table 3).

Table 3. MMR status associated with pathological parameters.

Pathological Parameters MMR Deficient (n = 43) MMR Proficient (n = 162) p-Value

Uterine tumour size (cm) Mean 3.39 (SD 2.26) Mean 2.46 (SD 1.89) 0.01

Grade

- 1
- 2
- 3

- 24/43 (55.8%)
- 14/43 (32.6%)
- 5/43 (11.6%)

- 131/162 (80.9%)
- 26/162 (16%)
- 5/162 (3.1%)

0.01

Deep myometrial invasion 13/43 (30.2%) 28/162 (17.3%) 0.09

Cervical invasion 11/43 (25.6%) 20/162 (12.3%) 0.06

Lymphovascular space invasion (LVSI)
(missing n = 88) 10/26 (38.5%) 17/91 (18.7%) 0.07

Pelvic lymph node involved 2/12 (16.7%)
(Not performed n = 31)

3/46 (6.5%)
(Not performed n = 116) 0.59

Para-aortic lymph node involved 2/10 (20%)
(Not performed n = 33)

3/26 (11.5%)
(Not performed n =136) 0.43

3.4. Survival and Prognosis

The prognostic impact of MMR status was examined in our survival analysis. Through-
out the entire cohort, the median follow up was 138 months (range 5 to 223 months). There
were 33 deaths (16.1%), median OS was 137 months (range: 5 to 223 months), median
DSS was 141 months (range: 14 to 223 months) and median DFS was 137 months (range:
2 to 217 months). For the pMMR group, median follow up was 140 months (range 5 to
223 months). There were 23 deaths (14.2%). For the dMMR group, the median follow up
was 122 months (range 17 to 207 months). There were 10 deaths (23.3%), a percentage
higher than the pMMR group. The median OS, DSS and DFS are lower than in the dMMR
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group than the pMMR group, with a median OS of 122 months (range: 17 to 207 months) vs.
139 months (range: 5 to 223 months), median DSS of 123 months (range: 17 to 207 months)
vs. 146 months (range: 14 to 223 months) and median DFS of 121 months (range: 2 to
207 months) vs. 139 months (range: 5 to 217 months) respectively. The Kaplan–Meier
curves for the OS, DSS and DFS are shown in Figure 2a-c. The rate of 5-year OS/ DSS/
DFS, 10-year OS/ DSS/ DFS and recurrence are shown in Table 4. Ten-year DSS and DFS
were significantly higher in the pMMR than dMMR group (94.8% vs. 80%, p = 0.02; 87.3%
vs. 73.5%, p = 0.05) (Table 4). However, the 5-year DSS and DFS only showed a trend of
better survival in the pMMR than dMMR group but did not reach statistical significance
(Table 4). DFS was longer in the pMMR than dMMR group (p = 0.01), with a hazard ratio of
0.25 (95% CI 0.09 to 0.71) (Figure 2b). The DSS was also longer in the pMMR than dMMR
group (p = 0.01), with a HR of 0.22 (95% CI 0.07 to 0.71) (Figure 2b). However, OS was
similar between the two groups (p = 0.14) (Figure 2a). The recurrence rate was lower in the
pMMR than dMMR group (4.3% vs. 16.3%, p = 0.01) (Table 4).

Figure 2. Kaplan–Meier curves for overall survival (OS), disease-free survival (DFS) and disease-specific survival (DSS) of
dMMR and pMMR patients. (a) overall survival, (b) disease-free survival, and (c) disease-specific survival of dMMR and
pMMR patients.
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Table 4. MMR status in association with survival parameters.

Survival Parameters MMR Deficient (n = 43) MMR Proficient (n = 162) p-Value

5 years overall survival 39/43 (90.7%)
(Loss to follow up n = 0)

145/157 (92.4%)
(Loss to follow up n = 5) 0.46

10 years overall survival 26/34 (76.5%)
(Loss to follow up n = 9)

117/134 (87.3%)
(Loss to follow up n = 28) 0.19

5 years disease-specific overall
survival

36/39 (92.3%)
(Loss to follow up n = 0)

134/139 (96.4%)
(Loss to follow up n = 5) 0.38

10 years disease-specific overall
survival

24/30 (80%)
(Loss to follow up n = 9)

110/116 (94.8%)
(Loss to follow up n = 28) 0.02

5 years disease-free survival 39/43 (90.7%)
(Loss to follow up n = 0)

144/157 (91.7%)
(Loss to follow up n = 5) 0.52

10 years disease-free survival 25/34 (73.5%)
(Loss to follow up n = 9)

117/134 (87.3%)
(Loss to follow up n = 28) 0.05

Disease recurrence 7/43 (16.3%) 1/162 (4.3%) 0.01

4. Discussion

MMR status has been intensively studied in recent years as a prognostic indicator in
endometrial cancer. In colorectal cancer, MSI-H has been shown in multiple studies to be
strongly associated with better prognosis [30]; however, results have been contradictory
in endometrial cancer. In a meta-analysis including 23 studies [21], no definite evidence
between MMR status and detrimental survival in endometrial cancer was found [21].
However, only one out of 23 studies showed an improved overall survival [6] in that
meta-analysis and this outlier led to the insignificant conclusion [6]. In that particular
study, 20% of cases were of non-endometrioid histology [6]. A study involving 728 cases
found a worse DSS in only endometrioid tumors with somatic MMR deficiency (HR 2.18),
while no difference was found for germline mutation or when both endometroid and non-
endometrioid tumors were included [14]. The detrimental effect of dMMR on endometrial
cancer survival was also seen in another study with a HR of 3.25 for DFS and HR of 4.2
for DSS [20]. Other studies only detected poorer survival in early stage endometrioid
tumor [3]. These findings reflected the different clinical implication dMMR has on various
endometrial cancer subtypes and somatic or germline mutation.

The contradictory results of different studies may be due to lack of stratification of
cases into (1) somatic or germline mutation and (2) endometrioid or non-endometrioid
cancer. Our study, being the first to focus only on endometrioid tumors, had showed that
somatic dMMR in endometrioid endometrial cancer was associated with worse clinico-
pathological factors including older patient age, larger tumor size, more advanced-stage
disease, higher-grade disease and increased need of adjuvant radiotherapy. The poor prog-
nostic implications were reflected in the survival analysis, with more recurrence noticed in
the dMMR group and a shorter DFS observed, despite more adjuvant therapy being used
in the dMMR group. The poor prognostic implication was particularly profound in the
long term, with the 10 years DSS and DFS being significantly higher in the pMMR than
dMMR group (94.8% vs. 80%, p = 0.02; 87.3% vs. 73.5%, p = 0.05) but five-year DSS and
DFS only showing a trend of better survival in the pMMR group (96.4% vs. 92.3%, p = 0.38;
91.7% vs. 90.7%, p = 0.52). The findings of our study further indicated that in a specific
group of patients (endometrioid histology), somatic dMMR may be a prognostic indicator.
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Early-stage endometrioid histology accounts for >60% of endometrial cancers [31],
therefore, our findings are relevant to the majority of endometrial cancer patients. The ad-
dition of MMR status in the risk stratification process can potentially identify a proportion
of poor prognostic patients in this originally low risk group for individualized treatment
and follow up plan. The poor long-term survival in the dMMR group indicated the need of
an individualized follow up plan based on risk assessment. Currently, most international
guidelines recommend 5-year follow up for endometrial cancer patients [32,33]. However,
our results showed that the 5-year survival of dMMR and pMMR group were not very
much different and the obvious difference occurs at 5 to 10 years follow up. In the dMMR
group, longer follow up to 10 years should be considered. Moreover, more aggressive
adjuvant treatment plan may be appropriate for this higher-risk group.

4.1. Personalized Medicine in Endometrial Cancer

Traditionally, endometrial cancer had been classified by clinical characteristics such
as grade of disease. Recently, there is emerging evidence on the utility of genetic and
epigenetic characteristics as prognostic markers for endometrial cancer [34]. The latest
2020 ESGO/ESTRO/ ESP guideline on endometrial cancer recommended encouraging
molecular classification in all endometrial cancers [13]. Knowledge of the genetic and
epigenetic characteristics of individuals can allow personalized medicine tailored to the
individual’s genetic profile. The Cancer Genome Atlas Research Network had classified
endometrial cancer into four categories: POLE hypermutated, MSI hypermutated, copy
number low (p53 abnormal) and copy number high [35]. Molecular testing is relevant in the
risk stratification for prognosis and adjuvant therapy usage, guidance for immunotherapy
and pre-screening for Lynch syndrome [13].

4.2. Personalized Medicine in Endometrial Cancer—Adjuvant Treatment

Molecular markers are increasingly being incorporated into traditional risk stratifica-
tion model to identify high risk patients, especially in high-risk endometrial cancers where
evidence has shown that molecular biomarkers can serve as better prognostic markers. For
example, POLE hypermutated high risk endometrial cancer was found to have excellent
prognosis, while p53 abnormal tumours had poor prognosis [13]. Molecular classification
can further guide the usage of adjuvant therapy and individualise a follow-up plan based
on patients’ molecular characteristics. MMR status has been well demonstrated in col-
orectal cancer to be an effective predictor for treatment efficacy in adjuvant setting [30],
allowing a more tailored adjuvant therapy. In endometrial cancer, there is limited evidence
showing a better response rate of dMMR tumors to platinum-based chemotherapy than
pMMR tumors (67% vs. 44%) [31]. In a study with 158 endometrial cancer patients receiv-
ing chemotherapy and 66 patients receiving radiotherapy, there was a significant increase
in OS and PFS in dMMR, non-endometrioid tumors treated with radiotherapy and pMMR
stage III/IV patients treated with adjuvant chemotherapy [22]. The majority of endometrial
cancers are stage IA disease which is considered as low risk, and adjuvant therapy is
not recommended based on current recommendations which utilize clinicopathological
factors [36]. With emerging evidence of the adverse effect of dMMR, adjuvant therapy can
be considered to improve survival in dMMR early-stage endometrioid endometrial cancer
patients. This risk stratification with molecular markers may be a superior model than
the existing clinicopathological model or could be an adjunct to formulation of adjuvant
treatment.

4.3. Personalized Medicine in Endometrial Cancer—Immunotherapy

Molecular characteristics can predict response to new therapeutic agents such as
immunotherapy. For example, MSI analysis has been proven in colorectal cancer to be an
effective biomarker to predict response to pembrolizumab, a PD-1 immune checkpoint
inhibitors that targets and block PD-1 [37]. The objective response to Pembrolizumab is
40% in the dMMR group compared to 0% in the pMMR group [37]. The evidence with
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endometrial cancer is not as robust. Nonetheless, pembrolizumab has been approved by
the FDA for use in recurrent or metastatic endometrial cancer together with all other types
of dMMR tumours [38]. The overall response rate to Pembrolizumab was 39.6%, while the
response rate in endometrial cancer alone was 36% [39]. Immunotherapy is very expensive
and not without adverse effects. Therefore, the selection of patients who will benefit is
important. MMR status can potentially be a biomarker to predict treatment efficacy of PD-1
immune checkpoint inhibitor in endometrial cancer patients [40]. This molecular approach
is promising, especially in metastatic recurrent disease where patients would otherwise, be
incurable.

4.4. Personalized Medicine in Endometrial Cancer—Lynch Syndrome Screening

Approximately 3% of endometrial cancer patients carry germline MMR gene muta-
tions [13]. A germline mutation in MMR genes results in Lynch syndrome, an inherited
cancer syndrome predisposing patients to multiple cancer development, including col-
orectal and endometrial cancers [41]. Lynch syndrome was found to be present in 5.4%
of Chinese endometrial cancer patients [10]. Traditionally, screening of Lynch syndrome
has been based on clinical parameters, such as the personal and family history of Lynch-
associated malignancies. Somatic loss of MMR expression may be associated with a
presence of germline mutation. MSI is a well-established and effective genetic marker for
detection of Lynch syndrome [9]. Expanding a universal screening program for Lynch
syndrome to include patients with endometrial cancer has been shown to identify 50%
more Lynch syndrome patients [42], who would largely be missed by screening based
on clinical parameters. The latest guideline from ESGO/ESTRO/ESP and International
Society of Gynaecological Pathology recommended testing of MMR with IHC to screen
for Lynch syndrome [13]. An early detection can allow appropriate cancer risk reducing
intervention to be undertaken in the patients and their relatives, potentially improving
their survival.

The strength of our study includes a large sample size of 238 cases focusing on somatic
dMMR of endometrioid histology endometrial cancers. The long follow up with a median
follow up of more than 10 years is also longer than most of the published studies [3,14,22].
Furthermore, all four MMR protein expressions were evaluated in our study whereas
only one to two MMR protein expressions were evaluated in some previous studies [21].
However, the rate of dMMR of 16.5% in our study is less than that reported in other
studies [5,6]. This is because we adopted a strict criteria defining dMMR with <1% staining,
while staining in <10% was considered as indeterminate, leading to a high proportion
of cases being reported as indeterminate (12.6%). If the indeterminate cases were also
considered potentially negative, most of the dMMR rates reported in other studies [5,6]
would fall into the possible range of dMMR in our cohort (16.5–29.1%). On the other hand,
the survival analysis may be affected by the imbalance of age, stage of disease and adjuvant
therapy received between the dMMR and pMMR groups. Furthermore, information on
other somatic tumour markers such as p53 and POLE status which also affects survival was
not available. Lymph node dissection was performed on only 58 cases which is too low to
draw any definite conclusion.

5. Conclusions

MMR deficiency is present in 16.5% of Hong Kong Chinese women with endometroid
endometrial cancers. dMMR is associated with poor clinicopathological factors, worse DFS,
DSS and more recurrence. The worse prognosis is particularly evident in the long term at 5
to 10 years follow up.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biomedicines9101385/s1, Table S1: Antibodies and conditions used in immunohistochemistry
of MMR proteins.
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Abstract: (1) Background: Postoperative vaginal-cuff HDR interventional radiotherapy (brachyther-
apy) is a standard treatment in early-stage endometrial cancer. This study reports the effect of in vivo
dosimetry-based biological planning for two different fractionation schedules on the treatment-
related toxicities. (2) Methods: 121 patients were treated. Group A (82) received 21 Gy in three
fractions. Group B (39) received 20 Gy in four fractions. The dose was prescribed at a 5 mm depth or
to the applicator surface according to the distance between the applicator and the rectum. In vivo
dosimetry measured the dose of the rectum and/or urinary bladder. With a high measured dose, the
dose prescription was changed from a 5 mm depth to the applicator surface. (3) Results: The median
age was 66 years with 58.8 months mean follow-up. The dose prescription was changed in 20.7%
of group A and in 41% of group B. Most toxicities were grade 1–2. Acute urinary toxicities were
significantly higher in group A. The rates of acute and late urinary toxicities were significantly higher
with a mean bladder dose/fraction of >2.5 Gy and a total bladder dose of >7.5 Gy. One patient had a
vaginal recurrence. (4) Conclusions: Both schedules have excellent local control and acceptable rates
of toxicities. Using in vivo dosimetry-based biological planning yielded an acceptable dose to the
bladder and rectum.

Keywords: interventional radiotherapy; vaginal-cuff brachytherapy; HDR brachytherapy; in vivo
dosimetry; endometrial cancer; biological planning

1. Introduction

In developed countries, endometrial cancer is the most common gynecological ma-
lignancy. In 2018, 382,069 new cases were estimated worldwide [1]. Most of the patients
presented with an early-stage disease, where postoperative vaginal-cuff interventional
radiotherapy (brachytherapy, VBT) was found to be non-inferior to postoperative external
beam radiation treatment (EBRT) with equivalent rates of local vaginal recurrences as well
as distant metastases [2,3].

Compared with EBRT or EBRT combined with VBT, VBT has better late toxicity
sequences and offers a better quality of life. In addition to global health status, patients
treated with VBT alone had a better social function [4–8]. Furthermore, the use of EBRT
or EBRT combined with HDR-VBT resulted in higher treatment costs and higher toxicity
without the survival benefit as compared to BT alone [9–11].

HDR-VBT as the sole adjuvant post-operative radiation technique is currently consid-
ered the standard care for many subgroups of patients with early-stage disease [12–14].
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The American Brachytherapy Society (ABS) recommends treating the proximal 3–5 cm
of the vaginal cuff with HDR-VBT postoperatively [3]. Different fractionation schedules
are endorsed with the fraction size ranging between 2.5 and 7 Gy. The dose could be
prescribed to the vaginal/applicator surface or at depth (3–5 mm). There is no optimal
schedule, and the selection of fractionation schedules is usually dependent on the institu-
tional experience and workload [3]. However, pathologic examination of the vaginal wall
found that 95% of the lymphatic channels are located within a 3 mm depth of the vaginal
surface. Subsequently, dose prescription to depth may provide adequate coverage of such
lymphatics [15].

Nevertheless, prescribing the dose at a depth of 5 mm might subsequently result
in increasing the dose to the nearby organs at risk (OAR), particularly the rectum and
the urinary bladder, which in turn may increase the rates of treatment-related toxicities.
Furthermore, changes in the patient’s anatomy and the applicator positioning differences
between treatment fractions can lead to a change in the dose calculated to OAR [10].

In vivo dosimetry (IVD) measures the actual absorbed radiation dose in the patient
while being treated. IVD is able to detect dose variation due to errors in dose calculation,
applicator positioning errors, or changes in the patient’s anatomy [16].

At our institution, IVD is routinely used to measure the dose to OAR for the patients
receiving postoperative HDR-VBT. The depth of dose prescription could be changed
subsequently, hence biological planning. This retrospective study reports the effect of
IVD-based biological planning for two different fractionation schedules on treatment-
related toxicities.

2. Materials and Methods

2.1. Patients

Medical records of the patients with endometrial cancer who received postoperative
adjuvant vaginal-cuff HDR-BT using IVD-based biological planning without EBRT from
January 2006 to December 2014 were retrospectively reviewed. Only patients with a
follow-up of at least 6 months were included in the analysis.

2.2. Vaginal Brachytherapy

From January 2006 to July 2010, the patients were treated with 21 Gy in 3 fractions over
3 weeks (group A). The active treatment length was the upper two-thirds of the rest-vaginal
length. Afterwards, the treatment scheme was changed to 20 Gy in 4 fractions over 4 weeks
(group B). Only the proximal 3 cm of the vaginal cuff was treated.

All the patients were treated using a vaginal cylinder applicator with the maximum
diameter that could be introduced into the vagina (25, 30, and 35 mm). The applicator was
introduced parallel to the treatment table and fixed using a fixing tray, Figure 1.

Figure 1. Cylinder vaginal applicator fixed using the fixing tray (Elekta Brachytherapy, Veenendaal,
The Netherlands).

Two orthogonal X-ray images were then acquired to verify the applicator position
as well as the rectal and bladder points according to the international commission on
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reporting radiation units and measurements (ICRU), report number 38 [17]. Correction of
the applicator position was performed when needed, Figure 2.

Figure 2. Lateral pre-interventional X-ray, before (V) and after (N) correction of the applicator
position with consecutive reduction in the applied rectal dose.

Generally, the dose was prescribed to a 5 mm depth of the applicator surface or to the
applicator/vaginal surface. This was decided for each individual patient according to the
measured distance between the applicator and the rectal probe on the pre-interventional
orthogonal X-ray images. If the distance was below 0.5 cm, the dose was prescribed to the
applicator/vaginal surface. Otherwise, the dose was prescribed to a 5 mm depth of the
applicator surface.

2.3. In Vivo Dosimetry

A semiconductor-probes system was used to measure the dose to the rectum and/or
urinary bladder (Multidos T10004; PTW, Freiburg, Germany). The rectal probe has five
ionization chamber detectors; the highest measured dose of the five chambers was docu-
mented, while the bladder probe has only one measuring chamber.

IVD was used to measure the rectal and/or urinary bladder radiation dose. When the
measured radiation dose during the first fraction was considered high, the dose prescription
of the further fractions was changed from a 5 mm depth to the surface applicator. This led
to a subsequent decrease in the measured rectal and/or urinary bladder radiation dose.

2.4. Follow-Up

Patients were regularly examined by a gynecologist every 3 months in the first 3 years,
then every 6 months for 2 years. Pelvic and intravaginal ultrasound examinations were
performed by the gynecologist, and additional investigations were carried out only if
needed. A radiation oncologist documented the treatment-related acute toxicities under
treatment as well as 6 weeks after treatment, and late toxicities were documented yearly.
The grading of recorded toxicities was performed according to the Common Terminology
Criteria for Adverse Events 4.0.

2.5. Statistical Analysis

Results are reported as the absolute value with the corresponding percentage, as the
median with range, or as the mean with standard deviation (SD). A chi-square (χ2) test
was used to compare categorical data and an independent T-test was used to compare
continuous data. Follow-up duration was calculated starting from the date of HDR-BT to
the date of death or last available visit. The statistical significance level was established
at p < 0.05. Statistical analyses were performed using IBM SPSS Statistics for Windows,
Version 20.0. (Armonk, NY, USA: IBM Corp).
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3. Results

One hundred twenty-one patients were identified. The median age for the whole
cohort was 66 years (44–87), and the mean follow-up period was 58.8 months (±33.4). The
median interval between surgery and the start of brachytherapy was 6 weeks (range: 5–8).
All patients had an early-stage disease (Stage I–II) except for only one patient who had a
positive iliac lymph node where the EBRT was contraindicated due to wound complications.
Patients and disease characteristics are summarized in Table 1.

Table 1. Patients and disease characteristics.

Characteristics

Age Median (range) 66 (44–87)
BMI Mean (±SD) 29.9 (±7.8)
Menopause Premenopause 8 (6.6%)

Postmenopause 113 (93.4%)
Histology Endometrioid adenocarcinoma 114 (94.3%)

Serous adenocarcinoma 5 (4.1%)
Clear cell carcinoma 1 (0.8%)
Undifferentiated carcinoma 1 (0.8%)

Grading Grade 1 47
Grade 2 44
Grade 3 30

Lymphovascular space
invasion No 105 (86.8%)

Focal 16 (13.2%)
Substantial 0 (0%)

Lymphadenectomy Yes 100 (82.7%)
No 21 (17.3%)

Myometrial invasion No 24 (19.8%)
Less than 50% 45 (37.2%)
More than 50% 52 (43%)

T-stage pT1a 69 (57%)
pT1b 40 (33.1%)
pT2 12 (9.9%)

N-stage Nx 17 (14%)
cN0 4 (3.3%)
pN0 99 (81.8%)
N1 1 (0.8%)

FIGO clinical stage Stage IA 69 (57%)
Stage IB 39 (32.2%)
Stage II 12 (9.9%)
Stage IIIc 1 (0.8%)

SD = standard deviation; FIGO = Fédération Internationale de Gynécologie et d’Obstétrique.

Group A included 82 patients, while group B included 39 patients. In group A, the
dose prescription was changed from 0.5 mm to the applicator/vaginal surface with a
recorded mean rectal and/or bladder dose of 5.5 Gy (±0.9) in 20.7% of the patients. In
group B, the dose prescription was changed with a mean dose of 2.6 Gy (±0.8) in 41% of
the patients, Table 2.

In group A, the dose prescription was changed in 17 patients after the first fraction. In
the second fraction, the mean rectal dose was reduced by a mean of 1.2 Gy (±1), and the
mean urinary bladder dose was reduced by a mean of 1.3 Gy (±1). In group B, the change
in prescription was documented in 16 patients. Subsequently, the mean rectal dose was
reduced by a mean of 0.6 Gy (±0.2) and the mean urinary bladder dose was reduced by a
mean of 0.4 Gy (±0.2) in the following fraction.

Table 3 shows the rectal and bladder mean doses per fraction as well as the mean
total dose for three subgroups of patients according to the dose prescription; to the vaginal
surface, to a 5 mm depth, and when the prescription was changed following IVD.
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Table 2. Brachytherapy dose prescription among treatment groups.

Group A (No. 82) Group B (No. 39) All Patients (No.121)

Dose prescribed to vaginal surface 54 (65.9%) 16 (41%) 70 (57.9%)
Dose prescribed to 5 mm depth 11 (13.4%) 7 (17.9%) 18 (14.9%)
Dose prescription changed 17 (20.7%) 16 (41%) 33 (27.3%)

Table 3. Mean rectal and bladder doses between treatment groups.

Group A (No. 82) Group B (No. 39)

Mean rectal dose/fraction Mean rectal total dose Mean rectal dose/fraction Mean rectal total dose

Dose prescribed to
vaginal surface 3.9 Gy (±0.5) 11.5 Gy (±1.6) 2.7 Gy (±0.5) 10.6 Gy (±2.1)

Dose prescribed to
5 mm depth 4.1 Gy (±0.4) 12.4 Gy (±1.1) 3.2 Gy (±0.5) 12.8 Gy (±2.1)

Dose prescription changed 4.3 Gy (±0.5) 12.9 Gy (±1.4) 2.2 Gy (±0.6) 9.7 Gy (±2.2)

Mean bladder
dose/fraction Mean bladder total dose Mean bladder dose/fraction Mean bladder total dose

Dose prescribed to
vaginal surface 2.6 Gy (±0.5) 7.6 Gy (±1.6) 1.9 Gy (±0.4) 7.9 Gy (±2.1)

Dose prescribed to
5 mm depth 2.9 Gy (±0.6) 8.8 Gy (±1.9) 2.3 Gy (±0.4) 9.2 Gy (±1.4)

Dose prescription changed 2.7 Gy (±0.6) 8.1 Gy (±1.6) 2.1 Gy (±0.5) 8.2 Gy (±1.9)

3.1. Acute and Late Radiation Toxicities

All recorded acute toxicities were grade 1–2. There was no significant difference in
the rates of GIT or vaginal toxicities between the two treatment groups. Acute urinary
reactions were significantly higher in group A patients, 31.7% versus 12.8% (p = 0.02). There
was no difference in the distribution of late radiation reactions between both treatment
groups, Table 4. Nearly all chronic toxicities were grade 1–2 except for one patient who
had grade 3 chronic radiation cystitis and three patients who had grade 3 vaginal dryness;
all grade 3 toxicities were among group A patients.

Table 4. Acute and late radiation toxicity between treatment groups.

Group A (No. 82) Group B (No. 39) p

Acute
GIT 10 (12.2%) 4 (10.3%) 0.6
Urinary 26 (31.7%) 5 (12.8%) 0.02
Vaginal 15 (18.3%) 6 (15.4%) 0.8

Late
GIT 5 (6.1%) 2 (5.1%) 0.4
Urinary 14 (17.1%) 2 (5.1%) 0.7
Vaginal 15 (18.3%) 8 (20.5%) 0.6

Further analyses were performed considering the mean dose per fraction as well as
the mean total dose to the rectum for the whole cohort and its impact on the rates of GIT
and urinary toxicities. No significant difference could be proved in the rates of acute as
well as late GIT toxicities for patients with a mean rectal dose per fraction of >3 Gy versus
≤3 Gy. Likewise, with a mean total rectal dose of >12 Gy versus ≤12 Gy. However, most of
the recorded toxicities were found in patients with higher doses, Table 5.

On the contrary, the rates of acute and late urinary toxicities were significantly higher
with a mean bladder dose per fraction of ≤2.5 Gy versus >2.5 Gy (19.6% versus 33.3%,
p = 0.04, and 6.5% versus 15.6%, p = 0.04 respectively). Moreover, there were more late
urinary toxicities with a total bladder dose of ≤7.5 Gy versus >7.5 Gy (6.6% versus 15.2,
p = 0.04), Table 5.
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Table 5. Rectal and bladder doses in relation to GIT and urinary toxicities.

Mean Rectal Dose/Fraction Mean Rectal Total Dose

≤3 Gy (no. = 28) >3 Gy (no. = 84) p ≤12 Gy (no. = 65) >12 Gy (no. = 47) p
Acute GIT
toxicities 2 (7.1%) 10 (13.1%) 0.6 8 (12.3%) 7 (12.8%) 0.9

Late GIT
toxicities 1 (3.5%) 6 (7.1) NA 1 (4.6%) 4 (8.5%) NA

Mean bladder dose/fraction Mean bladder total dose

≤2.5 Gy (no. = 46) >2.5 Gy (no. = 45) p ≤7.5 Gy (no. = 45) >7.5 Gy (no. = 46) p
Acute
urinary
toxicities

9 (19.6%) 15 (33.3%) 0.04 11 (24.4%) 13 (28.3%) 0.9

Late urinary
toxicities 3 (6.5%) 7 (15.6%) 0.04 3 (6.6%) 7 (15.2%) 0.04

3.2. Treatment Outcomes

Only one patient in the whole cohort had vaginal vault recurrence (Stage Ib endometri-
oid adenocarcinoma). Distant and/or pelvic metastases were diagnosed in four patients
(two endometrioid adenocarcinoma, one undifferentiated carcinoma, one serous adenocar-
cinoma). The mean time for metastases was 16.7 months (±7.1). Death was recorded in six
patients with a mean survival of 46.2 months (±30.8). There was no difference in mean
survival between patients in group A versus group B (44.7 months versus 47.8 months,
p = 0.9)

4. Discussion

This study reports the clinical outcomes and the treatment-related toxicity follow-
ing postoperative adjuvant VBT for early-stage endometrial cancer in two fractionation
schedules using IVD-based biological planning. Both treatment groups showed acceptable
rates of treatment-related toxicities and were mostly grade 1–2, which is in agreement
with the results of randomized studies that compared VBT to EBRT [2,4–6,18,19]. Sorbe
and Smeds evaluated four different fractionation schedules for HDR-VBT with fraction
size ranging from 4.5 to 9 Gy, with dose prescription at 1 cm. Their results show that
increasing the fraction size or the treatment length was associated with treatment-related
toxicities [20]. Another report of 157 patients adopted a fraction size of 4 Gy for six treat-
ments and prescribed the dose to the vaginal surface; no ≥ grade 2 treatment-related
toxicities were found [21]. Furthermore, due to the excellent rates of local control as well as
the low toxicities associated with the VBT, studies have focused on reducing the number
of fractions or the total treatment time [22–24]. In the present study, two fractionation
schedules were compared. Only acute urinary reactions of grade 1–2 were associated with
a larger fraction size of 7 Gy compared to 5 Gy. No difference was shown for other toxicities
between the two schedules.

Two-dimensional (2D) dosimetry calculated from orthogonal X-ray films is still widely
adopted, especially in large centers with high workloads. The introduction of three-
dimensional (3D) planning based on computer tomography (CT) images is usually lim-
ited only to the first fraction. The quality assurance protocol for the international ongo-
ing molecular-integrated risk-profile-guided adjuvant treatment of endometrial cancer
(PORTEC-4a) necessitates 3D planning during at least one fraction [25]. The comparing of
both planning techniques was performed, with a correlation of the ICRU rectal and bladder
points with a dose to 2cc on 3D [26]. There were no significant bladder dose differences
between both planning techniques. However, rectal doses were significantly variable [26].
Owing to logistic limitations, 3D planning cannot be performed with every VBT fraction.
Therefore, biologic planning based on IVD offers the advantage of monitoring the dose to
the OAR during every treatment fraction and plane changes may be applied when needed.
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In order to reduce the toxicity following VBT, dose prescription should be individ-
ualized. Several factors were found to play a role: the thickness of the vaginal wall, the
anatomical variations, and the size of the used vaginal cylinder applicator [27,28]. Further-
more, the vaginal surface dose was found to be variable along the treatment length. With
a 5 mm depth dose prescription, it ranged from 81% to 172% versus a range from 90% to
106% with a surface dose prescription. Both ranges are comparable and offer an acceptable
coverage of the target [28].

In the present study, the selection of prescription depth was dependent primarily
on the distance between the applicator and the rectal probe. For a smaller distance, a
dose prescription at the applicator/vaginal surface was selected. Otherwise, a 5 mm
depth for the prescription was preferred. During the first fraction, the dose to rectum
and/or bladder was monitored by IVD. When the monitored dose was considered high,
the prescription was changed to the surface if it was originally prescribed to a 5 mm
depth. This approach led to a subsequent decrease in the monitored doses during the
following fractions. Through our innovative two-step protocol, comparable mean doses to
the bladder and rectum were achieved within both fractionation schedules.

Cut-off values of the mean dose per fraction as well as the mean total dose to the
rectum and bladder were analyzed. Higher rates of toxicities were observed with higher
doses, and statistical significance was partially confirmed probably due to the limitation of
there being a small number of events.

Few studies have used IVD during HDR-VBT. The aim of IVD was mostly for real-time
dose-rate monitoring and dose verification for quality assurance purposes [29–31]. One
study used IVD to measure the actual dose to the rectum during HDR-VBT and compared
it to the rectal dose as determined by the treatment planning system (TPS); the mean dose
discrepancy was 2.2 Gy [32]. Other studies compared the actual dose to the rectum with
the dose from TPS during HDR brachytherapy for prostate and cervix cancers [33–35]. In
the current study, we used the IVD exclusively for monitoring the doses to the OAR, and
modification of the plan occurred accordingly.

Notably, there are considerable limitations to using such an IVD system. Firstly, there
is interfractional variation in the positioning of the rectal probe, which may be reflected in
the subsequent measured doses. Secondly, as the rectal probe has five measuring chambers,
we had to consider only the highest measurement. If the highest measurement is at one of
the end measuring chambers, there would be a possibility that a further higher dose is not
measured and thus the maximum rectal dose is not recorded. The values used in this work
refer to the highest measured doses within the available measurement chambers and are
therefore not to be always considered as the absolute rectal maximum doses. However, as
the relative differences are considered and evaluated, a directional trend could be achieved.

Both fractionation schedules offered an excellent local control, and only one patient
(0.8%) had a vaginal vault recurrence. Other studies reported local recurrence rates ranging
from 0% to 3% [2,3,7].

5. Conclusions

Based on our results, postoperative HDR-VBT is a safe adjuvant treatment for early-
stage endometrial cancer with excellent local control and acceptable rates of treatment-
related toxicities. Both fractionation schedules, 21 Gy in three fractions and 20 Gy in
four fractions, are comparable. Considering the individual patient’s anatomical variation
together with IVD-based biological planning, an acceptable dose to the bladder and rectum
could be achieved. Further studies are needed to validate the role of IVD during HDR-VBT.
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Abstract: Ovarian cancer (OC) is one of the most common, and life-threatening gynaecological cancer
affecting females. Almost 75% of all OC cases are diagnosed at late stages, where the 5-year survival
rate is less than 30%. The aetiology of the disease is still unclear, and there are currently no screening
method nor effective treatment strategies for the advanced disease. A growing body of evidence
shows that human cytomegalovirus (HCMV) infecting more than 50% of the world population, may
play a role in inducing carcinogenesis through its immunomodulatory activities. In healthy subjects,
the primary HCMV infection is essentially asymptomatic. The virus then establishes a life-long
chronic latency primarily in the hematopoietic progenitor cells in the bone marrow, with periodic
reactivation from latency that is often characterized by high levels of circulating pro-inflammatory
cytokines. Currently, infection-induced chronic inflammation is considered as an essential process
for OC progression and metastasis. In line with this observation, few recent studies have identified
high expressions of HCMV proteins on OC tissue biopsies that were associated with poor survival
outcomes. Active HCMV infection in the OC tumour microenvironment may thus directly contribute
to OC progression. In this review, we highlight the potential impact of HCMV infection-induced
immunomodulatory effects on host immune responses to OC that may promote OC progression.

Keywords: human cytomegalovirus; ovarian cancer; cancer progression; inflammation; immunosup-
pression

1. Background

Ovarian cancer (OC) is one of the most prevalent, aggressive, and life-threatening
gynaecological malignancies affecting females. Ovarian tumours arise from either epithelial
cells, stromal cells, or germ cells. Amongst them, epithelial OC constitutes more than 90%
of malignant OC in developed countries [1,2]. About 75% of all OC cases are diagnosed
at an advanced stage (stage 3–4) [3], where the 5-year survival rate is less than 30% [2].
The current standard of care for women diagnosed with OC is primary debulking surgery
followed by platinum-based chemotherapy with paclitaxel and carboplatin. However,
almost 66% of patients experience recurrence within two years of diagnosis and the majority
of these recurrences are accounted for by patients diagnosed at late stages [4].

Presently, the early features of ovarian carcinogenesis remain unclear, and there is no
effective early detection test or screening method to date [5]. Therefore, the identification
of women with the disease is based on their clinical presentation, in combination with
currently approved, albeit non-specific, tests including ultrasound and/or serum cancer
antigen 125 (CA-125) and human epididymis 4 (HE4) levels, followed by histological
confirmation with tissue biopsy [6]. Age, family history, as well as genetic mutations in
breast cancer (BRCA)1 or BRCA2 genes are known risk factors for OC. BRCA1 and BRCA2
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produce tumor suppressor proteins that help repair damaged DNA and their mutations are
inherited in an autosomal dominant pattern [7–9]. Inheritance of such harmful mutations
causes a compromised ability for cells to repair DNA damage, which leads to additional
genetic alterations and ultimately cancer [10,11]. Additionally, women over the age of
45 years have a higher risk of developing OC partly due to an accumulation of somatic
mutations during aging [12].

A combination of the classical OC risk factors highlighted above might create a
tumour-favouring cellular environment, where some oncogenic viruses may reside and en-
hance their oncogenic capability. Even though the classification of human cytomegalovirus
(HCMV) as an oncogenic virus remains controversial, there is strong emerging evidence
showing a prevalence of HCMV infection in breast, colon, prostate, liver, cervical, and
brain cancer patients [13]. In a study by Taher et al. [14], HCMV proteins and/or nucleic
acids were detected in 98% of breast cancer derived metastatic brain tumours but not in
healthy tissues surrounding HCMV-infected brain tumours, suggesting a potential asso-
ciation between HCMV infection and metastatic cancer. Despite the fact that infection
with HCMV is rarely associated with OC, recent studies have shown that OC patients
with high expression of HCMV-immediate early (IE) and HCMV-pp65 proteins by their
ovarian tumours have shorter survival outcomes compared with those with little tumour
expression of these proteins [15,16]. These data suggest that infection with HCMV could
potentially promote cancer progression. Once HCMV infects host cells, it begins to counter-
act key anti-viral immune mechanisms needed to control the infection through secretion of
immunosuppressive cytokines and impairment of cell-mediated immune responses that
are also important in controlling tumour growth. Hence, the focus of this review is to
highlight the potential impact of HCMV infection on immune responses to OC that may
also promote cancer progression.

2. Human Cytomegalovirus (HCMV)

Human cytomegalovirus (HCMV), also known as human herpes virus 5 (HHV-5), in-
fects about 83% of the world’s population, approaching 100% in developing countries [17].
Following primary infection as shown in Figure 1, HCMV establishes a life-long chronic
latency in humans [17], primarily in the cluster of differentiation (CD)34+ hematopoietic
progenitor cell population located in the bone marrow [18]. Latent infection is generally
asymptomatic in immunocompetent individuals although symptomatic reactivation can
occur, particularly in the immunocompromised or cancer patients [17]. High level circulat-
ing pro-inflammatory cytokines are the hallmark of latent HCMV reactivation, particularly
when the CD34+ progenitor cells differentiate into inflammatory monocytes or infiltrating
macrophages or dendritic cells, which then spread the virus to peripheral organs and body
tissues thereby infecting and replicating in a broad number of cell types [18].
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Figure 1. Following primary infection through contact with infected bodily fluids, HCMV replicates within host cells during
which time robust immune responses are generated by the host that includes HCMV-specific neutralizing antibodies, natural
killer cells and high frequencies of CD4+ T helper cells and CD8+ cytotoxic T cells. These responses subsequently control
viral replication thereby resolving primary infection. However, HCMV has the potential to replicate and spread resulting
in infection of CD34+ myeloid cells in the bone marrow and establishment of latency. Differentiation of HCMV-infected
CD34+ cells into dendritic cells and macrophages contributes to new HCMV replication during which a secondary immune
response induced that helps to inhibit HCMV replication spread. HCMV, human cytomegalovirus. Figure created with
BioRender.com.

3. Effect of HCMV Infection on Innate and Adaptive Immune Response

Upon successful entry into host cells, HCMV begins to counteract various host im-
mune response mechanisms needed to control the infection [19] as shown in Figure 2
below. Firstly, the tegument protein pp65 of HCMV represents the major component of
mature virus particles that interferes with interferon regulatory factor 3 (IRF3) signalling
that activates interferon-induced genes, by reducing IRF3 phosphorylation status and
inhibiting its nuclear localisation. HCMV pp65 also downregulates nuclear factor kappa B
(NF-κB) activation, further contributing to reduced type 1 interferon (IFN) production, the
primary anti-viral cytokines [20]. Secondly, the recognition of HCMV’s early viral proteins
(such as intermediate early (IE) proteins 1 and 2) by CD8+ T cells is nullified because the
HCMV pp65 gene aids in the sequestration of HCMV- immediate early (IE)-1 proteins
making them inaccessible to the CD8+ T cell pool [20]. Thirdly, HCMV has unique short
(US) gene regions within its genome encoding specific gene products (US2, US3, US6,
US10, and US11) that contribute to HCMV-mediated the major histocompatibility complex
(MHC)-I downregulation, thereby leading to the decreased presentation of HCMV-specific
peptides to CD8+ T cells [21,22]. Fourthly, to evade cytotoxicity-mediated by natural killer
(NK) cells, HCMV expresses unique long (UL) proteins, such as pUL18 (MHC-I viral
homolog) and pUL40, that help to inhibit NK cell cytotoxic responses via a “missing self”
mechanism [20]. The viral protein pUL18 binds to β2-macroglobulin and then engages
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with leukocyte immunoglobulin-like receptor 1 (LIR-1), a class I MHC receptor related to
killer inhibitory receptors (KIRs), to induce inhibitory signals preventing NK cell-mediated
cytolysis. Additionally, pUL40 binds to MHC class I antigen/human leukocyte antigen
(HLA)-E and stabilize its surface expression thus amplifying its interaction with NK cell
inhibitory receptor, CD94/natural killer group (NKG)-2A (CD94/NKG2A). Fifthly, it is
generally acknowledged that interleukin (IL)-10 produced by regulatory T cells (Tregs)
plays an important role in suppressing immune responses during HCMV infection. HCMV
also produces cmv-IL10 or pUL10, a homolog of human IL-10 that has immunosuppressive
properties similar to human IL-10 [23]. Lastly, a study by Wagner et al. [24] has shown that
HCMV-derived protein UL18 stimulates the development of an immature phenotype of
dendritic cells (DC) by interfering with CD40 ligand-induced maturation of DCs, resulting
in reduced MHC-class II expression on immature monocyte-derived DCs. This could po-
tentially reduce the activation of CD4+ T-cell responses as well as decrease the elimination
of virus-infected cells or tumours by CD8+ cytotoxic T cells.

 

Figure 2. During primary infection, HCMV employs various mechanisms to mediate immune evasion. HCMV expresses
viral genes and proteins that interfere with host interferon responses (pp65), inhibit natural killer cell recognition or activation
(pUL40 and pUL18), inhibit CD4+ and CD8+ T-cell recognition by preventing MHC Class I and II antigen processing and
presentation (e.g., US2, US3, US6, US10, US11). CMV IL-10 (viral IL-10 homologue) produced by infected cells further acts
to suppress CD4+ and C8+ T cell responses. HCMV, human cytomegalovirus; MHC, major histocompatibility complex
(MHC); US, unique short; UL, unique long. Figure created with BioRender.com.

Chronic infection with HCMV causes huge clonal expansion of the CD8+ T cell
compartment, but a lesser expansion of CD4+ T cells, leading to inversion of the normal
CD4:CD8 ratio to less than 1 [17]. The HCMV-driven expanded CD8+ T cell subset is usually
terminally differentiated due to their high expression of CD57 (a marker of differentiation)
and loss of expression of CD27 (a marker of activation) and CD28 (co-stimulatory molecule).
The combination of chronic HCMV infection, terminally differentiated T cells and inverted
CD4:CD8 T cell ratio results in an “immune risk profile” (IRP) that has been strongly
associated with immunosenescence and early death in the elderly [25]. Moreover, Bennett
et al. [26] also proposed that HCMV-driven inflammation is associated with aging, so called
“inflammaging”. Besides changes in CD4+ and CD8+ T cells, infection with HCMV also

148



Biomedicines 2021, 9, 351

influences NK cell differentiation, activation, and receptor expression. Goodier et al. [27]
have shown that HCMV infection is associated with rapid phenotypic and functional
differentiation of NK cells (CD57+ NK cells), the majority of which express the activating
CD94/NKG2C receptor. Expansion of NKG2C+ NK cells can also be achieved by co-culture
with HCMV-infected fibroblasts [28].

4. Anti-Tumor Immunity in Ovarian Cancer

The human immune system employs various host-protective and anti-tumour mecha-
nisms to prevent ovarian tumours from developing (Figure 3A). Of these, cell-mediated
cytotoxicity is the most effective mechanism employed by the immune system to help
prevent the establishment of OC and it involves two main cell types: CD8+ cytotoxic T cells
(CTLs) and natural killer (NK) cells [29,30]. CTLs perform their effector mechanisms in two
steps: MHC class I interaction with T cell receptor (TCR) followed by granule mediated
killing. Upon MHC-I antigen recognition by TCR on CTLs, a polarisation of the CTL occurs
that ensures a level of organization between the CTL and target cell. The CTL under-
goes morphological changes and expresses lytic granules such as perforin and granzymes
(granule enzymes), which are released to kill target cells [31,32]. Perforin polymerizes to
form pores in the target cells, which allow granzymes such as granzyme B to gain entry
into target cells [33]. Granzyme B has complex effects within the target cell and promotes
apoptosis via BID (a BH3 domain-containing proapoptotic Bcl2 family member) and acti-
vation of caspase, a family of protease enzymes involved in programmed cell death [34].
Data from previous studies have shown that the immune system of OC patients is greatly
impacted by the developing tumour (Figure 3B) due to the high presence of Tregs in the
tumour microenvironment (TME) that classically inhibit CTL responses [35]. Recent studies
have shown that the TME’s immune status, including the presence of pro-inflammatory
cytokines and Tregs, and the absence of tumour-infiltrating CD8+ T cells are all strongly
correlated with OC recurrence [35–37]. Conversely, the presence of tumour-infiltrating
CD8+ T cells and a high CD8+ T cell/Treg ratio is associated with substantially better
survival outcomes, thus highlighting the importance of CTL-mediated immune responses
in OC [38].

Conventionally, NK cells, comprising of about 5–10% of peripheral blood lymphocytes,
are considered to be part of the innate immune system and have the capacity to kill tumor
cells without the need for prior sensitization [39]. Previous studies have shown that NK-
mediated effector functions are highly regulated by a balance between inhibitory and
activation signals. NK cells express inhibitory receptors such as KIRs that recognize MHC
class I on target cells and deliver inhibitory signals to suppress NK cells function [40–42].
As tumour cells express little or no MHC class I molecules, they become highly susceptible
to NK-mediated cytolysis in what is referred to as the “missing self” hypothesis. Compared
with CD8+ T cells, a study by Webb et al. [43] showed that infiltrating NK cells expressing
the tissue-resident memory marker CD103 (CD103+ NK cells) are most often found with
CD8+ T cells and these cells were the best predictor of positive survival outcomes in
primary OC. Besides CD8+ T cells and NK cells, the presence of tumour-infiltrating mature
and activated dendritic cells (DCs) have been shown to correlate with a better prognosis in
OC. They express CD107a, a marker of activation, and help attract more anti-tumour cell
such as CTLs and NK cells to the TME [44].
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Figure 3. (A)The human immune system harbours various immune cells such as natural killer (NK) cells, CD8+ T cells, CD4+

T helper cells and dendritic cells (DCs) that play an important role in controlling the developing tumour. DCs and CD4+ T
cells via IL-2 and INF-γ secretion activate CD8+ cytotoxic T cells (CTLs) and NK cells which then produce toxic molecules
such as granzymes that target the developing tumour. However, pro-tumour cells such as regulatory T cells (Tregs), myeloid-
derived suppressor cells (MDSCs) and tumour-associated macrophages (TAMs) produce immunosuppressive cytokines
(IL-10 and TGF-β) that inhibit CDTLs and NK cells effector responses. (B). The ovarian cancer tumour microenvironment is
commonly characterised by high frequencies of infiltrating Tregs and a high Tregs:CD8+ T cell ratio that promotes tumour
progression. Ovarian tumour also expresses PD-L1 that further inhibits CD8+ T cell effector responses upon ligation with
PD-1. Figure created with BioRender.com.

5. Immune Homeostasis

An overly reactive immune system is also detrimental as it could result in tissue
damage if it fails to resolve. To minimize such damage, the immune system utilizes
immune checkpoint inhibitory pathways that are essential for ensuring self-tolerance and
moderating the extent and magnitude of effector responses of CTLs and NK cells. These
inhibitory pathways involve surface inhibitory receptors such as cytotoxic T lymphocyte
antigen-4 (CTLA-4) and programmed cell death protein 1 (PD-1; CD279). They are usually
transiently expressed on activated T cells, B cells, macrophages, dendritic cells and Tregs
under normal conditions but their increased and prolonged expression is a sign of T
cell exhaustion [45]. PD-1 is more extensively expressed on activated cells than CTLA-4
and predominantly modulates effector CTL responses upon interaction with its ligand,
programmed death-ligand 1 (PD-L1; B7-H1; CD274) and/or PD-L2 (B7-DC; CD273) on
cancer cells (Figure 3B). Subsequently, their interaction generates potent inhibitory signals
that inhibits kinases involved in T cell activation [46–50]. The CTLA-4 co-inhibitory
receptor is constitutively expressed on T cells and competes with CD28 co-stimulatory
receptor for binding to their cognate ligands CD80 (B7.1) and CD86 (B7.2) on cancer cells,
for which it has a greater affinity, thereby effectively inhibiting CTL activation [51,52].
Other immune checkpoint inhibitory receptors such as lymphocyte activation gene-3 (LAG-
3), T-cell immunoglobulin-3 (TIM-3), band T lymphocyte attenuator (BTLA) and T-cell
immunoglobulin and ITIM domain (TIGIT) are also expressed on exhausted T cells and
help regulate effector responses of CTLs [53].
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6. HCMV Infection in Ovarian Cancer

Although HCMV infection is rarely associated with OC, a study by Shanmughapriya
et al. [54] detected HCMV-gB by polymerase chain reaction (PCR) in approximately 50%
of OC tissues, of which 80% were late stage invasive tumours, suggesting that HCMV
infection in the TME may promote cancer progression or metastasis. More recently, another
study assessed the presence of HCMV within OC tissue specimens obtained from diagnostic
excisional biopsy pre-chemotherapy (DEBPC) and interval debulking surgery (IDS) after
neoadjuvant chemotherapy (4–5 times Taxol/Paraplatin). In this study, OC patients with
high levels of HCMV-IE and tegument pp65 proteins in their tumours had lower median
overall survival compared to those with lower levels or no detectable HCMV proteins [15].
A second recent study by Radestad et al. [16] also investigated the prevalence of HCMV in
ovarian cancer and its relation to clinical outcome. In their study, HCMV-IgG levels, HCMV-
IE proteins, and pp65 proteins were all shown to be higher in OC patients with malignant
or benign cystadenoma (benign ovarian epithelial tumour) compared with age-matched
controls. Additionally, OC patients with focal HCMV-pp65 expression in their tumours
accompanied with high IgG levels against HCMV were found to live longer when compared
with patients showing high expression of HCMV-pp65 protein in their tumours [16]. These
findings suggest a possible impact of HCMV infection on immune responses to ovarian
tumours. It is important to highlight that the existence of an active HCMV infection
with protein production is a rare occurrence in tissues of healthy individuals. Therefore,
the presence of an active HCMV infection with HCMV-pp65 and HCMV-IE proteins on
ovarian tumours is quite intriguing and needs further investigation in a larger cohorts
of OC patients. This would help justify whether administering anti-HCMV treatment
to OC patients experiencing active HCMV reactivation in their TME is needed in future
personalised treatment approaches for such patients.

7. Significance of HCMV Infection in the OC TME

The OC tumour microenvironment (TME) harbors high numbers of pro-tumour
cells such as myeloid derived suppressor cells (MDSCs), tumour-associated macrophages
(TAMs) and Tregs compared to anti-tumour cells such as CTLs and NK cells. MDSCs and
TAMs (M2 type) classically inhibit activation and cytotoxic functions of CTLs and NK cells
through production of anti-inflammatory cytokines such as transforming growth factor-β
(TGF-β) and interleukin (IL)-10 (Figure 3A). Indeed, TGF-β induces Treg development
and activation, thus promoting an increased Treg presence in the OC TME [35,55]. As
mentioned earlier, the presence of a higher ratio of Tregs to CTLs in the TME is known to
be a poor prognostic indicator [56] and could be influenced by active HCMV infection in
the TME.

HCMV infection is known to promote a cellular secretome that modulates its micro-
environment by increasing the production of relevant immunosuppressive mediators, such
as TGF-β-expressing Tregs and IL-10 [18]. These immunosuppressive mediators (Figure 4)
may contribute to OC progression by inhibiting NK cell and CTL effector functions. HCMV
viral protein cmvIL-10, a human IL-10 homologue further boosts this immunosuppressive
activity by stimulating the maturation of immunosuppressive macrophages [57], and in-
hibiting DC maturation [58]. In breast cancer, cmvIL-10 was shown to directly promote
growth and migration of breast cancer cells [59] and upregulate proto-oncogene Bcl-3 [57].
Together, these data suggest that active infection by HCMV promotes secretion of suppres-
sive immunomodulatory mediators and the release of cmv-IL10 that may modulate T cell
immune function and OC progression.
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Figure 4. HCMV-infected tumour cells secrete viral cytokines (cIL-10 and c-TGF-β) that create an immunosuppressive
environment (highlighted red zone) around the developing tumour thereby promoting tumour progression. cIL-10 and
c-TGF-β also induce CD4+ and CD8+ Tregs that produce similar cytokines (IL-10 and TGF-β) further augmenting the
immunosuppressive state by inhibiting cytotoxic CD8+ T lymphocyte (CTL) and natural killer (NK) cell effector responses.
HCMV also interferes with the differentiation of monocytes into mature dendritic cells (DCs) that leads to the establishment
of immature DCs with reduced MHC-class II antigen presentation and subsequently less CD4+ T cell proliferation and
reduced Th1 help needed for enhanced CTL activation. Figure created with BioRender.com.

Since Tregs also recognise the same antigens as CD8+ T cells, their increased presence
in the TME could result in diminished immune responses to ovarian tumour antigens, and
thus contribute to tumorigenic tolerance and immune evasion that may further promote
OC progression. In context with current literature, Tregs consist of different subsets of
immunosuppressive cells arising from CD4+ and CD8+ T cells [60]. While CD4+ Tregs
have been extensively studied, the lack of universal markers to distinguish CD8+ Treg cells
from conventional CD8+ T cells means that the function of CD8+ Tregs in cancer remains
undefined [61]. Zhang et al. [62] identified the expression of Treg markers in CD8+ T cells
isolated from peripheral blood and fresh tumour tissues of OC patients. Their study found a
higher percentage of CD8+ Tregs (defined as CD8+ CD25+ FOXP3+ CD28− CTLA-4+) in OC
patients compared with benign ovarian tumour patients and healthy controls. Furthermore,
in the same study, high TGF-β1 levels also correlated positively with the percentage of
CD8+ Tregs and triggered the suppressive function of in vitro-induced CD8+ Treg cells.
The expression levels of FOXP3 in CD8+ T cells were found to be positively associated with
the stage of tumour in OC patients which implies that the OC TME may have the capacity
to convert CD8+ effector T cells into CD8+FOXP3+ suppressor cells in vivo [62]. These
findings suggest that CD8+FOXP3+ Tregs may also contribute to antitumor immunity and
OC progression, further highlighting their valuable role as potential predictors of clinical
outcomes in OC patients. As stated earlier, HCMV-infected cells also secrete TGF-β to
suppress effector T cell responses. Thus, HCMV-infected cells in TME might also augment
the conversion of CD8+ effector T cells into CD8+FOXP3+ suppressor cells, thereby shifting
the immune balance within the TME from cytotoxic to an immunosuppressive state. Thus,
a strategy to reverse the immunosuppressive HCMV-infected T cells could help enhance
anti-tumour responses against HCMV-infected OC cells.
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As mentioned earlier (Figure 2), some of the immune evasion mechanisms employed
by HCMV to modulate host immune responses and establish latency can also exacerbate
OC progression (Figure 5). A classic example is HCMV UL18 (MHC class I homologue)
that helps to counteract NK cell cytotoxicity by binding to the NK cell inhibitory receptor
NKG2A/CD94 [63]. In addition, the expression of HLA-E (a non-classical MHC class
I protein) is upregulated on HCMV infected cells or tumours by HCMV UL40 that could
further inhibit NK cell cytotoxicity against HCMV-infected ovarian tumours [20]. One
of the key mechanisms by which NK cells perform their cytotoxic functions involves the
interaction of TNF-related apoptosis-inducing ligand (TRAIL) with their cognate death
receptors, TRAIL-R1 and TRAIL-R2. Clustering of the TRAIL-R1 and TRAIL-R2 through
interaction with TRAIL results in their oligomerization, inducing development of the death-
inducing signalling complex, and ultimately, caspase activation and cellular apoptosis [64].
However, HCMV glycoprotein UL141 has been shown to bind TRAIL death receptors
directly [64] and thereby inhibiting the TRAIL-mediated killing of HCMV-infected ovar-
ian tumours. Moreover, HCMV UL141 also downregulates the cell-surface expression
of CD155, the ligand for the NK-cell-activating receptors DNAM1 and also targets the
alternative DNAM1-activating ligand, CD112 [65].

Figure 5. A summary of human cytomegalovirus (HCMV) modulation of natural killer (NK) cell cytotoxicity discussed in
this review. Human proteins or receptors are labelled in black; HCMV proteins are labelled in red. The arrows represent
actions. Two-pointed solid black arrow = interaction or ligation; one-pointed solid black arrow = intracellular NK cell
activation signal; dotted black arrow = intracellular NK cell inhibition signal; yellow arrow = extracellular signal to target
cell; red line = inhibits surface expression; blue arrow = increases surface expression. Figure created with BioRender.com.
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8. Association between Human Leucocyte Antigens, γ Markers and Killer
Immuno-Globulin-Like Receptors with Human Cytomegalovirus Infection

As described previously, NK cells help provide a major defence against primary
HCMV infection through the interaction of their activating and inhibitory KIRs, and HLA
class I molecules. Additionally, antibodies (humoral immunity) also play a key role in
initiating NK cell responses to HCMV via antibody-dependent cell-mediated cytotoxicity
(ADCC) that is known to be influenced by γ marker (GM) immunoglobulin allotypes [66].
GM allotypes are allelic hereditary variants encoded by autosomal codominant alleles that
follows a Mendelian law of heredity, which are expressed on immunoglobulin constant
region of γ1, γ2 and γ3 chains [66]. Several mechanisms have been suggested to account
for the role GM allotypes play in the control of HCMV infections, which includes their
ability to modulate the strength of ADCC and the avidity of the FcγR–IgG interaction
thereby influencing the effectiveness of the immune responses [67]. A study by Pandey
et al. [68] investigated the contribution of GM3/17 allotypes to the magnitude of antibody
responses to HCMV glycoprotein B (gB), a component of the viral envelope that is required
for HCMV infectivity to host cells. Their results showed GM3/17 allotypes at the γ1 locus,
determined the level of HCMV-specific IgG antibodies to gB. However, the exact role of
HCMV-specific antibodies in the control of HCMV infection in vivo remains unclear.

In order to provide further insight into the immune mechanisms controlling HCMV,
a recent study investigated the interaction between HLA/KIR genes and GM allotypes
in the control of HCMV infection within a Sicilian population. Di Bona et al. [69], as-
sessed whether specific KIRs and HLA repertoire could influence the risk of developing
symptomatic or asymptomatic disease upon primary HCMV infection. In their study,
sixty immunocompetent patients with primary symptomatic HCMV infection were geno-
typed for KIR and their HLA ligands, along with sixty other individuals with a previous
asymptomatic infection as controls. Their results showed that symptomatic patients had
a significantly higher frequency of the homozygous A haplotype, which produces more
of the inhibitory KIRs thus inhibitting NK cell function. Additionally, they also showed
that symptomatic HCMV disease was associated with the HLABw4T allele, whereby the
gene product is the ligand of the inhibitory KIR. In a more recent study [67], the same im-
munocompetent patients with primary symptomatic HCMV infection were genotyped for
GM3/17 and GM23 allotypes, along with the participants with a previous asymptomatic
infection used as controls. The results of this study further revealed that the individuals
carrying the GM23 allotypes (both homozygous and heterozygous), GM17/17, HLA-C2
and Bw4T KIR-ligand groups were associated with the risk of developing symptomatic
HCMV infection. Based on these findings, it is reasonable to speculate that OC patients
that carry the same genotypic traits as mentioned above are at a higher risk of experiencing
HCMV-induced OC progression. It further highlights the valuable role of HLA, KIRs and
GM genotyping not only as potential predictors of clinical outcomes of HCMV-infected
OC patients, but also in guiding our efforts to generate highly effective personalised
immunotherapeutic strategies to improve OC survival outcomes.

9. Potential Modulation of Intrinsic Inhibitory Receptors by HCMV

The PD-1/PD-L1 pathway represents a mechanism employed by OC cells to evade
endogenous anti-tumour adaptive immune responses. PD-L1 is commonly overexpressed
on tumour cells in the TME and its ligation with PD-1 receptors on activated T cells leads
to the inhibition of effector CTL responses [51], thus contributing to immune escape mech-
anisms associated with poor survival outcomes [53,70,71]. Therapeutic blockade of the
PD-1/PD-L1 pathway has been shown to mediate tumour eradication with impressive
clinical results [72]. A classic example in OC is durvalumab (anti-PD-L1), a human im-
munoglobulin G1 kappa monoclonal antibody that works by blocking the interaction of
PD-L1 with PD-1 and CD80 thereby promoting antitumour immune responses [73]. Since it
is an engineered monoclonal antibody (mAb), it does not induce antibody-dependent cellu-
lar cytotoxicity or complement-mediated cytotoxicity. To date, durvalumab has been given
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to many OC patients as part of ongoing studies, either as monotherapy or in combination
with other anticancer agents. Combination therapy of durvalumab with olaparib (a drug
that prevents DNA repair) induced objective responses in more than 70% of patients with
relapsed, platinum-sensitive, BRCA-mutated OC [74].

In recent years, many studies have shown that PD-1 expression on the surface of
CD4+ and CD8+ T cells is increased upon HCMV infection or reactivation [75–78]. A more
recent study by Pesce et al. [79] identified a subset of fully mature NK cells expressing
high PD-1 (PD-1bright) in peripheral blood of HCMV-seropositive healthy individuals. The
proportions of these PD-1bright NK cells were also shown to be higher in the ascites of a
cohort of OC patients, suggesting their possible expansion in TMEs. Functional analysis
revealed a reduced proliferative capability and impaired antitumour activity that was
partially restored by antibody (anti-PD-L1/2 mAb) mediated disruption of the PD-1/PD-L
interaction [79]. Recently, many studies have reported elevated expression levels of PD-L1
on glioma cells in g lioblastoma (GBM) [80]. GBM is the most common adult primary
brain tumour characterised by highly invasive infiltrative growth, no clear aetiology and
poor overall survival. A more recent study by Qin et al. [81] showed that PD-L1 expression
was higher in HCMV-infected glioma specimens compared to controls, and was mediated
by activation of Toll-like receptor (TLR3), a molecule that plays a key role in antiviral
recognition and the production of type I interferons. Furthermore, the expression levels of
PD-L1 and TLR3 were significantly higher in HCVM-IE positive-gliomas compared with
HCMV-IE negative-gliomas [81]. Currently, there are no data associating HCMV infection
with increased PD-L1 expression in OC. Nonetheless, the above studies suggest increased
PD-1 expression on T-cells and NK cells as well as PD-L1 on glioma cells driven by HCMV
infection could negatively impact anti-PD-L1 based therapies such as durvalumab.

10. HCMV and Inflammation, a Possible Link for Ovarian Cancer Progression

HCMV infection in monocytes may leads to monocyte activation via activation of
NF-κB, the transcription factor that controls cytokine production, and phosphoinositide-3-
kinase (PI3K), an enzyme involved in cell differentiation pathways [82,83]. The polarisation
and activation of monocytes due to HCMV infection or reactivation leads to high systemic
levels of inflammatory cytokines, particularly tumour necrosis factor (TNF) and IL-6, as
well as diminished immune function [84–88]. Such an augmented production of proinflam-
matory cytokines following HCMV infection or reactivation may induce cancer progression
directly by promoting undesirable inflammatory conditions in the TME of OC leading to
cancer development or suppressed immune function [15,89,90]. Indeed, previous studies
have inferred a potential role of inflammatory factors in OC progression as observed in OC
patients who have experienced pelvic inflammatory disease [3,91–93]. Although clinical
HCMV disease is classically manifested only in immunocompromised individuals, there is
substantial evidence also that HCMV reactivation occurs frequently in healthy seropositive
individuals [88]. Such frequent HCMV reactivation may also exacerbate chronic conditions
such as OC.

In OC, approximately one-third of patients present with ascites, a bulging accumula-
tion of fluid in the peritoneal cavity, that is usually associated with resistance to platinum-
based chemotherapy, disease recurrence, and poor survival outcomes [94,95]. Studies have
shown that OC ascites suppresses the effector functions of both CTLs and NK cells, as it
contains abundant immunosuppressive cells, soluble inflammatory mediators and growth
factors, all of which helps to promote growth or proliferation of the ovarian tumour [96,97].
A study by Govindaraj et al. [98] showed that CD4+ Tregs, particularly those expressing
tumour necrosis factor (TNF) receptor 2 (TNFR2), from OC-associated ascites exert more
suppressive capacity on effector CTLs than peripheral blood-derived TNFR2+ Tregs. In-
terestingly, the increased frequencies of TNFR2+ Tregs within the total CD4+ T cell pool
present in OC ascites was shown to be driven by the presence of pro-inflammatory IL-6
within the ascitic fluid as blockade of IL-6 resulted in reduced frequencies of CD4+TNFR2+
Tregs [97]. Since HCMV reactivation in the TME could lead to increased IL-6 production,
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these data suggest that active HCMV infection in the TME may also drive the expansion of
highly suppressive CD4+TNFR2+ Tregs. Together, these data point towards a potential for
an OC immunotherapy targeting IL-6 blockade or anti-HCMV for OC patients presenting
with ascites or HCMV in order to improve survival outcomes.

11. Conclusions

Presently, there is an overwhelming research interest into personalised medicine, not
only in OC but for many other cancers. Both HCMV and OC share similar disease mecha-
nisms through impairment of CTL and NK cell responses thereby promoting their survival
or progression. Previous studies have demonstrated that HCMV infects many cell types;
promotes tumour growth and induces a pro-inflammatory environment. Furthermore,
active HCMV infection creates an immunosuppressive TME that suppress tumour-specific
immune responses. To-date, no clinical study has investigated the use of an anti-HCMV
approach to treat OC patients infected with HCMV. In GBM patients, however, the use
of anti-HCMV targeted T cell therapy has provided some beneficial treatment outcomes,
especially in recurrent GBM patients. Therefore, it is reasonable to rationalise that per-
sonalised anti-HCMV treatment could potentially help improve the survival outcomes of
OC, particularly in patients with active HCMV infection in their TME. Future studies are
needed to evaluate the use of anti-HCMV therapy in combination with current established
1st line and 2nd line therapies and evaluate if this combination approach is efficient at
improving the survival outcomes of patients with HCMV positive ovarian tumours.
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Abstract: Failure to detect early-stage epithelial ovarian cancer (EOC) is a major contributing factor
to its low survival rate. Increasing evidence suggests that different subtypes of EOC may behave as
distinct diseases due to their different cells of origins, histology and treatment responses. Therefore,
the identification of EOC subtype-specific biomarkers that can early detect the disease should be
clinically beneficial. Exosomes are extracellular vesicles secreted by different types of cells and
carry biological molecules, which play important roles in cell-cell communication and regulation
of various biological processes. Multiple studies have proposed that exosomal miRNAs present
in the circulation are good biomarkers for non-invasive early detection of cancer. In this review,
the potential use of exosomal miRNAs as early detection biomarkers for EOCs and their accuracy
are discussed. We also review the differential expression of circulating exosomal miRNAs and
cell-free miRNAs between different biofluid sources, i.e., plasma and serum, and touch on the issue
of endogenous reference miRNA selection. Additionally, the current clinical trials using miRNAs for
detecting EOCs are summarized. In conclusion, circulating exosomal miRNAs as the non-invasive
biomarkers have a high potential for early detection of EOC and its subtypes, and are likely to be
clinically important in the future.

Keywords: exosome; miRNA; biomarkers; epithelial ovarian cancer; liquid biopsy

1. Introduction

Ovarian cancer (OC) is the eight most common cancer in women worldwide and
remains the leading cause of mortality among gynecological malignancies in developed
countries [1,2]. The estimated numbers of new OC cases and death in 2020 in the United
States are 21,750 and 13,940, while globally the numbers are 313,959 and 207,252, respec-
tively [1,2]. OC is mostly asymptomatic in its early stages; thus, the patients usually
present with advanced-stage cancer, which is commonly associated with high mortality
rate. Therefore, the development of a non-invasive diagnostic approach to accurately detect
the disease early is one of the holy grails of combating OC and would lead to the increased
overall survival.
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Around 90% of the OC tumors are of epithelial origin (epithelial ovarian cancer; EOC),
which can be further subdivided into different histopathological subtypes. Several EOC
subtype classification systems have been proposed. The most widely applied system in the
clinical practice was proposed by the World Health Organization (the WHO classification
system) [3]. According to the recent WHO classification of tumors of the ovary, there
are seven major subtypes of EOC: serous carcinoma, mucinous carcinoma, endometrioid
carcinoma, clear-cell carcinoma, seromucinous carcinoma, malignant Brenner tumor and
undifferentiated carcinoma. These tumors are mainly classified based on their histomor-
phological features; i.e., serous carcinoma has columnar cells resemble those of tubal-type
epithelium; mucinous carcinoma has gastrointestinal-type mucin producing cells; clear-cell
carcinoma has cells with clear cytoplasm with characteristic “hobnail” appearance; en-
dometrioid carcinoma has cells resemble to the endometrial glands; Brenner tumors have
cells similar to transitional/urothelial epithelium; seromucinous carcinoma has cells with
both serous and endocervical-type mucin producing cells; and undifferentiated carcinoma
have monotonous non-cohesive cells with lack of defining cell types. Furthermore, the
serous carcinoma is classified into high-grade and low-grade serous carcinoma, which
is based on the different degree of cytologic atypia and mitotic rate. High-grade serous
carcinoma is featured with clear cytoplasm and pleomorphic/bizarre nucleus. Nuclei
atypia with more than 12 mitoses per 10 high power fields in the worst area of tumors,
multinucleated tumor giant cells and tumor architecture resemble epithelial cells of fallop-
ian tube origin are also often seen in high-grade serous carcinoma [4–6]. Another system,
dualistic classification of primary EOCs, is also widely applied in many research prac-
tices [7–9]. This system divides EOCs into two main types, type I and type II, by integrating
the histopathologic classification with the molecular genetics findings. Currently, type I
tumors, which have a relatively better clinical outcome, are subdivided into three groups:
(i) endometriosis-related tumors that include endometrioid, clear cell and seromucinous
carcinomas; (ii) low-grade serous carcinomas; and (iii) mucinous carcinomas and malignant
Brenner tumors, while type II tumors are composed of the more aggressive high-grade
serous carcinoma, carcinosarcoma and undifferentiated carcinoma [10].

Accurate diagnosis of the stage and subtype of EOC is very important because stan-
dard treatment options affect each subtype differently. The combination of paclitaxel
and carboplatin chemotherapy usually produces good initial response rates in high-grade
serous carcinoma (60–80%), but eventually most patients become platinum resistant and
succumb to subsequent relapses. However, the majority of clear cell, mucinous and low-
grade serous carcinoma are resistant to platinum chemotherapy, resulting in reduced
usage of platinum for these subtypes. It has now become a standard practice to identify
serous vs. non-serous EOC subtypes so that the suitable treatment can be selected for EOC
patients [11].

2. Current Epithelial Ovarian Cancer (EOC) Biomarkers

In combination with histomorphology, immunohistochemistry (IHC) can help distin-
guish difficult-to-diagnose EOC subtypes [12–14]. p53 IHC is routinely used to distinguish
low-grade from high-grade serous carcinoma; the pattern of p53 IHC staining in high-grade
serous carcinoma is all or none (overexpression or complete absence), which reflects the
underlying TP53 mutation. The combination of WT1 and p53 can be used to distinguish
serous carcinoma from endometrioid carcinoma, while the combination of WT1, Napsin
A and ER are used to distinguish clear-cell carcinoma from serous carcinoma. ER alone
is used to distinguish endometrioid carcinoma from mucinous carcinoma. Recent stud-
ies from Kobel et al. proposed the use of the eight IHC biomarkers, namely WT1, p53,
p16, Napsin A, PGR, TFF3, ARID1A and VIM, to classify subtypes of a large cohort of
EOCs based on nominal logistic regression model [13,14]. After comparing the original
diagnosis with the predicted histotypes, the IHC panel could correctly reclassify ~93%
of the cases [13,14]. The most common misclassification involved reclassification from
high-grade endometrioid to high-grade serous carcinoma, which are the two subtypes
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known to be difficult to distinguish by histomorphology. Additionally, supported evidence
such as molecular alterations and clinical behaviors can help increase the accuracy of the
subtype diagnosis.

In terms of molecular alterations, high-grade serous carcinoma is usually associated
with BRCA1 or BRCA2 germline mutations and TP53 somatic mutations, which are identi-
fied in 96% of the tumor samples [15]. Other than the three genes, mutations in CSMD3,
NF1, CDK12 and RB1 are also commonly found [15]. Low-grade serous carcinoma has
distinct underlying molecular mechanism than that of high-grade serous carcinoma. It is
associated with KRAS and BRAF mutations but not TP53 mutations [16,17]. Although it is
believed that clear-cell and endometrioid carcinomas share similar molecular genetic pro-
files as they are both proposed to originate from endometriosis [18], the morphology and
clinical behavior of the two subtypes are different. Genetic alterations in ARID1A, PIK3CA
and PTEN occur in both subtypes, while microsatellite instability and CTNNB1 mutations
are more commonly observed in endometrioid carcinoma [10,19–21]. A recent study by
Cochrane et al. proposed that clear-cell and endometrioid carcinomas may originate from
different cell types of endometria as clear-cell tumors express much higher level of markers
of the ciliated cells (cystathionine gamma-lyase (CTH), etc.), while endometrioid tumors
express markers of the secretory cells of the endometrium (methylenetetrahydrofolate
dehydrogenase 1 (MTHFD1) and ER) [22]. The authors further posited that clear-cell
carcinoma may originate from the progenitor of ciliated cells. For mucinous carcinoma,
KRAS alterations are found in more than 50% of the tumors [23–27].

Clinical screening of EOC includes imaging and serum biomarkers. Imaging tests
include transabdominal and transvaginal ultrasound screening (TVS), computed tomog-
raphy (CT) scan, magnetic resonance imaging (MRI) and positron emission tomography
(PET) scan. Biomarker tests in the blood include the commonly used serum tumor markers;
CA-125, cancer antigen 19-9 (CA19-9) and carcinoembryonic antigen (CEA). Most of the
currently available tests give relatively low sensitivity and specificity, making them unable
to detect early-stage EOCs and thus resulting in no significant changes of overall survival
of EOC patients in the past 20 years [28]. The recently published study showed that nei-
ther the annual screening using serum CA-125 nor TSV can help reduce the mortality
rate of ovarian cancer. This large randomized controlled trial in the UK, which recruited
202,562 postmenopausal women who were 50–74 years of age and conducted more than 16
years of follow-up, provides definitive new evidence that the existing general population
screening approaches did not reduce ovarian cancer deaths [29]. Currently, OVA1 and
its second-generation multivariate index assay (MIA), OVERA, are among the commonly
used US Food and Drug Administration (FDA)-cleared assays that assess malignancy risk
in adnexal masses planned for surgery. OVA1 has five serum protein biomarkers including
CA-125, Transthyretin, Apolipoprotein A1, Transferrin and B2-microglobulin. OVERA
substitutes B2-microglobulin and Transthyretin used in OVA1 with Human Epididymis
secretory protein 4 (HE4) and Follicle-Stimulating Hormone (FSH). Both assays are used in
combination with clinical assessment in women who have a pelvic mass to assess ovarian
cancer risk prior to surgical treatment planning and are not a screening test. In addition,
although OVA1 and OVERA have high sensitivities (92%, 91%), the specificities are quite
low (42%, 69%) [30,31]. Therefore, it is critical to establish new strategies to efficiently
screen the disease in its early stage, which is key to improving survival rate.

Taken together, novel biomarkers for early detection of EOCs, which are more effective
and able to distinguish the subtypes to facilitate a timely clinical decision are urgently
needed. Lately, exosomes have been extensively studied with an increasing number of
reports showing their potential as a rich source of biomarkers. Exosomes are a type of
extracellular membrane vesicles (EVs) with a diameter of 40–100 nm that are secreted by
all cell type. Exosomes carry various biological molecules such as protein, lipid, mRNA
and non-coding RNA including microRNA (miRNA) and long non-coding RNA (lncRNA)
and transport them to a distant location via the circulatory system. They can be detected
in various kinds of body fluids such as blood, urine and saliva. Several pathways have
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been proposed for biogenesis of exosomes [32]. One of the most well-studied pathways
involves the generation of intracellular multivesicular bodies (MVBs) in two steps. First,
the invagination of the plasma membrane and the formation of MVBs, which contains
intraluminal vesicles (ILVs). Following the formation of MVBs, ILVs will be secreted
to the extracellular compartment through the fusion of MVB to the plasma membrane
and exocytosis, and they are now called exosomes. Exosomes are continuously being
generated by and taken up by cells. Exosomes that are taken up are subsequently degraded
by lysosomes or fused with preexisting early-sorting endosomes before disintegrating
and releasing their contents into the endoplasmic reticulum and/or cytoplasm. Due to
their lipid bilayer encapsulation, enzyme-sensitive molecular cargos are well preserved in
exosomes [33].

Recent studies showed that exosomes play important roles in cell-cell communication
and are particularly enriched in tumor microenvironment [34–36]. Among the biomolecules
carried by exosomes, miRNAs are the most abundant, and have been shown to facilitate
motility and invasiveness of ovarian cancer cells [37,38]. In addition, exosomes secreted
by stromal cells may promote drug resistance of cancer cells [34,39,40]. One of the advan-
tages of using miRNAs as liquid biopsy-based biomarker is that they are relatively stable
in biofluids, which is particularly important because most of the specimens may not be
processed immediately after collection in the clinic. Exosomal miRNAs are better protected
from RNase degradation and are therefore more frequently studied as potential biomarkers
than the non-exosomal circulating miRNA counterparts [41]. In this review, we focus on
all the published exosomal studies so far that showed sensitivity and specificity of exoso-
mal miRNAs in diagnosing and/or predicting the progression of EOC and its subtypes.
Moreover, to address which biofluid source is suitable for circulating miRNA biomarker
discovery, we summarize the reports showing differential profiles of circulating exosomal
and cell-free miRNAs in different blood components (i.e., serum, plasma, platelet). As
miRNAs in exosomes are only a small fraction of the entire transcriptomes, the optimal
endogenous controls for expression profile normalization are still under debate, and thus
we also discuss this topic in detail here. This comprehensive review of the exosomal
miRNA biomarkers should provide more information for the future development of early
detection biomarkers for EOCs.

3. Exosomal miRNAs as Diagnostic and Prognostic Biomarkers for EOCs

The first study that proposed the use of circulating exosomal miRNAs as diagnostic
biomarkers for EOCs was published in 2008 by Taylor and Gercel-Taylor [42]. The authors
identified eight exosomal miRNAs specifically up-regulated in the serum of patients with
serous papillary adenocarcinoma, which is now referred to as high-grade serous carcinoma
(Table 1). These eight miRNAs included the miR-200 family members (miR-200a, -200b,
-200c, -141), miR-21, miR-203, miR-205 and miR-214. MiR-200c and miR-214 also showed
higher expression in the patients with stage II and III disease comparing to those with stage
I. The authors further concluded that since the expression of these miRNAs were similar
between the ovarian tumor tissues and the circulating exosomes, miRNA profiling of the
circulating exosomes could potentially be used as surrogate diagnostic markers for EOC
instead of using a tissue biopsy.
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Table 1. Circulating exosomal miRNAs identified as potential diagnostic biomarkers in EOCs. N/A: not available, HGSC:
high-grade serous carcinoma.

References
Exosomal
miRNAs

Bioliquid Subtypes Expression Pattern
Normalization

Controls
Detection
Methods

Taylor and
Gercel-Taylor

2008 [42]

miR-21,
miR-200a/b/c,

miR-141, miR-203,
miR-205, miR-214

Serum HGSC Up-regulated in HGSC N/A miRNA array

Meng et al.,
2016 [43]

miR-200a/b/c
miR-373 Serum EOCs Up-regulated in EOCs miR-484

cel-miR-39 Taqman assay

Pan et al.,
2018 [44]

miR-21
miR-100

miR-200b
miR-320

Plasma EOCs Up-regulated in EOCs
RNU6,

miR-484,
cel-miR-39

Taqman assay
miR-16
miR-93
miR-126
miR-223

Plasma EOCs Down-regulated in EOCs

Kobayashi et al.,
2018 [45] miR-1290* Serum HGSC

Up-regulated in HGSC
Down-regulated in

non-HGSC
cel-miR-39 Taqman assay

Yoshimura et al.,
2018 [46] miR-99a-5p* Serum EOCs Up-regulated in EOCs N/A Taqman assay

Kim et at.,
2019 [47]

miR-145 Serum EOCs Up-regulated in EOCs

RNU48 Taqman assaymiR-200c Serum HGSC Up-regulated in HGSC

miR-21 and
miR-93 Serum non-HGSC Up-regulated in

non-HGSC

* These exosomal miRNAs were first identified in HGSC cell lines. Circulating cell-free miRNAs were then quantified in the patient sera.

Meng et al. (2016) examined the possibility of using four circulating exosomal miRNAs
in the serum to detect EOCs [43] (Table 1). The four exosomal miRNAs, miR-373 and miR-
200 family members (miRNA-200a, 200b and 200c), were selected for studying as they
were proposed to be associated with EOCs and breast cancers in the literature [48,49].
The authors observed significant up-regulation of the four exosomal miRNAs in EOCs as
compared with benign tumors and healthy controls. However, no differential expression
of the 4 miRNAs was observed in different EOC subtypes. Diagnostic performance was
further tested by using each miRNA alone or by using a combination of all three miRNAs
from the miR-200 family. The AUC values ranged from 0.655 to 0.914 using each miRNA
and increased to 0.925 when using a model with all three miR-200 family members (Table 2).
In addition, the authors found that the increased expression levels of miR-200b and miR-
200c were associated with advanced stages, lymph node metastasis, high CA-125 values
and a shorter overall survival, which indicates the potential of using these two miRNAs as
prognostic biomarkers for disease progression. Of note, the authors also observed very low
expression of the other two members of miR-200 family, i.e., miR-141 and miR-429, in EOC,
which contradicts the findings in the study by Taylor and Gercel-Taylor [42].
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Table 2. Sensitivity, specificity and area under the receiver operating characteristic (ROC) curve (AUC) of the circulating
exosomal miRNAs used to detect epithelial ovarian cancers (EOCs) in the literature. HGSC: high-grade serous carcinoma,
CCC: clear-cell carcinoma, ENC: endometroid carcinoma, MUC: mucinous carcinoma.

References Exosomal miRNAs
Detected
Subtype *

Sensitivity Specificity AUC No. of Subjects

Meng et al.,
2016 [43]

miR-200a EOCs 0.839 0.900 0.914
HGSC n = 120; non-HGSC n = 15;
unknown subtype n = 28; benign

tumor n = 20; healthy n = 32

miR-200b EOCs 0.528 1.000 0.815

miR-200c EOCs 0.311 1.000 0.655

miR-200a + b + c EOCs 0.882 0.900 0.925

Pan et al.,
2018 [44]

miR-21 EOCs 0.610 0.820 0.740
HGSC n = 90; non-HGSC n = 13;
unknown subtype n = 3; ovarian

cystadenoma n = 8; healthy n = 29

miR-100 EOCs 0.620 0.730 0.710

miR-200b EOCs 0.640 0.860 0.868

miR-320 EOCs 0.560 0.690 0.658

Kobayashi et al.,
2018 ** [45]

miR-1290 EOCs 0.510 0.570 0.480

HGSC (n = 30); CCC (n = 18); ENC
(n = 12); MUC (n = 10)

miR-1290 + CA-125 a EOCs - - 0.920

miR-1290 HGSC 0.630 0.850 0.710

miR-1290 + CA-125 HGSC - - 0.970

miR-1290 CCC 0.580 0.890 0.690

miR-1290 + CA-125 CCC - - 0.940

miR-1290 ENC 0.500 0.830 0.620

miR-1290 + CA-125 ENC - - 0.910

miR-1290 MUC 0.580 0.900 0.720

miR-1290 + CA-125 MUC - - 0.830

miR-1290 HGSC vs.
non-HGSC 0.470 0.850 0.760

miR-1290 + CA-125 b HGSC vs.
non-HGSC 0.790

Yoshimura et al.,
2018 ** [46]

miR-99a-5p EOCs 0.850 0.750 0.880

HGSC n = 32; CCC n = 15; ENC
n = 9; MUC n = 6; Early stage (stage

I-II) EOCs n = 31; benign tumor
n = 26; healthy n = 20

miR-99a-5p + CA-125 c EOCs - - 0.950

miR-99a-5p Early stage EOCs 0.900 0.750 0.850

miR-99a-5p + CA-125 d Early stage EOCs - - 0.910

miR-99a-5p EOCs vs.
benign tumor 0.870 0.540 0.700

miR-99a-5p + CA-125 e EOCs vs.
benign tumor - - 0.810

Kim et al.,
2019 [47]

miR-21 EOCs - - 0.585

HGSC n = 39; non-HGSC n = 9,
borderline tumor n = 10; benign

ovarian cyst n = 10

miR-93 EOCs - - 0.755

miR-145 EOCs 0.917 0.750 0.910

miR-145 + CA-125 f EOCs 0.979 0.600 -

miR-200c EOCs 0.729 0.900 0.802

miR-200c + CA-125 f EOCs 0.938 0.700 -

miR-145 + miR-200c EOCs 0.938 0.650 -

miR-145 + miR-200c +
CA-125 f EOCs 1.000 0.550 -

* The detected group as compared with healthy controls (unless stated otherwise). ** These two studies first identified exosomal miRNAs
in cell lines and then investigated the circulating cell-free miRNAs in the patient sera. a CA-125 alone had an AUC of 0.900; b CA-125 alone
had an AUC of 0.690; c CA-125 alone had an AUC of 0.910; d CA-125 alone had an AUC of 0.840; e CA-125 alone had an AUC of 0.790;
f CA-125 alone had an AUC of 0.801.

The same team later examined a collective list of 44 miRNAs with oncogenic or
tumor suppressive function in EOC from the literature and further tested their quantities
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in the circulating plasma exosomes [44]. A total of 106 EOC patients, who mostly had
high-grade serous carcinoma, and 29 healthy participants were compared. Among the
44 miRNAs, four (miR-21, -100, -200b and -320) were up-regulated, and four (miR-16, -93,
-126 and -223) were down-regulated in the EOC cases (Table 1). The diagnostic performance
using each of the four up-regulated miRNAs showed miR-200b as having the highest
AUC (0.868) (Table 2). The author also pointed out some contradictory findings; although
increased miR-200b expression in the circulating exosomes of EOC patients is associated
with poorer prognosis [43], its overexpression in ovarian cancer cell lines resulted in
reduced proliferation and increased apoptosis [50]. MiR-200b seems to have a dual role in
EOC as it has been reported as having both oncogenic and tumor suppressive functions [51].
In addition, miR-200c, previously reported as having a significantly higher expression
in the serum of EOC patients than in the healthy subjects [42,43], showed no significant
differences between the two groups in this study.

Kobayashi et al. (2018) observed significant up-regulation of exosomal miR-1290
secreted by high-grade serous carcinoma cell lines in comparison to an immortalized
normal ovarian epithelial cell line, and thus further examined the circulating cell-free
miR-1290 in the serum of EOC patients [45]. A significant up-regulation of miR-1290 was
observed in patients with high-grade serous carcinoma comparing to healthy controls
(Table 1). The sensitivity and specificity of EOC detection were estimated in different
subtypes by using miR-1290 expression level alone or in combination with CA-125. For
all EOC cases and for each subtype, the AUC values ranged from 0.48 to 0.72 when using
miR-1290 alone, and from 0.83 to 0.97 when using miR-1290 together with CA-125 (Table 2).
Particularly, the highest AUC (0.97) obtained using the combination of miR-1290 and
CA-125 belonged to the high-grade serous carcinoma subtype. Furthermore, a significantly
higher expression of this miRNA in patients with high-grade serous than those with other
non-high-grade serous subtypes was also observed. An AUC value of 0.79 was obtained
when using a combination of miR-1290 and CA-125 to differentiate high-grade serous from
other non-high-grade serous subtypes (Table 2). The authors concluded that miR-1290 can
be used as a potential diagnostic biomarker for high-grade serous carcinoma.

The same group also examined the possibility of using exosomal miR-99a-5p, identi-
fied using the same method, to predict EOCs [46]. The authors further showed significant
up-regulation of circulating cell-free miR-99a-5p in the serum of EOC patients as compared
with patients with benign tumor or healthy subjects (Table 1). However, differences in
the expression between subtypes were not observed for this miRNA. MiR-99a-5p showed
sensitivity of 0.85 and specificity of 0.75 with an AUC of 0.88 for the detection of EOCs.
In combination with CA-125, the AUC increased to 0.95. Even though the combination
markers failed to distinguish different subtypes, it showed high accuracy in detecting EOC
in the early stages (stage I-II) with an AUC of 0.91 (Table 2).

A recent study by Kim et al. hypothesized that the dysregulation of miRNAs in
the EOC tissues should also be observed in the circulating exosomes [47]. The authors,
thus, selected seven candidate miRNAs, namely miRNA-21, -93, -141, -145, -200a, -200b
and -200c, which are either up-regulated of down-regulated in the EOC tissues (mostly
high-grade serous subtypes) from the literature [52–55]. Using real-time quantitative PCR,
they observed significant up-regulation of exosomal miR-21, -93, -145 and -200c in the
serum of EOC patients comparing to subjects with benign or borderline tumor (Table 1).
Furthermore, up-regulation of miR-21 and -93 was specific in non-high-grade serous
subtypes, while high miR-200c expression was specific in high-grade serous carcinoma.
Among the four exosomal miRNAs, two demonstrated good EOC-detecting accuracy
with miR-145 showing 91.7% sensitivity, 75% specificity and an AUC of 0.910, and miR-
200c showing 72.9% sensitivity, 90% specificity and an AUC of 0.802. (Table 2). Different
combinations of the two miRNAs with or without CA-125 improved sensitivity but showed
lower specificity to detect EOCs (Table 2). Therefore, the author proposed that using
exosomal miR-145 alone might be the most promising diagnostic biomarker for EOCs.
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In addition, they also found that up-regulation of miR-145 and -21 were significantly
associated with distant metastasis in high-grade serous carcinoma patients.

Multiple studies suggested that miR-200c maybe a promising biomarker for detecting
EOC, and it is also the most dysregulated miRNA in the circulatory system [56,57]. How-
ever, it showed high specificity to high-grade serous carcinoma, but lacked the power to
distinguish between different subtypes of EOCs. The other members of miR-200 family
including miR-200a and miR-200b, showed incongruent results in different studies. The
two miRNAs were observed to be up-regulated in high-grade serous carcinoma in two
studies [42,44], but were found to be lowly expressed in all subtypes in another study [47].
The inconsistency may result from different ethnic populations (Caucasians and Asians),
or from different sources of exosomes (serum vs. plasma). This raises important concerns
for identifying biomarkers used in liquid biopsy; different ethnic populations and different
sources of biofluid for biomarker identification should always be taken into consideration
when comparing the studies and analyzing the results.

The candidate exosomal miRNAs reviewed in this article were selected either based on
the miRNA profiles in tumors [43,44,47] or by exosomes secreted by cancer cell lines [45,46].
They were not identified by large-scale screening of exosomal miRNAs in patient subjects.
It is known that the expression of miRNAs in tumor tissues may not be consistent with
the expression of circulating exosomal miRNAs [58,59]. For example, miR-145 has been
reported to be significantly down-regulated in EOC tissues, particularly in high-grade
serous carcinoma [52–55]. However, it is significantly up-regulated in the serum exosomes
of EOC patients [47]. This indicates that there may be undiscovered selecting and sorting
mechanisms, which control the encapsulation of specific miRNAs into exosomes before
they are released to the tumor microenvironment for cell-cell communication [59–61].
Taken together, the optimal biofluid source, the availability of large case-control cohorts
and the independent validation cohorts preferably with a substantial mixture of different
ethnic population are required for the successful clinical translation of circulating exosomal
miRNA biomarkers. Moreover, the high-throughput exosome isolation technology that
can accurately capture circulating exosomes in a faster timeframe would greatly expedite
the development of translational applications of exosome.

4. Circulating Exosomal miRNA and Cell-Free miRNA Expression Profiles in
Different Blood-Based Sources

Plasma and serum are major biofluid sources in biobank repositories worldwide,
which provide the most important resources for biomarker identification. As we men-
tioned in the previous section, the incongruence of reported exosomal miRNA expression
may result from the use of different exosome sources (serum vs. plasma). In addition,
the differences in the expression profiles of exosomal miRNAs and circulating cell-free
miRNAs (cf-miRNA) between different sources have not yet been extensively reviewed. In
this section, we focus on the literature that compared the expression patterns of exosomal
miRNA and cf-miRNA between serum and plasma. We also discuss two studies that
analyze miRNA profiles in the platelets, as there is increasing evidence that platelets are im-
portant sources of biomarkers, particularly for the diseases related to platelet dysfunctions,
such as cancers [62–64].

Plasma and serum possess fundamental differences due to their distinct collection
processes. Blood tubes for plasma collection contain EDTA to prevent coagulation. In
addition, most biobanks collect plasma by centrifugation at high speed for a long period
of time, i.e., at 1000–2000× g for 10–15 min, to separate cells and biofluid. As a result, the
platelets are mixed with buffy coat layer (white blood cell layer) due to the high-speed
centrifugation, and we are left with platelet-poor-plasma. For serum collection, blood
tubes contain clot-activator, which result in the activation of platelets and the releasing
of biological molecules, such as protein, DNA, RNA and microparticles (also known as
extracellular vesicles), during the coagulation process [65]. Thus, the slightly different
yet important fraction of exosomes related to platelet function may be found in serum,
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but not in plasma. This fact emphasizes the importance of exosome source selection for
biomarker identification.

Hemolysis is one of the important confounding factors in cell-free miRNA biomarker
discovery and may also affect the clinical interpretation if the hemolysis-susceptible miR-
NAs are used as a diagnostic/prognostic marker [66]. Several miRNAs have been used as
potential indicators to evaluate hemolysis as they are relatively stable across all sources
(e.g., miR-23a), or enriched in red blood cells (RBC) (e.g., miR-144, -16, -451, -486 and -92a)
and in white blood cells (WBC) or platelets (e.g., let-7a, miR-150, -197, -199a, -223 and
-574) [67–69]. Particularly, miR-223 is proposed to be abundantly released by activated
platelets [70]. Juzenas et al. (2017) comprehensively analyzed the miRNA expression
profiles from seven types of peripheral blood cells, serum, serum exosomes and whole
blood [68]. They compared miRNAs in RBC, exosomal miRNAs and cf-miRNAs in serum,
and suggested that the miRNAs commonly used as RBC-specific markers can also be found
in exosomes or serum. For example, miR-16-5p and -451a apparently could be found across
RBC, exosomes and serum, and thus their roles as hemolysis indicator may need to be
reconsidered. Other markers such as miR-144-3p were found in RBC and exosomes but was
absent in serum, while miR-144-5p could only be found in RBC but not in exosomes and
serum. Based on the results of this study, several miRNAs were RBC-specific, including
miR-142-3p, -454-3p, -19a-3p, -15b-3p and -421. In addition to using RBC-specific miRNAs
to evaluate hemolysis effect, one study has suggested that the ratio between miR-23a and
miR-451 can be an indicator of possible RBC lysis, which results in much higher concentra-
tion of miR-451 in the plasma and serum [67]. However, it is relatively difficult to define an
optimal cutoff value for interpreting the extent of hemolysis.

One of the first studies published in 2008 by Hunter et al. first examined the expression
of miRNAs in exosomes isolated in plasma and matched peripheral blood mononuclear
cells (PBMC) from 51 healthy subjects [71]. The expression profiles of a total of 420 miRNAs
were examined by reverse transcription quantitative real-time PCR (RT-qPCR). Among
those, the authors identified miR-223 to be the most abundant miRNAs in both exosome
and PBMC. The results showed that a quantity of miR-223 are more than 10 times higher
than the second most abundant miRNA, miR-484, in both sources. The authors further
compared the miRNA profiles in platelets isolated from 6 donors and in plasma-derived
exosomes. Interestingly, miR-223 is also the most abundant miRNA in platelets, while one
of the most abundant miRNAs, miR-484, was not detected in the platelets (Table 3).

Wang et al. (2012) published a comprehensive study not only compared the amount of
cf-miRNAs in different blood-based sources, but also compared them using different probe-
based RT-qPCR technologies, i.e., Taqman and LNA (locked nucleic acid) [72]. Even though
the study did not analyze miRNA profiles in exosomes, the results are informative and
can be a reference for comparing source-specific cf-miRNA and exosomal miRNA profiles.
A total of 6 healthy donors were recruited and the cf-miRNA profiles in their plasma,
serum, platelets and blood cells (RBC and WBC) were analyzed by either both or only
one technique. Overall, the study showed that although the serum and plasma shared cf-
miRNA contents, the profiles are different between the two sources (Table 3). Furthermore,
the results between the two qPCR platforms showed low consistency (Table 3), probably
because of the different pre-amplification steps. In line with other studies, miR-223 is the
most abundant cf-miRNAs across various blood-based sources. The authors observed
higher RNA concentration in serum than plasma and suggested that RNA/miRNAs may
be released from blood cells and platelets into serum during coagulation process. Therefore,
plasma may be the sample of choice when studying circulating cf-miRNAs, as RNA released
during the coagulation process may change the true cf-miRNA repertoire.
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Cheng et al. (2014) aimed to compare the profiles of intracellular miRNAs from pe-
ripheral blood cells, and cf-miRNAs and exosomal miRNAs in serum and plasma [73].
Exosomes were further isolated using differential ultracentrifugation (UC) or by com-
mercial exosomal miRNA isolation kits (Norgen Biotek), and miRNAs were analyzed
by next generation sequencing (NGS). For plasma, the UC protocol was superior to the
commercial exosome isolation column as it did not pellet non-exosomal RNA or cellular
RNA contaminants. The commercial kit performed better with serum samples and showed
the same RNA profile as those observed in UC-isolated serum exosomes. This finding
underscores the importance of standardizing sample collection, centrifugation of blood
and handling for exosomal miRNA research. Overall, the results showed that miR-451a
and miR-223-3p are the most abundant miRNAs across all samples for both cf-miRNAs
and exosomal miRNAs isolated by different methods in plasma and serum. The other
abundant miRNAs included miR-191-5p, -486-5p, 484, -16-5p, -126-3p. The authors also
compared intracellular miRNAs profiles with those of the cell-free blood and exosomes
to identify the unique miRNAs in each group for serum or plasma samples. Interestingly,
not only exosomal miRNAs were resistant to RNaseA treatment, but there were also more
miRNAs stably present in exosomes compared with cell-free fractions. Hence, the authors
concluded that exosomes provide a good protection to miRNAs and therefore appear to
be a better source for biomarker identification. Of note, as the authors did not perform
exosomal miRNA profile comparison between serum and plasma, we, thus, carried out
this analysis based on their results using the same inclusion criteria (miRNAs with mean
reads per million (RPM) larger or equals to five). There are 5 and 17 exosomal miRNAs
specifically found in plasma and serum, respectively (Table 3).

Other studies also identified miRNAs commonly seen in serum and plasma by using
different platforms [67,74–76] including using Nanostring system, which performs quan-
tification by digital counting of RNA molecules without PCR amplifications [75] (Table 3).
Unfortunately, these studies only compared cf-miRNAs but not exosomal miRNAs. Of
note, one of the studies identified that the abundant RBC-enriched miR-144, 451 and 486
were prevalent in plasma, while the platelet and PBMC-enriched miR-223 and 199a-5p
were prevalent in serum [76]. Since biological diversity between patients may contribute
to low reproducibility of miRNA profile, this study also investigated the effect of gender,
fasting state and menstrual cycle on cf-miRNA levels in serum and plasma and concluded
that these factors do not significantly affect cf-miRNA profiles and need not be controlled
for [76].

In sum, the advantage of using exosomal miRNAs as biomarkers are that they are
more stable in archival blood-based biospecimens (i.e., serum and plasma in biobanks) and
resistant to ribonuclease degradation. No consensus has yet emerged on which specimen
source is best for exosome work. On the contrary, in order to avoid miRNA contamination
from blood cells, the specimen of choice for circulating cf-miRNA biomarker discovery is
platelet-depleted plasma generated immediately after blood collection.

5. Concerns Regarding Endogenous Controls for Exosomal and Cell-Free
miRNA Biomarkers

Reference genes/miRNAs have two main purposes: for evaluating techniques of
miRNAs isolation as they are usually in a very small amount especially in cell-free blood
or in the exosomes (spike-in or exogenous controls), and for normalization of expression
levels across samples (endogenous controls). The most commonly used spike-in control
is a miRNA from Caenorhabditis elegans, cel-mir-39, and it is added into the specimen
lysate. The quantity of cel-mir-39 can help identify whether the isolation procedures is
successful and consistent between samples. The most commonly used endogenous controls
for circulating cf-miRNA are small nuclear and nucleolar RNA, such as U6, RNU44, RNU43
and RNU48 [77].

It is worth noting that the literature reviewed above used different reference genes for
normalizing expression levels of exosomal and cf-miRNAs, implying that the selection of
appropriate reference genes has not yet been standardized (Tables 1 and 3). It is particularly
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challenging to identify suitable reference genes for exosomes in different blood-based
sources. Several studies identified most stable miRNAs for either cell-free or exosomal
miRNAs, which may serve as reference genes in different specimen sources, using various
platforms [67,75,78]. However, to use one or a set of miRNAs as universal reference genes
for either cell-free and exosomal miRNAs are still under debate. One study using RT-
qPCR platform proposed the use of cf-miR-23a as reference as it was relatively stable in
plasma and serum and was not affected by hemolysis [67], while the other study using
NanoString platform found that cf-miR-30e-5p is the most stable miRNA in both serum and
plasma [75]. Gouin et al. applied two different platforms, namely NGS and NanoString
miRNA panels, to identify the most stable exosomal miRNAs secreted by cardiosphere-
derived cells from healthy donors [78]. Using a combination of four different algorithms
(NormFinder, GeNorm, BestKeeper and delta Ct), the authors identified that exosomal
miR-23a-3p was present and stably expressed across all samples. They further suggested
that a combination of multiple exosomal miRNAs, including miR-23a-3p, miR-101-3p and
miR-26a-5p, may yield stronger reference for normalization. Even though multiple studies
showed the stability of miR-23a expression in both cf-miRNA and exosomal miRNA
fractions, its stability may vary based on different types of tissue or cells that secrete
exosomes. In a more recent study, Dai et al. combined RNA sequencing (RNA-Seq)
data of exosomes in serum from three different cancer types (pancreatic adenocarcinoma,
colorectal carcinoma and hepatocellular carcinoma) and from healthy donors to identify
the most stable exosomal miRNAs across samples [79]. The candidate exosomal miRNAs
were further verified in serum exosomes of EOC patients. Six exosomal miRNAs were
observed to be stably expressed in the discovery cohort (pooled cancers and healthy donors)
and validation cohort (EOCs). They are miR-125-5p, miR-192-3p, miR-4468, miR-4469,
miR-6731-5p and miR-6835-3p. Among the six exosomal miRNAs, the combination of
miR-4468 and miR-6835-3p gave the highest expression stability in both cohorts. It is worth
mentioning that two exosomal miRNAs studies in EOC patients chose to use miR-484
over U6 as endogenous controls [43,44] (Table 1). Our preliminary unpublished data also
showed that serum exosomal miR-484 has the smallest variation across healthy subjects,
patients with benign tumors and patients with EOC. Furthermore, exosomal miR-484 has
been used as endogenous control in the serum of breast cancer patients as well [48].

Taken together, we conclude that circulating exosomal and cf-miRNA profiles can be
affected by many factors. These factors include individual genetic variations, specimen
sources, various preanalytical factors including the extent of hemolysis, miRNA isolation
protocols, different detection platforms (e.g., RT-qPCR, NanoString or NGS) or different
qPCR techniques (e.g., Taqman and LNA assays), and the selection of reference genes. In
order to be able to implement exosomal or cf-miRNA biomarkers in clinical setting, these
factors will need to be carefully considered and standardized. Thorough evaluations of
contamination of miRNAs from disrupted blood cells is suggested before using the data
for biomarker identification. Finding a suitable set of standard reference genes for each
specific setting remain one of the most challenging tasks for now.

6. Summary of Current Clinical Trials Using miRNAs as Biomarkers in Epithelial
Ovarian Cancer

We explore clinical trials registered during years 2016–2021 in ClinicalTrials.gov by
using key words “miRNA” or “microRNA” and set the disease to “ovarian cancer”. A
total of 12 projects were identified by the keyword search. Among these, only six tri-
als are related to EOC. Two studies led by the same team in China, NCT03738319 and
NCT03742856, are recruiting EOC patients for studying circulating exosomal miRNAs and
long noncoding RNAs (lncRNA), and multi-omics analysis, respectively (Table 4). For
NCT03738319, which focuses on identifying differential expression of exosomal miRNAs
and lncRNAs in EOC patients, the team only recruit patients with high-grade serous car-
cinoma. The first stage aims to recruit 20 patients with high-grade serous carcinoma and
20 participants with benign gynecologic disease for prediction model construction. The
second stage aims to recruit 120 participants with suspected high-grade serous carcinoma
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for validation. For multi-omics study (EOC subtype not specified), the trial plans to con-
duct whole-exome sequencing, transcriptome sequencing as well as obtaining data from
proteomics and metabolomics studies. Of note, the status of these two trials is currently
listed as “unknown”.

Table 4. Summary of current clinical trials related to epithelial ovarian cancer that use miRNAs in the circulatory system or
tissues as biomarkers. FIGO: Federation of Gynecology and Obstetrics.

NCT Number * Study Title EOC Subtype Specimen Expected Outcome **

NCT02758652

Molecular Mechanisms
Leading to

Chemoresistance in
Epithelial Ovarian

Cancer (CHEMOVA)

Not specified Plasma

miRNA expression
profiles of ovarian
cancer patients in 5
years of trial period

NCT03776630

Exploring the Potential
of Novel Biomarkers

Based on Plasma
microRNAs for a Better
Management of Pelvic
Gynecologic Tumors

(GYNO-MIR)

Not specified Plasma

To validate the
previous finding on the
prognostic value of the

pre-/post-treatment
variation of miR-200b

concentrations in
plasma with regards to

progression-free
survival (PFS)

NCT01391351
Search for predictors

of therapeutic response
in ovarian carcinoma

Not specified Serum

Identify predictors of
response to

chemotherapy in
ovarian carcinoma
patients using the
miRNA profile in

serum before
chemotherapy

treatment

NCT03738319

Non-coding RNA
in the exosomes of
epithelial ovarian

cancer

High-grade serous Blood

Identify miRNA and
lncRNA in exosomes of

high-grade serous
carcinoma as detection

and prognostic
biomarkers

NCT03742856
A Multi-omics

Study of Epithelial
Ovarian Cancer

Not specified Blood and
cancer tissue

The alteration of RNA
expression, including
mRNA, miRNA and

lncRNA, will be
compared between
patients of different

FIGO stages and
different pathological

subtypes

NCT03877796
Clinical Pre-screening

Protocol for
Ovarian Cancer

Not specified FFPE tissue block

Identification of
ovarian cancer patients
with high likelihood of

being sensitive to
investigational cancer
drug based on FFPE
ovarian cancer tissue

(Drug Response
Predictor® (DRP))

* Registered data between 2016–2021 was last extracted from https://clinicaltrials.gov/, accessed on 3 July 2021. ** Only outcomes related
to the use of miRNA expression as biomarkers are listed.
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The other three clinical trials focus on the drug resistance and treatment response
(Table 4). NCT02758652 aims to collect plasma, urine and tumor tissues from EOC patients
to elucidate the expression profiles of miRNA. The results will be correlated with treatment
responses, progression-free survival (PFS) and overall survival (OS) rate. NCT01391351
aims to search for predictors of therapeutic response, particularly for the combination
of Taxol and Carboplatin or the combination of Taxol, carboplatin and avastin. MiRNA
expression levels of the enrolled patients will be measured in serum on day 1 of receiving
each course of treatment or before surgery. The ovarian cancer arm of NCT03776630
focuses on validating the prognostic value of plasma miR200b with regards to PFS after
up-front or post-chemotherapy debulking and adjuvant chemotherapy. The last active
clinical trial, NCT03877796, aims to verify a current commercial artificial intelligence (AI)
algorithm, Drug Response Predictor (DRP), in EOC by using miRNAs from the formalin-
fixed, paraffin-embedded (FFPE) tissue samples of patients to predict their response to
investigational cancer drugs (Table 4).

7. Conclusions and Future Perspectives

In this review, we focus on the literature that observed significant dysregulation of
exosomal miRNAs in EOC and showed the estimation of their sensitivities, specificities
and AUC values in detecting EOC or the specific subtypes. We then discuss in detail
about the factors that may influence the reproducibility of circulating exosomal and cf-
miRNA biomarkers including the selection of biofluid source and normalization reference
genes. However, we have noticed that the majority of published articles selected candidate
exosomal miRNAs from the literature. The candidate exosomal miRNAs were not identified
using a comprehensive screening of large number of miRNAs, which may require high-
throughput deep sequencing technology, to acquire the complete catalogue of circulating
exosomal miRNAs in EOC patients. A study by Elias et al. [80] is the first to combine NGS
analysis of serum circulating cf-miRNA with machine learning techniques, namely a neural
network model, to develop a diagnostic algorithm for EOC. This model, which had the
AUC value of 0.90, significantly outperformed CA-125 and functioned well regardless of
patient age, histology or stage; thus, ushering in the new era of machine-learning-driven
biomarker discovery. Multiple studies have used machine learning algorithms to increase
the prediction robustness of their miRNA prognostic biomarkers for EOC since then [81–83].
So far, the published candidate exosomal miRNA markers are mainly tested in the general
EOC patients or only in high-grade serous carcinoma subtype, likely because it has the
highest incidence. The other subtypes are gaining more attention lately because some of
them show particularly higher prevalence in certain populations, i.e., clear-cell carcinoma
has higher incidence in Asians than in Caucasians. Clear-cell carcinoma is also more
resistant to chemotherapy, resulting in a higher mortality rate in general. Therefore, a set of
exosomal miRNA biomarkers showing high sensitivity and specificity for every subtype
would be highly beneficial.

Future work to accelerate the clinical application of exosomal miRNAs markers for
early detection of EOCs may include: (1) using a larger cohort with adequate numbers of
subjects for each subtype to provide a more powerful prediction accuracy; (2) recruiting
subjects from different ethnic groups as EOC subtypes show various incidences in different
populations; (3) the development of consensus protocols for biofluid (serum and plasma)
collection, processing and long-term storage; (4) using the standardized high-throughput
exosomal miRNA isolation, characterization and profiling platforms to better understand
the biology underlying exosomal miRNAs; and (5) using multiple machine learning al-
gorithms to identify candidates in different subtypes. With these solutions, we hope a
prediction model for circulating exosomal miRNAs that can accurately diagnose EOC at an
early stage can be realized in the near future.

175



Biomedicines 2021, 9, 1433

Author Contributions: M.-S.S., J.-M.C., A.-A.L., N.R. and N.J. reviewed the literature and wrote the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: M.-S.S. is supported by New Researcher Grant Mahidol University (Fiscal Year 2561),
Ministry of Science and Technology, Taiwan (108-2621-B-110-003-MY3). J.-M.C. is supported by
Ministry of Science and Technology, Taiwan (108-2628-E-004-001-MY3). N.J. is supported by the
government research grants managed by the Health Systems Research Institute (HSRI) (#HSRI 63-136
& 63-140), and the mid-career research grant joint-funded by the National Research Council of
Thailand (NRCT) and Mahidol University (N41A640161).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the articles cited in this review can be found in Pubmed (https:
//pubmed.ncbi.nlm.nih.gov/ accessed on 3 July 2021).

Acknowledgments: We thank Artit Jinawath for his valuable input. We also thank the members of
the Ramathibodi Tumor Biobank for their technical support.

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

References

1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]

2. Siegel, R.L.; Mph, K.D.M.; Jemal, A. Cancer statistics. CA Cancer J. Clin. 2020, 70, 7–30. [CrossRef]
3. Kurman, R.J.; Carcangiu, M.L.; Herrington, C.S.; Young, R.H. (Eds.) WHO Classification of Tumors of the Female Reproductive Organs;

World Health Organization: Washington, DC, USA, 2014.
4. Herrington, C.S.; McCluggage, W.G. The emerging role of the distal Fallopian tube and p53 in pelvic serous carcinogenesis. J.

Pathol. 2009, 220, 5–6. [CrossRef]
5. Kindelberger, D.W.; Lee, Y.; Miron, A.; Hirsch, M.S.; Feltmate, C.; Medeiros, F.; Callahan, M.J.; Garner, E.O.; Gordon, R.W.;

Birch, C.; et al. Intraepithelial Carcinoma of the Fimbria and Pelvic Serous Carcinoma: Evidence for a Causal Relationship. Am. J.
Surg. Pathol. 2007, 31, 161–169. [CrossRef]

6. Lee, Y.; Medeiros, F.; Kindelberger, D.; Callahan, M.J.; Muto, M.G.; Crum, C.P. Advances in the Recognition of Tubal Intraepithelial
Carcinoma. Adv. Anat. Pathol. 2006, 13, 1–7. [CrossRef]

7. Koshiyama, M.; Matsumura, N.; Konishi, I. Recent Concepts of Ovarian Carcinogenesis: Type I and Type II. BioMed Res. Int. 2014,
2014, 1–11. [CrossRef]

8. Koshiyama, M.; Matsumura, N.; Konishi, I. Subtypes of Ovarian Cancer and Ovarian Cancer Screening. Diagnostics 2017, 7, 12.
[CrossRef]

9. Shih, I.-M.; Kurman, R.J. Ovarian Tumorigenesis: A proposed model based on morphological and molecular genetic analysis. Am.
J. Pathol. 2004, 164, 1511–1518. [CrossRef]

10. Kurman, R.J.; Shih, I.-M. The Dualistic Model of Ovarian Carcinogenesis: Revisited, Revised, and Expanded. Am. J. Pathol. 2016,
186, 733–747. [CrossRef]

11. Van Zyl, B.; Tang, D.; Bowden, N.A. Biomarkers of platinum resistance in ovarian cancer: What can we use to improve treatment.
Endocr.-Relat. Cancer 2018, 25, R303–R318. [CrossRef]

12. Köbel, M.; Kalloger, S.E.; Boyd, N.; McKinney, S.; Mehl, E.; Palmer, C.; Leung, S.; Bowen, N.; Ionescu, D.N.; Rajput, A.; et al.
Ovarian Carcinoma Subtypes Are Different Diseases: Implications for Biomarker Studies. PLoS Med. 2008, 5, e232. [CrossRef]
[PubMed]

13. Köbel, M.; Luo, L.; Grevers, X.; Lee, S.; Brooks-Wilson, A.; Gilks, C.B.; Le, N.D.; Cook, L.S. Ovarian Carcinoma Histotype:
Strengths and Limitations of Integrating Morphology with Immunohistochemical Predictions. Int. J. Gynecol. Pathol. 2019, 38,
353–362. [CrossRef] [PubMed]

14. Köbel, M.; Rahimi, K.; Rambau, P.F.; Naugler, C.; Le Page, C.; Meunier, L.; De Ladurantaye, M.; Lee, S.; Leung, S.; Goode, E.L.;
et al. An Immunohistochemical Algorithm for Ovarian Carcinoma Typing. Int. J. Gynecol. Pathol. 2016, 35, 430–441. [CrossRef]

15. The Cancer Genome Atlas Research Network Integrated genomic analyses of ovarian carcinoma. Nature 2011, 474, 609–615.
[CrossRef]

16. Tsang, Y.T.; Deavers, M.T.; Sun, C.C.; Kwan, S.-Y.; Kuo, E.; Malpica, A.; Mok, S.C.; Gershenson, D.M.; Wong, K.-K. KRAS (but not
BRAF) mutations in ovarian serous borderline tumour are associated with recurrent low-grade serous carcinoma. J. Pathol. 2013,
231, 449–456. [CrossRef]

17. McCluggage, W.G. Morphological subtypes of ovarian carcinoma: A review with emphasis on new developments and pathogen-
esis. Pathology 2011, 43, 420–432. [CrossRef]

18. Nezhat, F.; Datta, M.S.; Hanson, V.; Pejovic, T.; Nezhat, C.; Nezhat, C. The relationship of endometriosis and ovarian malignancy:
A review. Fertil. Steril. 2008, 90, 1559–1570. [CrossRef]

176



Biomedicines 2021, 9, 1433

19. McConechy, M.K.; Ding, J.; Senz, J.; Yang, W.; Melnyk, N.; Tone, A.A.; Prentice, L.M.; Wiegand, K.C.; McAlpine, J.N.; Shah, S.P.;
et al. Ovarian and endometrial endometrioid carcinomas have distinct CTNNB1 and PTEN mutation profiles. Mod. Pathol. 2013,
27, 128–134. [CrossRef]

20. Samartzis, E.P.; Noske, A.; Dedes, K.J.; Fink, D.; Imesch, P. ARID1A Mutations and PI3K/AKT Pathway Alterations in En-
dometriosis and Endometriosis-Associated Ovarian Carcinomas. Int. J. Mol. Sci. 2013, 14, 18824–18849. [CrossRef]

21. Wiegand, K.C.; Shah, S.P.; Al-Agha, O.M.; Zhao, Y.; Tse, K.; Zeng, T.; Senz, J.; McConechy, M.K.; Anglesio, M.S.; Kalloger, S.E.;
et al. ARID1AMutations in Endometriosis-Associated Ovarian Carcinomas. New Engl. J. Med. 2010, 363, 1532–1543. [CrossRef]

22. Cochrane, D.R.; Tessier-Cloutier, B.; Lawrence, K.M.; Nazeran, T.; Karnezis, A.N.; Salamanca, C.; Cheng, A.S.; McAlpine, J.N.;
Hoang, L.N.; Gilks, C.B.; et al. Clear cell and endometrioid carcinomas: Are their differences attributable to distinct cells of
origin? J. Pathol. 2017, 243, 26–36. [CrossRef] [PubMed]

23. Gemignani, M.L.; Schlaerth, A.C.; Bogomolniy, F.; Barakat, R.R.; Lin, O.; Soslow, R.; Venkatraman, E.; Boyd, J. Role of KRAS and
BRAF gene mutations in mucinous ovarian carcinoma. Gynecol. Oncol. 2003, 90, 378–381. [CrossRef]

24. Mackenzie, R.; Kommoss, S.; Winterhoff, B.J.; Kipp, B.R.; Garcia, J.J.; Voss, J.; Halling, K.; Karnezis, A.; Senz, J.; Yang, W.; et al.
Targeted deep sequencing of mucinous ovarian tumors reveals multiple overlapping RAS-pathway activating mutations in
borderline and cancerous neoplasms. BMC Cancer 2015, 15, 1–10. [CrossRef]

25. Rechsteiner, M.; Zimmermann, A.-K.; Wild, P.J.; Caduff, R.; von Teichman, A.; Fink, D.; Moch, H.; Noske, A. TP53 mutations are
common in all subtypes of epithelial ovarian cancer and occur concomitantly with KRAS mutations in the mucinous type. Exp.
Mol. Pathol. 2013, 95, 235–241. [CrossRef]

26. Teer, J.K.; Yoder, S.; Gjyshi, A.; Nicosia, S.V.; Zhang, C.; Monteiro, A.N.A. Mutational heterogeneity in non-serous ovarian cancers.
Sci. Rep. 2017, 7, 9728. [CrossRef]

27. Vereczkey, I.; Serester, O.; Dobos, J.; Gallai, M.; Szakacs, O.; Szentirmay, Z.; Toth, E. Molecular Characterization of 103 Ovarian
Serous and Mucinous Tumors. Pathol. Oncol. Res. 2010, 17, 551–559. [CrossRef] [PubMed]

28. Poveda, A.; Romero, I. Advanced ovarian cancer: 20 years of ovarian cancer treatment. Ann. Oncol. 2016, 27, i72–i73. [CrossRef]
29. Menon, U.; Gentry-Maharaj, A.; Burnell, M.; Singh, N.; Ryan, A.; Karpinskyj, C.; Carlino, G.; Taylor, J.; Massingham, S.K.;

Raikou, M.; et al. Ovarian cancer population screening and mortality after long-term follow-up in the UK Collaborative Trial of
Ovarian Cancer Screening (UKCTOCS): A randomised controlled trial. Lancet 2021, 397, 2182–2193. [CrossRef]

30. Bristow, R.E.; Smith, A.; Zhang, Z.; Chan, D.W.; Crutcher, G.; Fung, E.T.; Munroe, D.G. Ovarian malignancy risk stratification of
the adnexal mass using a multivariate index assay. Gynecol. Oncol. 2013, 128, 252–259. [CrossRef]

31. Coleman, R.L.; Herzog, T.J.; Chan, D.W.; Munroe, D.G.; Pappas, T.C.; Smith, A.; Zhang, Z.; Wolf, J. Validation of a second-
generation multivariate index assay for malignancy risk of adnexal masses. Am. J. Obstet. Gynecol. 2016, 215, 82.e1. [CrossRef]
[PubMed]

32. Pegtel, D.M.; Gould, S.J. Exosomes. Annu. Rev. Biochem. 2019, 88, 487–514. [CrossRef]
33. Kalluri, R.; LeBleu, V.S. The biology, function, and biomedical applications of exosomes. Science 2020, 367, eaau6977. [CrossRef]
34. Wendler, F.; Favicchio, R.; Simon, T.; Alifrangis, C.; Stebbing, J.; Giamas, G. Extracellular vesicles swarm the cancer microenviron-

ment: From tumor–stroma communication to drug intervention. Oncogene 2016, 36, 877–884. [CrossRef] [PubMed]
35. Melo, S.; Luecke, L.B.; Kahlert, C.; Fernandez, A.; Gammon, S.; Kaye, J.; LeBleu, V.S.; Mittendorf, E.A.; Weitz, J.; Rahbari, N.; et al.

Glypican-1 identifies cancer exosomes and detects early pancreatic cancer. Nature 2015, 523, 177–182. [CrossRef] [PubMed]
36. Hendriks, R.J.; Dijkstra, S.; Jannink, S.A.; Steffens, M.G.; Van Oort, I.M.; Mulders, P.F.; Schalken, J.A. Comparative analysis of

prostate cancer specific biomarkers PCA3 and ERG in whole urine, urinary sediments and exosomes. Clin. Chem. Lab. Med. 2016,
54, 483–492. [CrossRef]

37. Nakamura, K.; Sawada, K.; Kinose, Y.; Yoshimura, A.; Toda, A.; Nakatsuka, E.; Hashimoto, K.; Mabuchi, S.; Morishige, K.-I.;
Kurachi, H.; et al. Exosomes Promote Ovarian Cancer Cell Invasion through Transfer of CD44 to Peritoneal Mesothelial Cells.
Mol. Cancer Res. 2016, 15, 78–92. [CrossRef]

38. Nakamura, K.; Sawada, K.; Yoshimura, A.; Kinose, Y.; Nakatsuka, E.; Kimura, T. Clinical relevance of circulating cell-free
microRNAs in ovarian cancer. Mol. Cancer 2016, 15, 1–10. [CrossRef] [PubMed]

39. Colombo, M.; Raposo, G.; Théry, C. Biogenesis, Secretion, and Intercellular Interactions of Exosomes and Other Extracellular
Vesicles. Annu. Rev. Cell Dev. Biol. 2014, 30, 255–289. [CrossRef] [PubMed]

40. Yeung, C.L.A.; Co, N.-N.; Tsuruga, T.; Yeung, T.-L.; Kwan, S.Y.; Leung, C.S.; Li, Y.; Lu, E.S.; Kwan, K.; Wong, K.-K.; et al. Exosomal
transfer of stroma-derived miR21 confers paclitaxel resistance in ovarian cancer cells through targeting APAF1. Nat. Commun.
2016, 7, 11150. [CrossRef]

41. Nik Mohamed Kamal, N.N.S.B.; Shahidan, W.N.S. Non-Exosomal and Exosomal Circulatory MicroRNAs: Which Are More Valid
as Biomarkers? Front. Pharmacol. 2020, 10, 1500. [CrossRef]

42. Taylor, D.D.; Gercel-Taylor, C. MicroRNA signatures of tumor-derived exosomes as diagnostic biomarkers of ovarian cancer.
Gynecol. Oncol. 2008, 110, 13–21. [CrossRef] [PubMed]

43. Meng, X.; Müller, V.; Milde-Langosch, K.; Trillsch, F.; Pantel, K.; Schwarzenbach, H. Diagnostic and prognostic relevance of
circulating exosomal miR-373, miR-200a, miR-200b and miR-200c in patients with epithelial ovarian cancer. Oncotarget 2016, 7,
16923–16935. [CrossRef] [PubMed]

44. Pan, C.; Stevic, I.; Müller, V.; Ni, Q.; Oliveira-Ferrer, L.; Pantel, K.; Schwarzenbach, H. Exosomal micro RNA s as tumor markers
in epithelial ovarian cancer. Mol. Oncol. 2018, 12, 1935–1948. [CrossRef]

177



Biomedicines 2021, 9, 1433

45. Kobayashi, M.; Sawada, K.; Nakamura, K.; Yoshimura, A.; Miyamoto, M.; Shimizu, A.; Ishida, K.; Nakatsuka, E.; Kodama, M.;
Hashimoto, K.; et al. Exosomal miR-1290 is a potential biomarker of high-grade serous ovarian carcinoma and can discriminate
patients from those with malignancies of other histological types. J. Ovarian Res. 2018, 11, 81. [CrossRef]

46. Yoshimura, A.; Sawada, K.; Nakamura, K.; Kinose, Y.; Nakatsuka, E.; Kobayashi, M.; Miyamoto, M.; Ishida, K.; Matsumoto, Y.;
Kodama, M.; et al. Exosomal miR-99a-5p is elevated in sera of ovarian cancer patients and promotes cancer cell invasion
by increasing fibronectin and vitronectin expression in neighboring peritoneal mesothelial cells. BMC Cancer 2018, 18, 1–13.
[CrossRef]

47. Kim, S.; Choi, M.C.; Jeong, J.-Y.; Hwang, S.; Jung, S.G.; Joo, W.D.; Park, H.; Song, S.H.; Lee, C.; Kim, T.H.; et al. Serum exosomal
miRNA-145 and miRNA-200c as promising biomarkers for preoperative diagnosis of ovarian carcinomas. J. Cancer 2019, 10,
1958–1967. [CrossRef] [PubMed]

48. Eichelser, C.; Stückrath, I.; Müller, V.; Milde-Langosch, K.; Wikman, H.; Pantel, K.; Schwarzenbach, H. Increased serum levels
of circulating exosomal microRNA-373 in receptor-negative breast cancer patients. Oncotarget 2014, 5, 9650–9663. [CrossRef]
[PubMed]

49. Humphries, B.; Yang, C. The microRNA-200 family: Small molecules with novel roles in cancer development, progression and
therapy. Oncotarget 2015, 6, 6472–6498. [CrossRef]

50. Zuberi, M.; Mir, A.R.; Das, J.; Ahmad, I.; Javid, J.; Yadav, P.; Masroor, M.; Ahmad, S.; Ray, P.C.; Saxena, A. Expression of
serum miR-200a, miR-200b, and miR-200c as candidate biomarkers in epithelial ovarian cancer and their association with
clinicopathological features. Clin. Transl. Oncol. 2015, 17, 779–787. [CrossRef]

51. Muralidhar, G.G.; Barbolina, M.V. The miR-200 Family: Versatile Players in Epithelial Ovarian Cancer. Int. J. Mol. Sci. 2015, 16,
16833–16847. [CrossRef]

52. Nam, E.J.; Yoon, H.; Kim, S.W.; Kim, H.; Kim, Y.T.; Kim, J.H.; Kim, S. MicroRNA Expression Profiles in Serous Ovarian Carcinoma.
Clin. Cancer Res. 2008, 14, 2690–2695. [CrossRef] [PubMed]

53. Li, Y.; Yao, L.; Liu, F.; Hong, J.; Chen, L.; Zhang, B.; Zhang, W. Characterization of microRNA expression in serous ovarian
carcinoma. Int. J. Mol. Med. 2014, 34, 491–498. [CrossRef] [PubMed]

54. Elgaaen, B.V.; Olstad, O.K.; Haug, K.B.F.; Brusletto, B.; Sandvik, L.; Staff, A.C.; Gautvik, K.M.; Davidson, B. Global miRNA
expression analysis of serous and clear cell ovarian carcinomas identifies differentially expressed miRNAs including miR-200c-3p
as a prognostic marker. BMC Cancer 2014, 14, 80. [CrossRef]

55. Ibrahim, F.F.; Jamal, R.; Syafruddin, S.E.; Ab Mutalib, N.S.; Saidin, S.; MdZin, R.R.; Mollah, M.M.H.; Mokhtar, N.M. MicroRNA-
200c and microRNA-31 regulate proliferation, colony formation, migration and invasion in serous ovarian cancer. J. Ovarian Res.
2015, 8, 56. [CrossRef]

56. Sulaiman, S.A.; Ab Mutalib, N.-S.; Jamal, R. miR-200c Regulation of Metastases in Ovarian Cancer: Potential Role in Epithelial
and Mesenchymal Transition. Front. Pharmacol. 2016, 7. [CrossRef]

57. Moga, M.A.; Bălan, A.; Dimienescu, O.G.; Burtea, V.; Dragomir, R.M.; Anastasiu, C.V. Circulating miRNAs as Biomarkers for
Endometriosis and Endometriosis-Related Ovarian Cancer—An Overview. J. Clin. Med. 2019, 8, 735. [CrossRef]

58. Chan, M.; Liaw, C.S.; Ji, S.M.; Tan, H.H.; Wong, C.Y.; Thike, A.A.; Tan, P.H.; Ho, G.H.; Lee, A.S.-G. Identification of Circulating
MicroRNA Signatures for Breast Cancer Detection. Clin. Cancer Res. 2013, 19, 4477–4487. [CrossRef]

59. Pigati, L.; Yaddanapudi, S.C.S.; Iyengar, R.; Kim, D.-J.; Hearn, S.A.; Danforth, D.; Hastings, M.; Duelli, D.M. Selective Release of
MicroRNA Species from Normal and Malignant Mammary Epithelial Cells. PLoS ONE 2010, 5, e13515. [CrossRef]

60. Kobayashi, M.; Salomon, C.; Tapia, J.; Illanes, S.E.; Mitchell, M.D.; Rice, G.E. Ovarian cancer cell invasiveness is associated with
discordant exosomal sequestration of Let-7 miRNA and miR-200. J. Transl. Med. 2014, 12, 4. [CrossRef]

61. Villarroya-Beltri, C.; Gutierrez-Vazquez, C.; Sanchez-Cabo, F.; Pérez-Hernández, D.; Vázquez, J.; Martin-Cofreces, N.;
Martinez-Herrera, D.J.; Pascual-Montano, A.; Mittelbrunn, M.; Sánchez-Madrid, F. Sumoylated hnRNPA2B1 controls the sorting
of miRNAs into exosomes through binding to specific motifs. Nat. Commun. 2013, 4, 2980. [CrossRef] [PubMed]

62. Lomnytska, M.; Pinto, R.; Becker, S.; Engström, U.; Gustafsson, S.; Bjorklund, C.; Templin, M.; Bergstrand, J.; Xu, L.; Widengren, J.;
et al. Platelet protein biomarker panel for ovarian cancer diagnosis. Biomark. Res. 2018, 6, 2. [CrossRef]

63. Michael, J.V.; Wurtzel, J.G.T.; Mao, G.F.; Rao, A.K.; Kolpakov, M.A.; Sabri, A.; Hoffman, N.E.; Rajan, S.; Tomar, D.; Madesh, M.;
et al. Platelet microparticles infiltrating solid tumors transfer miRNAs that suppress tumor growth. Blood 2017, 130, 567–580.
[CrossRef]

64. Yun, S.-H.; Sim, E.-H.; Goh, R.-Y.; Park, J.-I.; Han, J.-Y. Platelet Activation: The Mechanisms and Potential Biomarkers. BioMed Res.
Int. 2016, 2016, 1–5. [CrossRef]

65. Heijnen, H.F.; Schiel, A.E.; Fijnheer, R.; Geuze, H.J.; Sixma, J.J. Activated platelets release two types of membrane vesicles:
Microvesicles by surface shedding and exosomes derived from exocytosis of multivesicular bodies and alpha-granules. Blood
1999, 94, 3791–3799. [CrossRef]

66. Kirschner, M.B.; Edelman, J.B.; Kao, S.C.-H.; Vallely, M.P.; Van Zandwijk, N.; Reid, G. The Impact of Hemolysis on Cell-Free
microRNA Biomarkers. Front. Genet. 2013, 4, 94. [CrossRef]

67. Blondal, T.; Nielsen, S.J.; Baker, A.; Andreasen, D.; Mouritzen, P.; Teilum, M.W.; Dahlsveen, I.K. Assessing sample and miRNA
profile quality in serum and plasma or other biofluids. Methods 2012, 59, S1–S6. [CrossRef] [PubMed]

178



Biomedicines 2021, 9, 1433

68. Juzenas, S.; Venkatesh, G.; Hübenthal, M.; Hoeppner, M.P.; Du, Z.G.; Paulsen, M.; Rosenstiel, P.; Senger, P.; Hofmann-Apitius, M.;
Keller, A.; et al. A comprehensive, cell specific microRNA catalogue of human peripheral blood. Nucleic Acids Res. 2017, 45,
9290–9301. [CrossRef] [PubMed]

69. Pritchard, C.C.; Kroh, E.; Wood, B.; Arroyo, J.; Dougherty, K.J.; Miyaji, M.M.; Tait, J.F.; Tewari, M. Blood Cell Origin of Circulating
MicroRNAs: A Cautionary Note for Cancer Biomarker Studies. Cancer Prev. Res. 2011, 5, 492–497. [CrossRef]

70. Laffont, B.; Corduan, A.; Plé, H.; Duchez, A.-C.; Cloutier, N.; Boilard, E.; Provost, P. Activated platelets can deliver mRNA
regulatory Ago2 microRNA complexes to endothelial cells via microparticles. Blood 2013, 122, 253–261. [CrossRef]

71. Hunter, M.P.; Ismail, N.; Zhang, X.; Aguda, B.D.; Lee, E.J.; Yu, L.; Xiao, T.; Schafer, J.; Lee, M.-L.T.; Schmittgen, T.D.; et al. Detection
of microRNA Expression in Human Peripheral Blood Microvesicles. PLoS ONE 2008, 3, e3694. [CrossRef]

72. Wang, K.; Yuan, Y.; Cho, J.-H.; McClarty, S.; Baxter, D.; Galas, D.J. Comparing the MicroRNA Spectrum between Serum and
Plasma. PLoS ONE 2012, 7, e41561. [CrossRef]

73. Cheng, L.; Sharples, R.A.; Scicluna, B.J.; Hill, A.F. Exosomes provide a protective and enriched source of miRNA for biomarker
profiling compared to intracellular and cell-free blood. J. Extracell. Vesicles 2014, 3. [CrossRef] [PubMed]

74. Ammerlaan, W.; Betsou, F. Intraindividual Temporal miRNA Variability in Serum, Plasma, and White Blood Cell Subpopulations.
Biopreserv. Biobank. 2016, 14, 390–397. [CrossRef] [PubMed]

75. Foye, C.; Yan, I.K.; David, W.; Shukla, N.; Habboush, Y.; Chase, L.; Ryland, K.; Kesari, V.; Patel, T. Comparison of miRNA
quantitation by Nanostring in serum and plasma samples. PLoS ONE 2017, 12, e0189165. [CrossRef] [PubMed]

76. Max, K.E.A.; Bertram, K.; Akat, K.M.; Bogardus, K.A.; Li, J.; Morozov, P.; Ben-Dov, I.Z.; Li, X.; Weiss, Z.; Azizian, A.; et al. Human
plasma and serum extracellular small RNA reference profiles and their clinical utility. Proc. Natl. Acad. Sci. USA 2018, 115,
E5334–E5343. [CrossRef]

77. Gee, H.; Buffa, F.; Camps, C.; Ramachandran, A.; Leek, R.; Taylor, M.; Patil, M.; Sheldon, H.; Betts, G.; Homer, J.; et al. The
small-nucleolar RNAs commonly used for microRNA normalisation correlate with tumour pathology and prognosis. Br. J. Cancer
2011, 104, 1168–1177. [CrossRef]

78. Gouin, K.; Peck, K.; Antes, T.; Johnson, J.L.; Li, C.; Vaturi, S.D.; Middleton, R.; de Couto, G.; Walravens, A.; Rodriguez-Borlado, L.;
et al. A comprehensive method for identification of suitable reference genes in extracellular vesicles. J. Extracell. Vesicles 2017, 6,
1347019. [CrossRef]

79. Dai, Y.; Cao, Y.; Köhler, J.; Lu, A.; Xu, S.; Wang, H. Unbiased RNA-Seq-driven identification and validation of reference genes for
quantitative RT-PCR analyses of pooled cancer exosomes. BMC Genom. 2021, 22, 1–13. [CrossRef]

80. Elias, K.M.; Fendler, W.; Stawiski, K.; Fiascone, S.J.; Vitonis, A.F.; Berkowitz, R.S.; Frendl, G.; Konstantinopoulos, P.; Crum, C.P.;
Kedzierska, M.; et al. Diagnostic potential for a serum miRNA neural network for detection of ovarian cancer. eLife 2017, 6,
e28932. [CrossRef]

81. Dong, J.; Xu, M. A 19-miRNA Support Vector Machine classifier and a 6-miRNA risk score system designed for ovarian cancer
patients. Oncol. Rep. 2019, 41, 3233–3243. [CrossRef]

82. Johnson, S.C.; Chakraborty, S.; Drosou, A.; Cunnea, P.; Tzovaras, D.; Nixon, K.; Zawieja, D.C.; Muthuchamy, M.; Fotopoulou, C.;
Moore, J.E., Jr. Inflammatory state of lymphatic vessels and miRNA profiles associated with relapse in ovarian cancer patients.
PLoS ONE 2020, 15, e0230092. [CrossRef] [PubMed]

83. Ray, M.; Ruffalo, M.M.; Bar-Joseph, Z. Construction of integrated microRNA and mRNA immune cell signatures to predict
survival of patients with breast and ovarian cancer. Genes Chromosom. Cancer 2018, 58, 34–42. [CrossRef] [PubMed]

179





Citation: Garrido, M.P.; Fredes, A.N.;

Lobos-González, L.; Valenzuela-

Valderrama, M.; Vera, D.B.; Romero,

C. Current Treatments and New

Possible Complementary Therapies

for Epithelial Ovarian Cancer.

Biomedicines 2022, 10, 77.

https://doi.org/10.3390/

biomedicines10010077

Academic Editor: Naomi Nakayama

Received: 17 October 2021

Accepted: 13 December 2021

Published: 31 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomedicines

Review

Current Treatments and New Possible Complementary
Therapies for Epithelial Ovarian Cancer

Maritza P. Garrido 1,2,*, Allison N. Fredes 1, Lorena Lobos-González 3, Manuel Valenzuela-Valderrama 4, Daniela

B. Vera 1 and Carmen Romero 1,2,*

1 Laboratorio de Endocrinología y Biología de la Reproducción, Hospital Clínico Universidad de Chile,
Santiago 8380456, Chile; allison.fredes@ug.uchile.cl (A.N.F.); daniela.vera@gmail.com (D.B.V.)

2 Departamento de Obstetricia y Ginecología, Facultad de Medicina, Universidad de Chile,
Santiago 8380453, Chile

3 Centro de Medicina Regenerativa, Facultad de Medicina, Clínica Alemana-Universidad del Desarrollo,
Santiago 7710162, Chile; llobos@udd.cl

4 Laboratorio de Microbiología Celular, Instituto de Investigación y Postgrado, Facultad de Ciencias de la
Salud, Universidad Central de Chile, Santiago 8320000, Chile; manuel.valenzuela@ucentral.cl

* Correspondence: mgarrido@hcuch.cl (M.P.G.); cromero@hcuch.cl (C.R.)

Abstract: Epithelial ovarian cancer (EOC) is one of the deadliest gynaecological malignancies. The late
diagnosis is frequent due to the absence of specific symptomatology and the molecular complexity of
the disease, which includes a high angiogenesis potential. The first-line treatment is based on optimal
debulking surgery following chemotherapy with platinum/gemcitabine and taxane compounds.
During the last years, anti-angiogenic therapy and poly adenosine diphosphate-ribose polymerases
(PARP)-inhibitors were introduced in therapeutic schemes. Several studies have shown that these
drugs increase the progression-free survival and overall survival of patients with ovarian cancer,
but the identification of patients who have the greatest benefits is still under investigation. In the
present review, we discuss about the molecular characteristics of the disease, the recent evidence of
approved treatments and the new possible complementary approaches, focusing on drug repurposing,
non-coding RNAs, and nanomedicine as a new method for drug delivery.

Keywords: epithelial ovarian cancer; drug repurposing; non-coding RNAs; nanocarriers;
anti-angiogenic therapy

1. Introduction

Anti-tumoral therapies are constantly evolving, mainly because of growing evidence
about the physiopathological mechanisms involved in tumoral progression and drug resis-
tance [1]. The approved treatments for ovarian cancer, one of the deadliest gynaecological
malignancies, are limited and have had few changes in the last decades compared to the ob-
served progress in therapies against other cancers [2]. The introduction of anti-angiogenic
therapy [3] and poly adenosine diphosphate-ribose polymerases (PARP)-inhibitors [4]
have been the most recent changes on therapeutic schemes, increasing the progression-free
survival of EOC patients but with some important drawbacks. At present, there are many
proposals for complementary therapies to the existent, including other anti-angiogenic
compounds, immune checkpoint inhibitors, tropomyosin receptor kinases (TRK)-inhibitors,
biological compounds as non-coding RNAs, and drug repositioning, which will be re-
viewed in the following sections. In addition, advances in drug delivery encourage the use
of previously discarded drugs due to their toxicity or hydrophobic properties. The current
work aims to provide an overview of current and potential new therapeutic options that
are being tested in ovarian cancer, considering both preclinical and clinical evidence.
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2. Epithelial Ovarian Cancer

Ovarian cancer is the most lethal gynaecological cancer worldwide. According to the
American Cancer Society, in the United States, more than 21,400 women will receive a new
diagnosis of ovarian cancer, and more than 13,700 women will die from ovarian cancer each
year [5]. Unfortunately, there is no reliable test to screen for ovarian cancer, and symptoms
are often confused with other diseases, which delays the diagnoses and treatments and
results in poor survival rates [6].

Ovarian cancer staging is used to predict clinical behaviour and to select the appropri-
ate therapeutic approach for patients. There are two main criteria: (1) the tumour-node-
metastasis (TNM) system, based on tumour size, local growth (T), the extent of lymph
node metastases (N) and occurrence of distant metastases (M) [7], and (2) the International
Federation of Gynecology and Obstetrics (FIGO) classification. This system considers the
fallopian tube and peritoneal origins of ovarian tumours collectively. The classification is
based on the location, compromise of lymph nodes, peritoneal dissemination, ascites and
metastasis to extra-abdominal organs, ranging from stage I through stage IV [8,9].

Around 85 to 90% of ovarian cancers have an epithelial origin (EOC) [10,11]. Half
of them correspond to serous carcinomas, 10% to endometrioid subtype, and about 6%
to clear cell and mucinous carcinoma [10]. EOC has heterogeneous nature and can be
classified depending on its morphologic and molecular features. Based on that, the dualistic
model confirms two major histologic types of EOC, type I and type II [12,13]. Type I
tumours develop in a stepwise progression from well-established precursor lesions, such
as borderline tumours and endometriosis lesions that in turn originate from cystadenomas
and adenofibromas (low-grade serous carcinomas, low-grade endometrioid, clear cell,
malignant Brenner tumour and mucinous carcinomas) [12,14]. These neoplasms are present
as large masses, confined to one ovary with better prognosis but, importantly, seem not
to respond well to adjutant chemotherapy, being the optimal debulking surgery the best
option [15–17].

On the other hand, type II carcinomas evolve rapidly, are highly aggressive with
rapid growth, and tend to spread sooner [12]. These tumours are relatively sensitive to
platinum and taxane-based chemotherapy [18]. Some examples of type II carcinomas are
high-grade serous (HGS) EOC, high-grade endometrioid carcinoma, carcinosarcomas and
undifferentiated carcinomas [12,14].

It is commonly proposed that serous tumours, the more frequent histological type of
EOC, derive from two origins, cortical inclusion cysts from ovarian surface epithelium or
malignant precursors from fimbrial epithelium [19–21]. Fimbrial cells could be implanted
on the disrupted ovarian surface forming inclusion cysts, and later, a malignant lesion [22].
Recent evidence suggests that the dominant origin of HGS-EOC is the fimbrial epithelium,
unlike low-grade serous, endometrioid, mucinous, or clear-cell ovarian cancer that arise
from ovarian surface epithelium [20–22].

The stage and histological subtype of EOC are essential considerations to optimize the
patients’ treatment because therapeutical success is poor when the cancer is detected in
advanced stages. For instance, the 5-year relative survival rate in patients with invasive
EOC is only 31%, while in localized EOC, it is 93% [23]. Moreover, studies have showed
that survival rates of patients with EOC depend on the histological type. For example,
patients with type II EOC had a significantly higher incidence of advanced disease (FIGO
stages III/IV) than type I patients (79.8% vs. 38% respectively) being the overall survival
and progression-free survival significantly higher in patients with type I tumours [24]. In
addition, some studies have found a markedly higher mortality in patients with advanced
mucinous and clear cell carcinoma, compared to higher survival rates of patients with
HGS-EOC and endometrioid subtypes [25,26].

Current knowledge indicates that molecular characteristics of each patient with EOC
should be considered to choose the best existing treatment, and personalized medicine
should be considered in patients with EOC in the next future.
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3. Molecular Characteristics of Epithelial Ovarian Cancer

The ovary is a complex organ, which involves cyclic changes in endocrine, inflamma-
tory, and nervous components. These characteristics influence not only the pathogenesis
of EOC, but also its molecular heterogenicity and, potentially, the therapeutic response of
these patients.

3.1. SOMATIC and Germinal Mutations

Type I tumours are more genetically stable than type II tumours. Somatic mutations
usually found in type I tumours include the genes of the RAF kinase family, Kirsten rat
sarcoma virus protein (KRAS), beta-catenin, phosphatase and tensin homolog (PTEN), trans-
forming growth factor-beta receptor II (TGF-β RII), phosphatidylinositol-4,5-bisphosphate
3-kinase subunit alpha (PIK3CA), and AT-rich interactive domain-containing protein 1A
(ARID1A) [12,27].

In contrast, type II tumours rarely display the mutations found in type I tumours.
They are chromosomally unstable and TP53 mutations are frequent (96% of HGS-EOC) [28].
Other recurrent mutations in type II tumours affect retinoblastoma protein (RB) and Notch
signalling pathway [28]. Less frequent but not less important are genetic alterations in
breast cancer type 1 susceptibility proteins (BRCA), because mutation or inactivation of
BRCA genes and its downstream genes (via promoter methylation) occurs in up to 40–50%
of HGS-EOC [19]. It is important to note that characteristic mutations of type I tumours
could be found in type II tumours; however, these molecular changes are rarely important
drivers in type II tumours [28] (Figure 1).

Figure 1. Main characteristics of type I and type II ovarian tumours. Type I tumours are characterized
by sequential and low growth from the cyst and borderline tumours. In contrast, the evolution of
type II tumours from pre-neoplastic lesions is quicker, resulting in an aggressive phenotype. Tumour
evolution involves the acquisition of mutations in onco-suppressor genes as RAF kinase, beta-
catenin, phosphatase and tensin homolog (PTEN), transforming growth factor-beta receptor (TGF-
βR), phosphatidylinositol-4,5-bisphosphate 3-kinase (PIK3), AT-rich interactive domain-containing
protein (ARID), TP53, retinoblastoma protein (RB), homologous recombinant deficiency (HRD) genes,
and Notch pathway.

Recent advances in EOC therapy have been modest, with few therapeutic options that
significantly improve patients´ survival. A better knowledge of molecular characteristics
of EOC requires further development of molecular-targeted therapies, which are just being
explored in this neoplasm.
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3.2. Angiogenesis in Ovarian Cancer

Angiogenesis, or the generation of new blood vessels from other pre-existing, displays
a considerable role in EOC [29,30]. In cancer cells, angiogenesis is enhanced to ensure
the oxygen and nutrients supply, allowing tumoral growth and its dissemination. Many
humoral factors are secreted by EOC cells to reach endothelial cells during tumour angio-
genesis, promoting its proliferation, migration, and differentiation [30]. One of the most
studied angiogenic factors is vascular endothelial growth factor (VEGF), which is largely
produced and secreted by EOC cells [31–33]. This knowledge was used to develop the drug
bevacizumab (Avastin), a monoclonal antibody against VEGF, which is currently used to
treat EOC in advanced stages [3], a topic that will be discussed in detail later.

Besides VEGF, other important pro-angiogenic molecules produced by EOC cells are
neurotrophins. They display important functions in the nervous system and are involved
in the correct ovarian performance [34,35]. Nerve growth factor (NGF) and brain-derived
neurotrophic factor (BDNF) act as direct and indirect angiogenic factors, and their impor-
tance in EOC angiogenesis has been studied by several researchers [36–38]. Additionally,
EOC produces a broad range of other angiogenic molecules, including placental growth
factor (PlGF) [39,40], fibroblast growth factors (FGF) [41–44], platelet-derived growth factor
(PDGF) [42,45] and angiopoietins [46].

Current studies have shown that the effects of angiogenic factors are not limited
to endothelial cells, but they also produce autocrine stimulation in EOC cells [45–47].
The expression pattern of angiogenic factors could differ among histological types and
significantly influences the progression-free survival and therapy response of patients with
EOC [48], which should be considered for cancer treatment.

4. Current Therapies for Epithelial Ovarian Cancer

4.1. First-Line Chemotherapy

The current treatment for EOC is debulking surgery. In advanced stages, the pri-
mary cytoreductive surgery followed by adjuvant chemotherapy remains the standard
treatment for EOC [49,50]. Since the 80´s, the first-line chemotherapy has been based on
platinum compounds, and during the 90’s taxanes were introduced, so depending on local
guidelines, the standard chemotherapy is based only on platinum compounds or its combi-
nation especially in platinum-refractory or platinum-resistant patients [51,52]. In women
with optimally debulked EOC (who did not receive the neoadjuvant treatment), adjuvant
chemotherapy is not considered a reasonable option [51]. Intraperitoneal chemotherapy
was introduced in the last decade, and some clinical trials have shown an advantage over
intravenous administration, improving patients’ survival and tolerability [53–55].

Although complete remission is generally reached, most tumours will recur within
two years, and rapid emergence of resistance to chemotherapy is observed [56]. The
mechanisms responsible for chemoresistance to cisplatin and paclitaxel are diverse and
include altered expression of membrane transporters, drug inactivation/detoxification, and
resistance to cell death, among others [57,58]. However, beyond this acquired resistance, a
plausible explanation for this phenomenon is the multiplication of a population of ovarian
cancer tumour-initiating cells or stem-like cells, possibly originating from the ovary’s hilum
region, that is proposed to initiate primary tumor growth, metastasis, and relapse of disease,
but also for the development of chemoresistance [59,60].

To overcome platinum resistance, the United States food and drug administration
(U.S. FDA) approved in 2006 the use of gemcitabine in combination with carboplatin
to treat women with advanced ovarian cancer that relapsed at least six months after
initial therapy [61,62]. Gemcitabine is a synthetic nucleoside inhibitor that increases the
accumulation of cisplatin lesions producing cytotoxic synergy [63–65], enhancing the
response to cisplatin treatment.
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4.2. PARP Inhibitors

The poly adenosine diphosphate-ribose polymerases (PARP) are essential enzymes
involved in most cellular processes, including cell stress response, chromatin remodelling,
DNA repair, and apoptosis [66–68]. They work by stabilizing PARP enzymes, inhibiting
their activity, which prevents DNA repair and leads to cell death [68,69]. The four most
used PARP inhibitors are olaparib (Lynparza), niraparib (Zejula), rucaparib (Rubraca) and
talazoparib (Talzenna) [68]. These drugs are targeted agents for EOC with somatic or germi-
nal mutations of BRCA1/2 genes or other genes that produce homologous recombination
deficiency (HRD). HGS-EOC, the most common histological type of EOC, is characterized
by frequent genetic and epigenetic alterations that produce HRD, most commonly BRCA1
and BRCA2 genes [28]. HRD is present in around a third of HGS-EOC, producing an
aggressive phenotype [70–72].

The PARP inhibitor olaparib is the most studied in the context of cancer and was
approved by the U.S. FDA as maintenance therapy for patients with EOC who have a
partial or complete response to chemotherapy and have BRCA1/2 mutations [73]. Similarly,
the U.S. FDA approved rucaparib as a single agent for treating relapsed ovarian cancer with
mutations in BRCA genes in patients who had received two or more lines of chemother-
apy [74]. Unlike the other PARP inhibitors, veliparib has not shown anti-proliferative
activity, but radio and chemo-sensitizing effects were reported in cancer cells [75].

Regarding PARP inhibitors’ progress in EOC, Table 1 summarizes the most recent
studies. It stands out an international clinical trial that evaluated carboplatin, paclitaxel,
and veliparib induction therapy followed by veliparib maintenance therapy in patients with
HGS-EOC, which showed a significantly longer progression-free survival than carboplatin
plus paclitaxel induction therapy alone [76], suggesting that veliparib in association with
chemotherapy or radiotherapy, could be used as chemosensitivity agent in HGS-EOC.

Additionally, PARP inhibitors have been studied as a single agent after chemother-
apy or in combination with molecular-target agents. For instance, niraparib, which was
approved in 2019 by U.S. FDA [77] has been tested in combination with pembrolizumab,
an antibody against the programmed cell death receptor 1 (anti-PD1) in patients with
platinum-resistant ovarian cancer. The use of niraparib plus the PD-1 inhibitor showed
promising anti-tumoral activity in these patients, and importantly, responses of cancer
patients without BRCA mutations (non-HRD) were higher than expected with either agent
as monotherapy [78], which extend the groups of patients with the potential benefit of the
use of PARP inhibitors.

Other interesting associations studied include PARP inhibitors combined with anti-
angiogenic therapy, such as cediranib (VEGF receptor inhibitor) or bevacizumab [79–81] as
described in Table 1.

Even though BRCA mutations are the best predictors of the efficacy of PARP inhibitors,
these drugs have shown positive effects in patients without BRCA mutations or non-
HRD, which suggests that the use of PARP inhibitors may be extended to HGS-EOC,
independently of the presence of HRD.
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Table 1. Summary of latest studies performed with PARP inhibitors in ovarian cancer patients.

Drugs Study and Patients Main Findings Ref.

Chemotherapy in combination with
veliparib (ABT-888) and as

maintenance therapy

Phase III study. Advanced
HGS-EOC 1

Veliparib increased progression-free
survival compared to chemotherapy
therapy alone in the HRD 2 cohort

[76]

Niraparib (Zejula) and
pembrolizumab

Phase II study. Recurrent,
platinum-resistant ovarian cancer

Responses of patients non-HRD were
higher than expected either agent

as monotherapy
[78]

Cediranib and olaparib (Lynparza) Phase II/III study. Recurrent
platinum-sensitive HGS-EOC

Drugs improved progression-free survival
in patients with BRCA1/2 mutations [79,80]

Chemotherapy with bevacizumab
and olaparib (Lynparza) as

maintenance therapy

Phase III study. Advanced HGS
and endometroid EOC

The addition of olaparib increased
progression-free survival in patients with

HRD-positive tumours
[81]

Niraparib (Zejula) as
maintenance therapy

Phase III study.
Platinum-sensitive, recurrent

ovarian cancer

Increase of progression-free survival in
patients with or without BRCA mutations. [82]

Olaparib (Lynparza) as
maintenance treatment

platinum-sensitive relapsed
ovarian cancer

Increased median overall survival of
patients with BRCA mutations [83]

1 HGS-EOC: high-grade serous epithelial ovarian cancer. 2 HRD: homologous recombination deficiency.

4.3. Anti-Angiogenic Therapy (Bevacizumab)

Since exacerbated angiogenesis is a crucial characteristic of EOC cells and VEGF-A
is the most expressed angiogenic factor in ovarian tumours, a therapy based on a human
monoclonal antibody against VEGF-A seems promissory for EOC treatment. In this context,
the U.S. FDA approved in 2018 the use of bevacizumab (Avastin), a monoclonal antibody
against VEGF-A as first-line treatment for epithelial ovarian, fallopian tube, or primary
peritoneal cancer stage III or IV in combination with carboplatin and paclitaxel [3]. Similarly,
the European Commission approves the use of bevacizumab in combination with standard
chemotherapy as a treatment for women with the first recurrence of platinum-sensitive
ovarian cancer and first-line chemotherapy following surgery in women with advanced
ovarian cancer [84].

Bevacizumab has been studied in clinical trials that include patients with recurrent
platinum-sensitive and platinum-resistant ovarian cancer. In the first case, OCEANS
trial showed that the addition of bevacizumab to gemcitabine and carboplatin therapy
improved the progression-free survival of patients [85]. Alike, AURELIA trial, that studied
the combination of bevacizumab to chemotherapy in patients with platinum-resistant EOC,
shows that the benefit of bevacizumab therapy in advanced EOC was modest, increasing
in a few months the progression-free survival of patients and without significant changes
in the overall survival of intervened patients [86]. Similar results were obtained in the trial
GOG-0218, a phase III randomized trial of bevacizumab in women with newly diagnosed
ovarian cancer, that showed no survival differences for patients who received bevacizumab
compared with chemotherapy alone [87].

To a better understanding of the real benefit of using bevacizumab in ovarian cancer
patients, a meta-analysis that included 7 studies with patients with advanced ovarian
cancer was performed [88]. This study concluded that bevacizumab treatment increased
progression-free survival in patients with both advanced and recurrent disease, but its
use was associated with an increase of overall survival only in patients with recurrent dis-
ease [88]. Although bevacizumab therapy is extended to many countries and is considered
one of the greatest advances in the treatment of ovarian cancer, some researchers consider
that this therapy could be not cost-effective [89,90].

The inhibition of VEGF-mediated signalling leads to tumour vasculature normaliza-
tion, improving chemotherapy delivery which results in increased tumour toxicity and a
decreased formation of ascites fluid [91,92]. This knowledge suggests that selecting appro-
priate patients for bevacizumab treatment could contribute to improve therapeutic efficacy.
Results from the trial GOG 0218 show that patients with ascites treated with bevacizumab
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had a significant improvement in progression-free and overall survival, which was not
observed in patients without ascites, suggesting that ascites predicts treatment benefit of
bevacizumab in patients with advanced EOC [93]. Similarly, a phase I study in patients
with diverse cancers tested intraperitoneal bevacizumab for treating refractory malignant
ascites. Preliminary results of this study showed that bevacizumab exhibited short-term
anti-tumoral efficacy and palliated symptoms [94]. Given that over one-third of women
with ovarian cancer will develop ascites [95], bevacizumab therapy should be considered
in this subgroup of patients.

Further, it is believed that polymorphisms of several genes involved in angiogenic
pathways could be associated with the efficacy of bevacizumab in cancer treatment [96],
including genetic variants in the renin-angiotensin system [97]. In ovarian cancer patients, it
was described that a specific polymorphism of interleukin 8 (IL-8) may predict the response
to bevacizumab-based chemotherapy [98]. Another recent study suggests that patients with
ovarian cancer that express low levels of the tumour-suppressor micro-RNA-25 (miR-25)
will have significant benefit from bevacizumab treatment in terms of progression-free
survival and overall survival [99].

Currently, other anti-angiogenic compounds are being tested to improve the response
of EOC treatment (Figure 2). For instance, aflibercept is an antiangiogenic soluble fusion
protein that acts as a “VEGF trap” and inhibits VEGF-A and VEGF-B, as well as PlGF
signaling [100,101]. Two clinical trials show that aflibercept was effective in controlling
malignant ascites with a safety profile [102,103], even though the drug shows a significant
risk of fatal bowel perforation of patients with very advanced cancer, which suggests that
the benefit-risk balance should be discussed with each patient.

Figure 2. Summary of current and new possible therapies for ovarian cancer treatment. VEGF: vascular
endothelial growth factor. PARP: poly adenosine diphosphate-ribose polymerases. TRK: tropomyosin
receptor kinases. PDGF: platelet-derived growth factor.

Even though VEGF is the most studied angiogenic factor in ovarian cancer, other
important pro-angiogenic molecules could be upregulated in response to anti-VEGF ther-
apy. This theory could explain the failure or resistance to anti-angiogenic therapy in
some patients.

5. Inhibitors of Other Angiogenic Factors That Are Being Tested in EOC

Apart from VEGF, EOC cells could yield and release several other angiogenic factors
such as angiopoietins, neurotrophins, and PDGF, among others [30,38–40,46,104]. Based on
this knowledge, specific inhibitors of these molecules (summarized in Table 2) have been
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developed. An example is trebananib (AMG-386), an angiopoietin 1 and 2 neutralizing
chimeric protein (peptibody). It binds angiopoietins thereby preventing the interaction with
their cell surface receptors, inhibiting angiogenesis and tumoral growth [105]. Trebananib
has been tested in combination with carboplatin and paclitaxel as first-line treatment for
advanced ovarian cancer in the clinical trial TRINOVA-1/3. Unfortunately, the trial shows
that the addition of trebananib to standard therapy was minimally effective and did not
improve the progression-free survival of patients [106,107].

Table 2. Summary of several new anti-angiogenic options under study in EOC.

Drugs Mechanism Study and Patients Main Findings Ref.

Trebananib (AMG 386)
Neutralizing peptibody
that targets angiopoietin

1 and 2

Phase III study, tested
with carboplatin

and paclitaxel

Trebananib did not improve the
progression-free survival of patients

with advanced ovarian cancer
[106,107]

Sorafenib (Nexavar)
Protein kinase inhibitor

of VEGF and
PDGF receptors

Phase II study tested
in combination
with topotecan
or bevacizumab

Clinical activity was observed in
patients with ovarian cancer

heavily-pretreated,
bevacizumab-naive and

platinum-resistant disease.

[108,109]

Entrectinib (Rozlytrek) pan-TRK inhibitors
(TRK receptors)

Phase I/II trials. At least
one dose after

standard treatments

Entrectinib was well tolerated and
induced a durable response in

patients with NTRK fusion-positive
solid tumours.

[110]

Because anti-angiogenic therapy is a key point in EOC and most of the angiogenic and
growth factors have in common the activation of tyrosine kinase (RK)-mediated signalling,
selective or non-selective TK inhibitors have emerged as alternative drugs in the context
of EOC therapy. For instance, sorafenib (Nexavar) is a multiple protein kinase inhibitor
that decreases the signalling of VEGF and PDGF receptors [111,112] and is approved
by the U.S. FDA for the treatment of patients with advanced renal cell carcinoma and
unresectable hepatocellular carcinoma [113]. Unfortunately, a clinical trial shows that
sorafenib had only modest anti-tumoral activity and substantial toxicity in patients with
recurrent ovarian cancer [114], but this combination with other drugs shows better results.
For instance, using sorafenib in combination with topotecan (topoisomerase inhibitor) as
maintenance therapy improves the progression-free survival of patients with platinum-
resistant ovarian cancer [108]. Similarly, a phase II study showed a clinical benefit of
the combination of sorafenib and bevacizumab in bevacizumab-naïve EOC patients who
were heavily pre-treated with platinum. However, the study highlights the importance
of close monitoring and dose modifications in these patients due to toxicity of the drug
combination [109], which puts into question the effectiveness and security of the use of
tyrosine kinase inhibitors in EOC.

6. Anti-Neurotrophins Therapies as Possible New Approaches in EOC

Neurotrophins and their receptors are a group of molecules whose importance in
the nervous system is widely known. In the last decades, their contribution to the home-
ostasis of other non-neuronal tissues has been described. For instance, neurotrophins
dysregulation has been reported in some ovarian pathologies such as polycystic ovarian
syndrome [115,116] and EOC [30,38].

Neurotrophins and their receptors display a crucial role in the progression of EOC,
acting as autocrine growth factors and angiogenic factors [36–38,117]. The most studied
neurotrophins, NGF and BDNF, bind their high-affinity tropomyosin receptor kinases (TRK)
A and B, respectively [118]. In EOC, their upregulation has been associated with poor
survival rates [37,119]. Therefore, neurotrophins and their receptors have been proposed as
potential therapeutic targets in EOC.
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TRK fusion is a phenomenon present in diverse kinds of cancer [120]. In EOC, the
presence of TRK fusions in patients’ biopsies is not documented, but it is assumed, because
of the critical contribution of neurotrophins and their receptors to EOC progression. Based
on this, two clinical trials are testing pan-TRK inhibitors in patients with neoplasms,
including EOC (NCT02568267 and NCT03215511). These inhibitors are small molecules
that bind to TRK receptors, prevent neurotrophins-TRK interaction and, therefore, TRK
activation [121]. In 2018 and 2019, the U.S. FDA approved larotrectinib (Vitrakvi) and
entrectinib (Rozlytrek) respectively for the treatment of adult and paediatric patients with
solid tumours that have TRK gene fusions [122,123]. Another recently developed TRK
inhibitor is loxo-195 (Selitrectinib), a second-generation drug that overcomes the acquired
resistance to first-generation TRK-inhibitors [124].

A recent report on the use of TRK-inhibitors in EOC shows that entrectinib induced
durable and clinically meaningful responses in patients with TRK fusion-positive solid
tumours, being well tolerated with a manageable safety profile. However, only 2% of these
participants had ovarian cancer [110], so the usefulness of TRK inhibitors as a complemen-
tary therapy in EOC needs further study.

7. Immune Checkpoint Inhibitors as an Alternative for Ovarian Cancer Treatment

Cells with tumour potential are constantly produced in the human body but the
immune system oversees their elimination. Immune checkpoints are modulators of immune
response which is crucial for self-tolerance, preventing autoimmunity and the shutdown
of exacerbated responses. In this context, regulatory T cells (Treg) and inhibitory surface
molecules, including cytotoxic T lymphocyte-associated protein 4 (CTLA4), programmed
cell death receptor 1 (PD1) and its ligand (PD-L1), are induced during immune responses
and represent immune checkpoints [125,126]. Cancer cells manipulate these mechanisms
to avoid the immune response, preventing their elimination [127].

Different inhibitors of immune checkpoints have been developed to treat solid cancers
and some of them have been tested in patients with EOC. In November 2021, there were
more than 120 clinical trials using checkpoint inhibitors in ovarian cancer patients inscribed
in clinicaltrials.gov (accessed on 7 December 2021), whose results are summarized in
Table 3. These studies concluded that the expression of PD-L1 in EOC cells, the histotype,
and previous treatment are associated with the success of immune therapies.

The phase Ib KEYNOTE-028 study tested pembrolizumab in 26 patients with PDL1-
positive advanced ovarian cancer, showing modest but durable anti-tumor activity with an
overall response rate (ORR) of 11.5% [130]. Phase II of this study (KEYNOTE-100 cohort)
tested the same drug in 376 patients with recurrent ovarian cancer [131]. The study showed
a higher ORR in HGS-EOC and clear cell ovarian cancer subgroups, a better response in
patients with five or more lines of previous treatment, and an increased ORR in patients
with a high presence of PDL1 (combined positive score > 10). In addition, the study showed
that 8% of patients had a complete or partial response to pembrolizumab monotherapy,
while progressive disease was reported in 57.2% of patients [131].

Among other current immunologic therapies, a clinical trial intends to test the drug
ipilimumab (anti- CTLA-4 antibody) in ovarian cancer patients (NCT00060372). Although
the preliminary reports are available only for patients with hematopoietic malignancies,
they showed encouraging results [135]. On the other hand, given that ovarian cancers
express high levels of mesothelin [136], a clinical trial is testing a monoclonal antibody anti-
mesothelin (ABBV-428) as monotherapy in patients with several cancers, including ovarian
cancer (NCT02955251). ABBV-428 targets mesothelin via a C-terminal single-chain variable
fragment flanking Fc-modified human IgG1 and CD40 via an N-terminal single-chain
variable fragment, which produces the activation of CD40 [137]. CD40 acts via ligation on
antigen-presenting cells, stimulating T-cell activation and proliferation [138]. Unfortunately,
the first results of this trial showed minimal clinical activity in a small cohort of patients
with advanced ovarian cancer [137].
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Table 3. Summary of clinical trials using inhibitors of immune checkpoints with published results in
ovarian cancer patients.

Drug Study and Patients Main Findings Ref.

Niraparib in combination
with pembrolizumab
(anti-PD-1 antibody)

Phase I/II study in recurrent
platinum-resistant ovarian cancer

The results of the combination were better than
for single agents (ORR 1 was 18%). Antitumor
activity was independent of BRCA mutation or
HRD status and irrespective of PD-L1 expression

[78]

Pembrolizumab with
cisplatin and gemcitabine

Phase II study in
platinum-resistant ovarian cancer

Pembrolizumab addition did not appear to
provide benefit beyond chemotherapy alone in

the 18 patients treated.
[128]

SC-003 (anti-dipeptidase 3
antibody) and budigalimab

(anti-DP-1)

Phase Ia/Ib in
platinum-resistant/refractory

ovarian cancer

Low and not durable responses in the 3 patients
with the combined treatment. Low safety profile

of SC-003
[129]

Pembrolizumab as
single agent

Phase II study in patients with
advanced and recurrent

ovarian cancer

ORR of 7.4% in patients with one to three prior
lines of treatment and 9.9% in patients with four

or more lines of treatments. ORR 10.0% in
patients with CPS 2 ≥ 10

[130,131]

Varlilumab (anti-CD27
antibody) and nivolumab

(anti-PD-1 antibody)

Phase I/II study in patients
advanced and refractory

ovarian cancer

Increase in PD-L1 expression and CD8+ T cells in
ovarian biopsies, changes related with a better

outcome. Possible benefit in a group of resistant
to PD-1 inhibitor monotherapy

[132,133]

Nivolumab and ipilimumab
(anti-CTLA-4 antibody)

Phase II in patients with recurrent
or persistent ovarian cancer

The combined use of nivolumab and ipilimumab
in EOC showed a longer progression-free disease

compared to nivolumab alone
[134]

1 ORR: overall response rate. 2 CPS: combined positive score.

Another interesting approach regarding immunotherapies is the development of cell-
specific vaccines. For instance, DPX-Survivac (DepoVax) is a vaccine that generates a
tumour-specific immune response, particularly by cells that express the protein survivin,
using survivin HLA class I peptides [139]. Because ovarian cancer is one of the neoplasms
that express higher amounts of this protein, a clinical trial tested the combination of DPX-
Survivac, a low dose of cyclophosphamide and epacadostat, an inhibitor of indoleamine
2,3-dioxygenase-1 (IDO1) which may reverse tumour-associated immune suppression
(NCT02785250). Preliminary results of this study showed encouraging results in 3 of
10 patients, 2 of them with a disease control for more than 12 months [140].

A current perspective using immune checkpoint inhibitors is the combination of these
drugs with anti-angiogenic therapies [141] and with PARP inhibitors [142] which could
decrease primary resistance, improving therapy results. This is because PARP inhibitors
activate the generation of type I interferon response, which upregulates chemokines that
leads to T-cell recruitment and to PD-L1 upregulation on cancer cells [143,144]. In addition,
BRCA dysfunction increases T-cell recruitment to the tumour site and increases the expres-
sion of immune response genes as PD1 and PD-L1 [145,146]. The combined use of immune
checkpoint inhibitors with PARP inhibitors promotes the sensibilization to the second ones
in breast cancer cell lines [147] and greater anti-tumoral activity than either drug alone,
suggesting that this combination could be a rational strategy. In ovarian cancer patients,
the combination of olaparib and durvalumab was tested in heavily pretreated patients,
showing clinical activity in patients without BRCA mutations [148]. Another phase I study
tested olaparib and tremelimumab in women with heavily pre-treated and recurrent BRCA-
associated ovarian cancer. Preliminary results of this study showed acceptable tolerability
and therapeutic effect [149].

8. Drug Repurposing for Complementary Treatment for Ovarian Cancer

Drug repurposing is the process of identifying new therapeutic uses for existing or
available drugs. It is an effective strategy in discovering molecules with new therapeu-
tic implications [150,151]. Because existing drugs have studies of pharmacokinetics and
safety in humans, the approval for further therapeutical use is shorter than the conven-
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tional development of a new drug, which could be especially beneficial in lower-income
countries. The increased knowledge about the mechanisms involved in the progression
of EOC has promoted several studies of repurposed drugs as possible complementary
therapies (summarized in Table 4 and Figure 3), and most of them are addressed in the
following sections.

Table 4. Summary of the main findings of studies using repurposing drugs for ovarian cancer
treatment.

Drugs Mechanism Study and Patients Main Findings Ref.

Chloroquine Autophagy inhibitor
Phase I/II study with

advanced platinum-resistant
epithelial ovarian cancer

Reverses cisplatin resistance in vitro.
In patients, 30% expressed

autophagy-related proteins but did
not correlate with patient benefit

[152,153]

Ivermectin Autophagy inhibitor In vivo and in vitro studies
Synergistically suppresses tumour

growth in combination with cisplatin
or paclitaxel

[154,155]

Statins HMG-CoA 1

reductase inhibitors
Observational studies

Statin use was inversely associated
with ovarian cancer risk, particularly
mucinous and endometroid subtypes

[156]

Bisphosphonates Inhibitors of mevalonic
acid pathway In vitro studies

Zoledronate displayed additive and
synergistic anti-tumoral effects with

pitavastatin on cell growth,
tumour-promoting cytokines,

and mediators

[157,158]

Disulfiram
Aldehyde

dehydrogenase
inhibitor

Observational and
in vitro studies

ALDH1A1 2 -positive cells are
negatively correlated with

progression-free survival in HGS-EOC
patients. In vitro enhancement of

cisplatin-induced apoptosis

[159,160]

Arsenic trioxide Pro-oxidative
compound In vitro and in vivo studies

Increases sensibility of ovarian cancer
cells to PARP inhibitors and

synergically suppress tumour growth
with cisplatin and paclitaxel treatment

[161,162]

Metformin mTOR 3 inhibitor

Observational studies in
type 2 diabetic patients.

Phase II study in
non-diabetic patients

Decreases in ovarian cancer incidence
and mortality in type 2 diabetic

patients. Tumours from
metformin-treated patients presented

a decrease of cancer stem cells
markers and an increased sensitivity

to cisplatin ex vivo.

[163–165]

NSAIDs 4 COX 5 inhibitors In vitro and in vivo studies
Anti-inflammatory effects. Increases

paclitaxel sensitivity and restores
cisplatin sensitivity

[166–168]

1 HMG-CoA: β-Hydroxy β-methylglutaryl-coenzyme A. 2 ALDH1A1: aldehyde dehydrogenase 1 family
member A1. 3 mTOR: mammalian target of rapamycin. 4 NSAIDs: non-steroidal anti-inflammatory drugs.
5 COX: cyclooxygenase.
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Figure 3. Repurposed drugs with anti-tumoral effects in epithelial ovarian cancer cells (in vitro and
in vivo) and their molecular targets. EOC: epithelial ovarian cancer. VEGF: vascular endothelial
growth factor. EMT: epithelial-mesenchymal transition. ALDH: aldehyde dehydrogenase. ROS: reac-
tive oxygen species. NSAIDs: non-steroidal anti-inflammatories.

8.1. Autophagy Inhibitors (Antiparasitic Drugs)

Autophagy is an evolutionary form of self-digestion whose pathways are involved in
protein and organelle degradation, and its imbalance is observed in several human diseases,
such as EOC [169–171]. Autophagy increases during nutrient and growth factor deprivation,
endoplasmic reticulum stress, development, or accumulation of protein aggregates [169].

The tumour microenvironment has exceptionally stressful conditions, including hy-
poxia and nutrient deprivation, and autophagy allows cancer cells to survive under these
metabolic stress conditions [172]. In cancer cells, it is described that autophagy plays a
dual role. On the one hand, it promotes cell death and cell cycle arrest, which usually
prevents tumour development [173–175]. On the other hand, autophagy operates as a
mechanism for tumour adaptation, reducing damaged cellular parts, recycling intracel-
lular components to supply metabolic substrates, and maintaining cellular homeostasis,
promoting tumour survival and growth in advanced cancers [176,177]. In addition, it is
involved in the increase of resistance of anticancer drugs and other essential processes,
including oxidative stress, inflammation and modulates tumour immunology [178–180].
In EOC cells, the increase of autophagy leads to cisplatin resistance, and their inhibition
mediates cisplatin sensitivity [181,182]. Therefore, it is believed that autophagy inhibition
can re-sensitize resistant cancer cells to chemotherapy and increase its cytotoxicity.

Chloroquine and its derivatives are common autophagy inhibitors. These com-
pounds could be accumulated in intercellular acid vesicles as lysosomes, thereby inhibiting
lysosome–autophagosome fusion [183]. In 2018, a case report showed that a 60-year-old
woman with advanced and not resected intra-abdominal EOC achieved a complete re-
sponse to chemotherapy after receiving hydroxychloroquine and quinacrine [184]. This
finding fostered the interest of several researchers in the anti-tumoral effects of antimalarials
in ovarian cancer.
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In vitro experiments have shown that chloroquine reverses cisplatin resistance in EOC
cells, producing autophagy inhibition and lethal DNA damage by inducing p21WAF1/CIP1
expression [152]. Besides, autophagy inhibitors have been tested in combination with other
anti-tumoral compounds. In glioblastoma cells, hydroxychloroquine potentiates the anti-
cancer effect of bevacizumab [185]. These findings encouraged a phase I/II trial that
assesses hydroxychloroquine and itraconazole in women with advanced platinum-resistant
EOC (HYDRA-01). The study shows that even if a high presence of autophagy markers
was detected in 30% of patients, the drug combination did not show patient benefits [153].
It is important to highlight that this study included a heavily pre-treated platinum-resistant
EOC population; therefore, the effect of autophagy inhibitors in EOC patients without
previous treatment or in less advanced stages of the disease is still unknown.

Another broad-spectrum antiparasitic drug whose anti-tumoral effects are mediated
by the increases of autophagy is ivermectin [186]. In ovarian cancer cells, ivermectin syner-
gistically suppresses tumour growth in combination with cisplatin [155] or paclitaxel [154],
and its anticancer mechanism involves the modulation of long non-coding RNAs with
multiple targets [187]. However, these effects have not been tested in humans yet.

8.2. Lipid-Lowering Medications

Statins are a group of drugs widely used to reduce cholesterol biosynthesis inhibiting
the enzyme HMG-CoA reductase [188]. A Danish study performed in 2012 showed that
statin use in patients with cancer was associated with reducing cancer-related mortal-
ity [189]. In agreement with this, a meta-analysis conducted with different studies of statins
and gynaecological cancers showed that the use of these drugs was inversely associated
with ovarian cancer risk [190].

However, some studies showed no association between the use of statins and reduced
risk of ovarian cancer [191,192]. Therefore, the evidence suggests a protective role of statins
in ovarian cancer, but this is not conclusive. To elucidate this controversy, researchers
have performed studies using EOC cells as well as more detailed analyses of published
studies. In vitro experiments have shown that statins (lovastatin and atorvastatin) inhibit
cell proliferation, suppress anchorage-independent growth, induce apoptosis, autophagy,
cellular stress, and cell cycle arrest [193–195] in different EOC cell lines. Currently, there is
a clinical trial recruiting patients with platinum-sensitive ovarian cancer to test the effect of
simvastatin in the progression of the disease (NCT04457089).

The conflicting evidence about the positive effects of statin in ovarian cancer patients
could be explained by a differential effect according to the histotype of ovarian carcinoma.
A recent systematic review [156] that included 9 studies of statins in ovarian cancer showed
a new perspective. The study concluded that the use of hydrophilic statins was associated
with a decrease of risk of ovarian cancer (unlike hydrophobic, whose use increased the
risk), particularly in mucinous and endometroid subtypes, a higher protective effect with
long term use of statins (>5 years) and a most significant benefit with the combination of
statins with other drugs, as salicylic acid.

8.3. Bisphosphonates

Bisphosphonates are pharmacological agents used against osteoclast-mediated bone
loss [196]. Nitrogen-containing bisphosphonates (second generation of these drugs) inhibit
the activity of farnesyl pyrophosphate synthase, a key regulatory enzyme in the mevalonic
acid pathway. This substrate is critical to producing sterols and isoprenoid lipids whose
deficiency produces osteoclast apoptosis [197,198].

In vitro studies have shown that pamidronate, incadronate, alendronate, risedronate
and zoledronate had direct inhibitory effects on cell proliferation of several ovarian cancer
cell lines [157,199]. However, these results are not consistent with a few studies performed
with ovarian cancer patients. A systematic revision [157] studied the relationship between
the use of bisphosphonate and the risk of endometrial and ovarian cancer. The study
evidenced that the use of bisphosphonates for more than one year was associated with a
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reduced risk of endometrial cancer, but ovarian cancer risk remains unchanged. However,
this meta-analysis included only four studies with ovarian cancer patients.

On the other hand, another study evaluated the effect of bisphosphonates and lipid-
lowering medications in EOC cells. Results showed that the treatment with pitavastatin and
zoledronate displayed additive and synergistic anti-proliferative effects on most ovarian
cancer cell lines [157]. Another study in EOC cell lines showed that tumour-promoting
cytokines and mediators, such as transforming growth factor (TGF)-β1, VEGF, interleukin
(IL)-8, and IL-6, were suppressed up to 90% after the treatment with statins and zole-
dronate [158].

Because ovarian cancer affects women in the age of 65 years and older more fre-
quently than younger [5,200] and osteoporosis is the most prevalent disease in menopausal
women [201,202], the use of bisphosphonates in association with other known medications
as statins could be an interesting field that should continue to be investigated.

8.4. Pro-Oxidative Drugs

In the context of repurposing drugs, some pro-oxidative agents have shown anti-
tumoral activity in EOC cells. An evident example is disulfiram, one of three drugs
approved by the U.S. FDA to treat alcohol dependence, whose mechanism involves the
irreversible inhibition of aldehyde dehydrogenase (ALDH1A1) [203]. ALDH1A1 is not
only a hepatic enzyme implicated in the major oxidative pathway of alcohol metabolism;
it is also considered a stem cell marker that promotes epithelial-mesenchymal transition
(EMT) progress in EOC cells [204,205]. The activity of ALDH1A1 is significantly higher in
taxane- and platinum-resistant cell lines, and notably, the presence of ALDH1A1-positive
cells is negatively correlated with progression-free survival in HGS-EOC patients [159].
Therefore, inhibitors of this enzyme could be helpful in the context of EOC.

In ovarian cancer cells, the treatment with disulfiram produces dose and time-
dependent cytotoxic effects, enhancing cisplatin-induced apoptosis, and consequentially
their association with the cofactor copper increases intracellular ROS levels, trigger-
ing apoptosis of ovarian cancer with stem cell phenotype [160]. In the same way, it
was reported that disulfiram caused irreversible cell damage in EOC cells by redox-
related proteotoxicity associated with induction of heat shock proteins HSP70, HSP40, and
HSP32 [206].

Another pro-oxidative compound with anti-tumoral effects in EOC cells is arsenic
trioxide (As2O3). The treatment with this compound is used as first-line and consolida-
tion/maintenance treatments in haematological pathologies such as promyelocytic myeloid
leukaemia [207]. Arsenic trioxide has been tested on ovarian cancer cell lines in both
in vitro and animal models [208]. It can sensitize ovarian cancer cells to PARP inhibitors
and cisplatin resistance [161], it has anti-angiogenic and antiproliferative activities by
decreasing the expression of VEGFA and topoisomerase II, respectively [209,210], and pro-
duces cell growth inhibition and increase of apoptosis in adherent and suspension ovarian
cancer cells, along with a synergism with cisplatin and paclitaxel treatment [162,211,212].
These findings encouraged two clinical trials registered in ClinicalTrials.gov (accessed on
7 December 2021) database testing the effect of arsenic trioxide in platinum resistance
relapsed ovarian cancer (NCT04518501) and recurrent and metastatic ovarian cancer with
P53 mutation (NCT04489706).

8.5. mTOR Inhibitors

One of the most studied signalling pathways in cancer is the mechanistic target of
rapamycin (mTOR), two protein complexes that regulate cell growth, survival, metabolism,
nutrient input, drug resistance, and immunity [213,214]. One example of mTOR inhibitor is
itraconazole, a broad-spectrum antifungal agent, that had anti-proliferative effects in EOC
and endothelial cells [215]. Currently, there are two clinical trials studying itraconazole in
the context of EOC. The first aims to evaluate the effects of itraconazole and tamoxifen in
platinum-refractory/resistant or recurrent ovarian cancer (NCT03458221). The second is the
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previously mentioned study HYDRA-01 that tested the combination of hydroxychloroquine
and itraconazole in women with heavily pre-treated platinum-resistant EOC. This study is
the only one with results, which unfortunately did not show a patient benefit [153].

Biguanides

Other widely studied mTOR inhibitors are biguanides, of which metformin, phen-
formin, and buformin are the main representants. Due to reports of lactic acidosis (the more
serious adverse effect), phenformin and buformin were withdrawn from clinical use in most
countries during the 1970s [216]. Metformin, which has a much lower risk of lactic acidosis,
is the most used biguanide for treating type 2 diabetes and metabolic disorders [216]. In
the context of EOC, both metformin and phenformin have shown anti-proliferative effects
in-vitro and in-vivo [217,218], but most studies have been conducted using metformin.

In humans, metformin intake has been associated with decreased cancer incidence and
mortality in type 2 diabetic patients [219], including women with EOC [163,164]. Besides,
in vitro studies have shown that metformin exerts multiple and pleiotropic anti-tumoral
effects in EOC cells [218,220]. One of the most studied molecular targets of metformin is the
adenosine monophosphate-activated protein kinase (AMPK), a key sensor of the energetic
status of the cell [221]. AMPK activation inhibits mTOR complex 1 (mTORC1), impairing
cancer cell survival, protein synthesis (which regulates cell proliferation and immune cell
differentiation), and tumoral metabolism [222]. Although metformin is a known activator of
AMPK, studies have reported that their anti-tumoral effects are dependent and independent
of AMPK inhibition [223,224].

The treatment of HGS-EOC cells with metformin or phenformin decreases cell prolif-
eration and produces changes in their cell metabolism, increasing glycolysis and inhibiting
oxidative phosphorylation by alteration of mitochondrial shuttle metabolites [225,226].
In addition, studies have shown that metformin enhances cisplatin cytotoxicity in EOC
cells [128] and produces chemo-sensitizing effects in cisplatin- and paclitaxel-resistant EOC
cells [227].

Some targets of metformin in EOC cells include angiogenic factors that are overex-
pressed by tumoral cells such as VEGF or NGF; the proteins sterol regulatory element-
binding protein 1 (SREBP) and acetyl-CoA carboxylase (ACC) (critical proteins involved
in fatty acid synthesis), c-MYC transcription factor, cyclins, cell cycle regulators and EMT
proteins [218,228]. In addition, metformin elicits anticancer effects through the sequential
modulation of the endoribonuclease Dicer [229], an important component of microRNAs
biogenesis, which is dysregulated in EOC, which is further discussed later.

Tumour cells grow in environments with scarce nutrients and oxygen, known as
the tumour microenvironment [230]. The resulting microenvironments contribute to the
development of cellular subpopulations with different metabolic characteristics. These
populations include stem-like cells, which adapt to reduced oxygen availability, switching
between glycolysis and oxidative phosphorylation as energy sources and metabolites [230].
Epidemiologic and preclinical studies suggest a selective anti-tumoral effect of metformin
on stem-like EOC cells [231–234], which plays an essential role in chemoresistance and
ovarian cancer recurrence [60,235]. In this context, a phase II trial evaluated the impact
of metformin on stem-like EOC cells and carcinoma-associated mesenchymal stem cells
in nondiabetic patients with advanced EOC [165]. Results showed that tumours from
metformin-treated patients decrease cancer stem cells markers and increase sensitivity to
cisplatin ex vivo. Additionally, metformin altered the methylation signature in carcinoma-
associated mesenchymal stem cells, which prevented the chemoresistance mediated by
these cells in vitro [236].

Biguanides have been tested with other antitumoral agents, such as PARP inhibitors.
Phenformin and metformin have shown a synergistic effect with olaparib, reducing cell
survival, tumorigenesis, and decreasing mesenchymal markers of drug-resistant ovarian
cancer cells [237], so the association of metformin with other new anti-tumoral drugs could
be an important research matter.
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Because metformin has additional beneficial effects against cancer, including anti-
inflammatory, anti-aging, and antithrombotic properties [238], it was proposed as a plausi-
ble complementary therapy to first-line treatments for EOC patients. Most in vitro studies
have corroborated the anti-tumoral potential of this drug; however, few clinical trials have
tested metformin in non-diabetic patients with EOC. Although there is much in-vitro evi-
dence indicating that metformin could be helpful as an anti-tumoral drug, many questions
remain to be answered, such as its anti-tumoral mechanism, dose, timing, and the optimal
therapeutic window (before cytoreduction? during chemotherapy cycles? both?). It is
relevant to continue studying the anti-tumoral effects of metformin in patients with earlier
stages and without previous treatment, along with establishing the best dose and optimal
therapeutic window that could benefit to EOC patients, as well as the combination with
other possible drugs.

8.6. Non-Steroidal Anti-Inflammatory Drugs (NSAIDs)

NSAIDs are widely used to relieve pain, reduce inflammation, and bring down a high
temperature [239]. The primary mechanism of action of NSAIDs is the inhibition of the
enzymes cyclooxygenases (COX) 1 and 2 and, therefore, prostaglandin (PG) synthesis [239].
Long-term use of NSAIDs has been associated with reduced incidence of several epithe-
lial cancers [240–242]. A molecular explanation is that chronic inflammation promotes
carcinogenesis by inducing proliferation, angiogenesis, metastasis, and chemotherapy
resistance [243], so the use of NSAIDs could be an adequate possibility to improve cancer
treatments targeting the inflammation.

In addition to the direct anti-tumoral effects of NSAIDs in cancer cells, their use could
be beneficial as complementary use to chemotherapy. It is thought that the combination of
cell death and PGE2 release due to cisplatin treatment results in a wound-like response and
initiates a stem-like program, which favours cancer progression. In bladder cancer cells, the
use of combined cisplatin and COX-2 inhibitor celecoxib prevents cisplatin resistance and
restores cisplatin sensitivity in vivo and in vitro [166,167]. In neuroblastoma, diclofenac
(a known NSAIDs drug) enhanced chemotherapy-induced apoptosis via upregulation
of p53 [244]. Particularly in EOC, it is described that COX inhibitors increase paclitaxel
sensitivity in taxane-resistant EOC cells [245].

Among NSAIDs, diclofenac is a relevant drug in cancer therapy. One significant
footprint of human cancers is the metabolic switch which favours glycolytic pathways
to obtain energy in the form of ATP (Warburg effect) [246]. Cancer cells increase glucose
uptake, and as a result of an increased glycolysis rate, high concentrations of lactate are
produced [247]. Lactate is considered an immunosuppressive metabolite [248], and under
low glucose, tumour cells uptake and oxidize lactate, which means that lactate is used as an
energetic source by cancer cells [247,249]. Research performed in a murine glioma model
demonstrated that diclofenac (but not ibuprofen, another known NSAID), decreased lactate
dehydrogenase A and lactate secretion. Additionally, it was described that diclofenac
inhibited the uptake of lactate in colorectal cancer cells, being the most potent inhibitor
among other NSAIDs [250].

This in vitro evidence suggests that NSAIDs could be helpful not only as anti-
inflammatory agents, but also as inhibitors of cell metabolism, as the drug metformin.

9. Non-Coding RNA-Based Therapeutics for Ovarian Cancer

Non-coding RNAs are one of the latest emergent tools for targeting-cell therapy.
Around 98% of the human genome corresponds to non-protein-coding sequences, and a
substantial part of them are non-protein-coding RNA transcripts (ncRNAs) [251]. ncRNAs
are RNA molecules that are not translated into proteins but have crucial cellular functions
so that their dysregulation can lead to the development of different pathologies such as
cancer [252]. The ncRNAs are classified according to their size into small non-coding RNAs
and long non-coding RNAs (lncRNA), greater than 200 nucleotides [253].
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Among the small ncRNAs, microRNAs (miRs) play a key role in the initiation and
progression of ovarian cancer [254]. miRs are short sequences of nucleotides that bind
messenger RNAs and interfere in protein translation [255], so they are post-transcriptional
regulators. In cancer, there is a miR disbalance, with a predominance of oncomiRs (that
inhibits the transcription of oncosupressor proteins) and a decrease of tumour-suppressor
miRs, resulting in an increase of oncoproteins [255]. Because one miR regulates several
messenger RNAs (and several different proteins) involved in critical tumoral processes
such as proliferation, migration, invasion, and angiogenesis [254], the use of miR-based
therapy has been attractive for most researchers. Among different miRs, dysregulation
of Let-7, miR-200 family, miR-17-92, miR-21, miR-145, and miR-23b have been reported
in ovarian cancer, being the first one of the most studied miR in the context of EOC [256].
miR-145 is an onco-suppressor miR that is downregulated in EOC biopsies and EOC
cells. Studies have shown that overexpression of miR-145 decreases the cell proliferation,
migration, invasion, and tumoral formation of EOC cells [257]. In addition, the role of
this miR in tumoral metabolism has been documented. miR-145 negatively regulates the
Warburg effect in bladder cancer cells [258] and inhibits the mitochondrial function of EOC
cells [259], suggesting that its reinstatement could contribute to the energetic depletion
of tumoral cells. Significantly, cisplatin mediates downregulation of miR-145 in cisplatin-
resistant EOC cells [260] and upregulation of miR-145 sensitizes EOC cells to paclitaxel,
suggesting a crucial role of miR-145 in chemotherapy resistance. Because miRs are “natural”
molecules present in all bodies, with likely no adverse effects in other tissues [253], the
re-establishment of levels of onco-suppressor miRs as miR-145 could be an interesting
proposition as a future complementary treatment in EOC.

On the other hand, lncRNAs are also involved in miRs disbalance. They play an
important role in gene expression and may even function as miRs sponges, which may
cause a decrease in the effect of some miRs [261,262].

Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) is one of the
best-described lncRNAs and its up-regulation has been associated with progression and
chemoresistance in different types of cancers [263–265]. In ovarian cancer, MALAT is
overexpressed in epithelial ovarian cancer tissues and cell lines, promoting proliferation
and metastasis via the PI3K-AKT pathway [266,267]. Recent studies in prostatic cancer
cells determined that MALAT1 promotes the proliferation, migration, and invasion of
tumour cells by acting as a miR-145 sponge, suppressing its anti-tumoral activity, and
the downregulation of MALAT1 increases miR-145 and decreases cell migration and in-
vasion [268]. These observations led to the proposition of oncogenic sponge lncRNAs as
possible therapeutic targets for cancer treatment, and their specific modulation could be an
interesting approach in EOC.

10. New Methods of Drug Delivery (Nanomedicine)

For decades, the anti-tumoral drugs were chemically modified to increase their half-
life and biodistribution. However, the tissue-specific drug delivery using nanotechnology
(nanocarriers) is set to spread rapidly and gained much interest as a promising diagnostic
and therapeutic strategy (Figure 4).

Research groups have explored new methods of drug delivery, such as nanoparticles,
in different ovarian cancer models, with the purpose to improve the effectiveness of
chemotherapy [269]. In this context, nanocarriers that address chemotherapeutic drugs or
new anti-tumoral biological molecules, such as miRs or small interference RNAs (siRNAs)
have been tested in vivo. They could be directly delivered into target cancer cells, resulting
in enhanced therapeutic impact with less toxicity, biocompatibility, good biodegradability
and increased therapeutic impact than free drugs, with fewer side-effects [269–271].

Targeted drug delivery has become a new paradigm in cancer therapy [271] using a
range of nanomaterials based on organic, inorganic, lipid, or glycan compounds and syn-
thetic polymers [272]. For instance, nanoparticles in base to hyaluronic acid encapsulating
both paclitaxel and focal adhesion kinase (FAK) siRNA were developed as a selective deliv-
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ery system against chemoresistant EOC cells. This nanoformulation strongly decreased the
tumoral growth of EOC xenografts and patient-derivate xenografts [273]. Similarly, iron-
oxide nanoparticles (Fe2O3) have emerged as one of the extensively utilized nanostructures
in different models of EOC, because of their superparamagnetic features, which enables
their accumulation in animal tumours, and appear as a candidate for properties such as
antioxidant, antibiofilm, antimicrobial, and antitumoral activities [274–276]. A recent work
showed that Fe2O3 nanoparticles display cytotoxic activity in metastatic ovarian terato-
carcinoma cells by augmenting the level of reactive oxygen species (ROS), destabilizing
mitochondrial membrane, and enhancing of programmed cell death [277]. Other nanocar-
rier examples include cationic liposomes with polyethylene glycol and glycolic acid-based
nanoparticles, which may incorporate chemotherapeutics such as paclitaxel or doxorubicin
and small interference RNAs (siRNA) producing synergistic antitumoral effects in in vitro
and in vivo models of EOC cells [278–280].

 

Figure 4. Some examples of advances in monotherapies and drug delivery for ovarian cancer. Most
nanocarriers are under study in different models of ovarian cancer. It is expected that they could
improve the delivery, half-life, and distribution of ovarian cancer therapies. Some examples of
nanocarriers are nanoparticles, exosomes and modified extracellular vesicles (EVs). miRs: micro-
RNAs. siRNAs: small interference RNAs.

Another recent approach of molecular agents that are tested in several ovarian cancer
models is the use of extracellular vesicles (EVs). They are continuously produced and
released by cells and contain proteins, messenger RNA, and miRs that can be transferred to
another cell and become functional in the new location [281]. EVs play an important role
in cancer diagnosis [282] or prognosis [283] and drug resistance [284] and it is proposed
that they could be used as a delivery vehicle of chemotherapeutics [285]. Two main kinds
of EVs are produced to carrier and deliver anti-tumoral therapies: EVs-based semisyn-
thetic nanoparticles and EVs mimetic nanoparticles. The first is naturally isolated EVs
with surface and membrane modifications; while EVs mimetic nanoparticles are artificial
structures [286] that could efficiently encapsulate a different kind of anti-tumoral molecules.
Among EVs, exosomes, a subtype of EVs with a diameter less than 150 nm, are fully con-
sidered as possible nanocarriers due to their size and the capacity to carry a wide variety of
molecular cargos [281].

A recent work shows that stem cell-derived EVs can release the encapsulated miR-424,
suppressing tumorigenesis and angiogenesis of ovarian tumours in vivo [287]. Not only
biological compound could be delivered by EVs, but also hydrophobic or toxic chemother-
apeutics. For instance, exosomes from tumour cells (modified with biomimetic porous
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silicon nanoparticles) were used as drug nanocarriers for targeting doxorubicin [288]. This
nanoformulation enhanced tumour accumulation, extravasation from blood vessels, and
penetration into deep tumour parenchyma of doxorubicin in a model of mouse hepatocel-
lular carcinoma [288]. In ovarian cancer cells, researchers have studied the encapsulation of
triptolide (a natural product isolated from the Chinese herbal) in exosomes from EOC cells,
obtaining a high drug encapsulation efficiency and uptake by SKOV3 cells [289]. In vivo,
this exosome formulation showed more potent inhibition of tumour growth and less toxic
effects on the liver and spleen than free triptolide extract, concluding that exosome delivery
could be helpful to address and decrease the side effects of antitumoral agents [289].

Inspired by the self-assembly that occurs in cells and exosomes, researchers designed
a biomimetic lipid/dextran hybrid nanocarrier loaded with a siRNA for multidrug resis-
tance protein 1 (MDR1) and the drug paclitaxel, which reversed the chemoresistance in
both in vitro and in vivo models of EOC cells [168]. These synthetic structures based on
exosomes could be a promising strategy for EOC treatment because they can overcome
some difficulties inherent to the natural purification of exosomes, such as the problematic
obtention and variable retrieval of extracts, which should be studied for the following years.

11. Main Conclusions

EOC is a neoplasm with high mortality and late diagnosis. Because of its molecular
heterogenicity and different patient’s therapeutically response, personalized medicine
should be incorporated into current practice during the next years.

It is necessary to understand better the molecular characteristics of ovarian cancer
tumours and the new possible drugs or biological agents that could be useful in each pa-
tient. Based on this, immune checkpoints inhibitors, PARP inhibitors, and anti-angiogenic
therapies constitute great advances for EOC treatment, and the testing of its combina-
tions appears to be a reasonable alternative. Besides, there are several new possible and
complementary therapies, including neurotrophic receptors inhibitors, repurposing drugs,
non-coding RNAs, and the development of different nanoformulations under study, mainly
in preclinical stages and pretend to offer new therapeutic alternatives for EOC patients.
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Abstract: Endometrial cancer (EC) can easily be cured when diagnosed at an early stage. However,
advanced and metastatic EC is a common disease, affecting more than 15,000 patients per year in the
United Sates. Only limited treatment options were available until recently, with a taxane–platinum
combination as the gold standard in first-line setting and no efficient second-line chemotherapy or
hormone therapy. EC can be split into four molecular subtypes, including hypermutated cases with
POLE mutations and 25–30% harboring a microsatellite instability (MSI) phenotype with mismatch
repair deficiency (dMMR). These tumors display a high load of frameshift mutations, leading to
increased expression of neoantigens that can be targeted by the immune system, including (but not
limited) to T-cell response. Recent data have demonstrated this impact of programmed death 1 and
programmed death ligand 1 (PD-1/PD-L1) inhibitors on chemo-resistant metastatic EC. The uncon-
trolled KEYNOTE-158 and GARNET trials have shown high response rates with pembrolizumab
and dostarlimab in chemoresistant MSI-high tumors. Most responders experiment long responses
that last more than one year. Similar, encouraging results were obtained for MMR proficient (MMRp)
cases treated with a combination of pembrolizumab and the angiogenesis inhibitor lenvatinib. Ap-
provals have, thus, been obtained or are underway for EC with immune checkpoint inhibitors (ICI)
used as monotherapy, and in combination with antiangiogenic agents. Combinations with other
targeted therapies are under evaluation and randomized studies are ongoing to explore the impact of
ICI-chemotherapy triplets in first-line setting. We summarize in this review the current knowledge of
the immune environment of EC, both for MMRd and MMRp tumors. We also detail the main clinical
data regarding PD-1/PD-L1 inhibitors and discuss the next steps of development for immunotherapy,
including various ICI-based combinations planned to limit resistance to immunotherapy.

Keywords: endometrial carcinoma; immune micro-environment; immune checkpoints inhibitors;
microsatellite instability; mismatch repair deficiency

1. Introduction

In 2020, endometrial cancer (EC) was the fourth most common cancer in women,
with an incidence of 382,069 new cases and 89,929 deaths worldwide in 2018 [1,2]. EC
mostly affects post-menopausal women (68 years of age, on average). In industrialized
countries, most patients are diagnosed in a localized stage, with a favorable prognosis
(5-year overall survival: 80%) and are treated with a hysterectomy, with or without adjuvant
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therapy [3]. However, for patients with advanced disease, with lymph node invasion
or metastasis (peritoneal or visceral), the 5-year overall survival is only 50% and 20%,
respectively [4]. In advanced endometrial cancer, therapeutic options are limited: in first-
line setting, a taxane–platinum combination is the gold standard, but no standard second-
line treatment (chemotherapy or endocrine therapy) is available [5]. Furthermore, systemic
chemotherapies are not always feasible due to patient comorbidities and performance
status after platinum failure.

Endometrial cancers are broadly classified into two groups: type I endometrioid
tumors are linked to estrogen excess, obesity, hormone-receptor positivity, and favorable
prognosis compared with type II, primarily serous, tumors that are more common in older,
non-obese women and have a worse outcome [6–8]. Moreover, the FIGO stage, the histolog-
ical type, the pathological grade (both gathered in the old-fashioned type 1/type 2 classifica-
tion), hormone receptors expression, and the presence of vascular emboli stratify prognos-
tic groups and guide complementary treatments (classification ESMO–ESGO–ESTRO) [3].
However, the prognostic value of these classifications remains suboptimal, in particular
due to the heterogeneity of tumors grouped together within the same histological type.

Molecular classification of EC based on The Cancer Genome Atlas Project (TCGA) [9],
called the Proactive Molecular Risk classification tool for endometrial cancers (ProMisE)
identified four classes of EC based on genomic characterization [10]: (i) ultramutated
EC (harboring somatic mutations in the proofreading exonuclease domain of the DNA
replicase POLE) are tumors with the highest rate of mutations and neo-antigens and the
best prognosis; (ii) microsatellite instability-high (MSI-H) genotype (hypermutated) present
a defect in the mismatch repair (MMR) pathway: the insertion or deletion of repeated units
during DNA replication are no longer corrected by the proteins MLH1, MSH2, MSH6, and
PMS2; (iii) copy number low tumors (most low grade endometrioid) have a moderate rate
of mutations and exhibit both a low somatic copy number variation number (SCNAs) and
a wild typeTP53 gene; (iv) copy number high tumors (serous-like) have TP53 mutations
and present the lowest rate of mutations and a very large number of SCNAs.

This molecular classification was very recently incorporated into the ESGO rec-
ommendations [11]. However, this molecular classification alone does not explain the
different responses to systemic therapies. A better description of the tumor immune
micro-environment could refine the prognosis and help define new targets for immuno-
oncological therapies [11].

2. Rationale for Targeting the Immune Microenvironment in Endometrial Cancer

2.1. Tumor-Infiltrating Lymphocytes According to Molecular Subtypes

Similarly to many tumor types (melanoma, lung, and colorectal carcinoma), the fre-
quency of lymphocytes infiltrating tumor and peritumoral areas is correlated with the risk
of recurrence in endometrial cancer. Kondratiev et al. demonstrated by immunohisto-
chemistry (IHC) that a number of CD8 + LTs > 10 per field (at ×40 magnification) found
in the peritumoral zone is an independent prognostic factor associated with improved
survival [12]. However, the immune infiltrate differs among molecular subtypes of EC.

Interestingly, tumor-infiltrating CD8+ T lymphocytes within cancer cell nests are
particularly abundant in MSI tumors (30% of 123 EC samples analyzed by IHC) [13]. These
findings were confirmed by another study by Pakish et al. in MSI-high tumors (n = 60)
demonstrating that immune cells were more present in stroma of MSI-H EC compared
with microsatellite stable (MSS) cases, including granzyme B+ cells, activated T-cells (CD8+
granzyme B+), and PD-L1+ cells [14]. Specifically, inherited Lynch syndrome MSI-H EC
had increased CD8+ cells and activated T-cells in stroma, with reduced macrophages in
stroma and tumor compared with sporadic MSI-H EC [14].

Within the MSI-H subtype, immunotherapy response is associated with higher rates
of tumor infiltrating immune cells, both in EC and other MSI-H tumors types [15]. MSI-H
and non-MSI-H colorectal tumors exhibited distinct levels of infiltration and immune
phenotypes. Surprisingly, there was no significant difference between MSI-H and non-

214



Biomedicines 2021, 9, 632

MSI-H endometrial tumors. Regardless of cancer type, the abundance of tumor infiltrating
immune cells was an independent prognostic factor, with better accuracy than MSI-H status.
The authors conclude that the study of immune infiltrate is a fundamental biomarker for
predicting response to immunotherapy treatments.

POLE hypermutated tumors (7–12% of EC) also had an important TILs infiltration,
with an overexpression of genes involved in the cytotoxic functions of TILs, in particular
T-bet, Eomes, interferon γ (IFNγ), perforin, and granzyme B, and markers of exhaustion
markers on TILS, consistent with chronic exposure to neo-antigens [16]. In silico analysis
confirmed that POLE-mutant cancers are predicted to display more antigenic neoepitopes
than other EC, providing a potential rational for POLE immunogenicity [16].

2.2. The PD1/PD-L1 Axis in Endometrial Cancer

Endometrial cancer cells and tumor microenvironment are able to modulate the
immune response. Among gynecological cancers, EC displays the highest overexpression
of programmed cell death 1 (PD-1, CD279) and programmed cell death ligand-1 (PD-L1,
CD274): 40–80% for endometrioid cancers, 10–68% for serous tumors, 23–69% for clear cells
tumors, respectively [17,18]. PD-1 is a cell surface protein encoded by the PDCD1 gene and
expressed in particular on the surface of activated B and T lymphocytes [19]. The PD-1
pathway is a negative feedback system that controls the cytotoxic activity of lymphocytes
in order to prevent autoimmune reactions (Figure 1).

Figure 1. Immunosuppression in tumor microenvironment of endometrial cancer. MDSC: myeloid
derived suppressor cell, Treg: T regulator lymphocyte, IDO: indoleamine-2,3-dioxygenase, TAM: tu-
mor associated macrophage.

Its major ligand PD-L1 is constitutively expressed at a low level on antigen-presenting
cells (dendritic cells, macrophages and B cells) and is upregulated in these cells after
their activation as well as in activated T cells and in various cancer cells [20–22]. PD-L1
is regulated by many inflammatory cytokines, including IFNγ, GM-CSF, LPS, IL-4, and
IL-10 [23,24]. In tumors, PD-L1 expression has been abundantly detected and is often
associated with a poor prognosis [25,26]. The upregulation of PD-L1 is modulated by
CD8 + T cells and IFNγ. Therefore, PD-L1 expression could be viewed as a negative
feedback loop dependent on an infiltrating immune response [27]. PD-L1 is expressed in
92% of endometrial cancers. High PD-L1 expression is associated with advanced tumor
stage and poor tumor differentiation; however, unlike what is usually observed in other
solid tumors, PD-L1 does not appear as a prognostic factor in endometrial cancers [28].

On the other hand, the PD-L2 expression is much more restricted. It is mainly ex-
pressed on antigen presenting cells but expression can be induced on several other immune
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and non-immune cells depending on environmental stimuli [26]. PD-L2 has moderate-
to-high expression in triple negative breast cancer and gastric cancer and low expression
in renal carcinoma [29]. PD-L2 is expressed at low levels within endometrial tumors, but
at higher rates in serous tumors. More data are needed to better understand its role in
immune response before confirming it can be considered a good candidate to target in this
tumor type [30,31].

Modulation of the immune response thus appears to be different within molecular
subtypes. Willvonseder et al. demonstrated greater infiltration by TILs in high-grade
tumors compared to low-grade tumors, as well as in the POLE and MSI-H subgroups [32].
The greater infiltration of ultramutated POLE and MSI-H tumors is accompanied by
overexpression of PD-1 and PD-L1 [33]. Likewise, the immune microenvironment of MSI-
H endometrial tumors harbors more activated CD8 + T-cells and PD-L1 + cells in MSI-H vs.
MSS [14]. In a large cohort of 183 EC, Kim et al. showed that a high level of PD-L1 + T-cells
was significantly associated with a shorter PFS predominantly in MSS tumors [34].

2.3. Other Immune-Response Related Features in Endometrial Cancer

Cytotoxic T lymphocyte antigen-4 (CTLA-4), lymphocyte activation gene-3 (LAG-3),
and IDO may also be upregulated in POLE tumors. In mutated TP53 tumors, infiltration
by regulatory T lymphocytes is an independent prognostic factor. Analysis of immune
populations by multiplexed IHC in 460 endometrial cancers stratified according to the
four molecular subtypes showed a profound variation in the immune response between
the molecular subtypes of endometrial cancer, but also within them [35]. Even though
POLE and MSI-H tumors are the most immune-responsive, some serous-like and copy-
number low tumors (defined according to IHC) also harbored strong immune responses.
Besides regulatory T-cells, myeloid-derived suppressor cells (MDSCs) are also differentially
expressed in EC. MDSCs are immature myeloid cells with immune suppressive action based
on L-arginine depletion in the tumor microenvironment, causing T-cell receptor down-
regulation [36]. MDSC levels are higher in EC than in normal endometrium [30], increase
with advanced stage disease, and are associated with poor prognosis and poor response
to cytotoxic treatments [37]. Tumor-associated macrophages (TAMs) are also involved
in EC immune escape. EC cells expressing CD47 interact with the SIRPα macrophages-
inhibiting signal. TAMs identified in EC are predominantly M2 macrophages with reduced
phagocytosis properties contributing to EC progression and immune-suppression [38,39].

These points suggest that patient selection for immunomodulatory treatments may
not be limited to MMRd to achieve the highest sensitivity and specificity. However, MMRd
analysis by IHC remains easier to achieve and a cheaper way to predict PD1/PD-L1-
inhibitors efficacy in EC, and has been widely used in recent clinical trials evaluating
these drugs.

3. Immune Checkpoint Inhibitors in EC. PD-(L)1 Inhibitors as Backbone of all
Strategies under Investigation

Until recently, cytotoxic chemotherapies were the gold standard for metastatic endome-
trial cancer treatment, whatever the line of treatment. The first-line regimen for advanced
EC is still the combination of carboplatin and paclitaxel with overall response rates (ORR)
of 50 to 60%, median progression-free survival of one year, and a median overall survival
slightly of above three years [40,41]. After platinum failure, mono-chemotherapies are rou-
tinely used with poor results. For instance, doxorubicin and paclitaxel, the most prescribed
second-line regimen, only offers a 4-month median PFS and a 12-month median OS [42].
Therefore, recurrent EC is a relevant clinical need and new therapies with innovative mech-
anisms of action have been explored to improve the outcome of patients with advanced
EC. Among them, immunotherapy seems to be the most promising.

3.1. Clinical Trials Exploring PD-(L)1 Inhibitors as Monotherapy for Recurrent EC

As shown above, an MMRd phenotype/MSI-H genotype or POLE mutations can
be predictive factors of ICI efficacy. Several research programs have thus explored the
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impact of ICI in these subsets. We can split trials in two categories. Studies that included
less than 100 patients with metastatic or advanced endometrial cancer, mainly assessing
PD-L1 inhibitors impact; and those with more than 100 patients, focused on PD-1 inhibitor
large evaluations (Table 1). PD-1 inhibiting monoclonal antibodies limit the interaction of
PD1 expressed by T-cells with its ligands (PD-L1 and PD-L2) upregulated in cancer cells.
This inhibits the negative feedback loop resulting in the activation of anti-tumor immune
response. PD-L1 specific antibodies only avoid PD-1/PD-L1 combination, resulting in a
similar immune effect, but might induce less immune toxicity, notably pneumonitis.

Atezolizumab was administered, in a multi-cohort phase 1 study, to 15 patients
with advanced/recurrent uterine cancer naive of anti-PD-(L)1 therapies [43]. After a dose
escalation part, patients received atezolizumab at the dose of 15 mg/kg or the fixed dose of
1200 mg IV every three weeks for 16 cycles (one year) or until progression, unacceptable
toxicity, or withdrawal. Treatment efficacy was analyzed according to PD-L1 expression
on immune cells as defined by the Ventana PD-L1 SP142 IHC assay. Patients with less
than 5% of positive IC (IC0 or IC1) and patients with 5% or more positive IC (IC2 and IC3)
were separated. Overall response rate (ORR) was 13% (two responders out of 15 patients).
These two responders were IC2/3 (among five cases). None of the ten IC0/1 patients had
objective responses. It is worth noting that one responder had a MHI-high/TMB-high
tumor (the other was not evaluable) whereas none of the non-responders had microsatellite
instability or high tumor mutational burden. Median PFS was 4.2 months in the IC2/3
group vs. 1.4 months in the IC0/1 subset. Statistical evaluation of the significance of these
results could not be performed due to the very small sample size.

Nivolumab (240 mg IV every 2 weeks until progression or unacceptable toxicity) was
explored in a Japanese phase 2 multicohort open-label trial, including 23 unselected EC [44].
Results have been presented at the ASCO meeting in 2020. ORR was 23%, with a median
PFS of 3.4 months and a 12-month OS of 42%. PD-L1 expression was not predictive of
response and both patients with MSI-H tumors displayed partial response.

A non-randomized phase 2 trial enrolled previously treated recurrent EC in two
cohorts exploring avelumab efficacy [45]. A dMMR/POLEmut cohort of 15 patients and
a pMMR/non-POLEmut cohort of 16 patients. They received avelumab at the dose of
10 mg/kg IV every two weeks for a maximum of 24 months. Most of objective responses
were observed in the dMMR cohort (26.7%) with one complete response (CR) and three
partial responses (PR). The median PFS was 4.4 months in this subset with a 6-month PFS
rate of 40%. Only one patient responded in the pMMR cohort, for a 6-month PFS rate of
6.3%. Exploratory analyses did not identify a predictive biomarker. Among the 25 tumors
with PD-L1 expression evaluated using the tumor proportion score (considered positive if
TPS ≥ 1%), seven (28%) were PD-L1 positive. However, all patients with objective responses
in both dMMR and pMMR cohorts had PD-L1–negative tumors. Tumor mutational burden
and tumor infiltrating lymphocytes were also not correlated to response.

The phase 2 non-randomized PHAEDRA study enrolled 71 patients (36 dMMR and
35 pMMR) with advanced EC [46]. They received durvalumab 1500 mg IV every 4 weeks.
Patients with dMMR tumors should have received less than four prior lines of treatment
but could have been treatment naïve in the metastatic setting, whereas patients with pMMR
disease had to be pre-treated. ORR was 47% in the dMMR population (6 CR plus 11 PR) vs.
3% in the pMMR subgroup. Median PFS was 5.5 months for dMMR cases with a 1-year
overall survival rate of 71% vs. 1.8 months and a 51% 1-year survival rate for pMMR cases.
Sensitivity to durvalumab seemed to be higher for treatment-naïve patients with a 57%
ORR when durvalumab was given as first-line treatment vs. 38% when the PD-L1 inhibitor
was administered in the second-line setting. The PD-L1 combined positive score (22C3
antibody) was negative in most responders.
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Pembrolizumab (anti-PD-1) impact was first assessed in a cohort of the multitumor
phase I KEYNOTE-028 trial [47]. Twenty-four patients with PD-L1 positive EC received
pembrolizumab alone. Three of them (13%) had objective responses, including one case
with POLE mutation. The Keynote-158 trial was a multi-cohort phase 2 study that en-
rolled patients with previously treated metastatic solid tumors. Patients with EC could
be included in two cohorts: cohort D (N = 107) with all EC and cohort K with MSI-H
solid tumors [48,49]. Forty-nine MSI-H cases (21% of the whole study population) were
enrolled in both cohorts. Patients received pembrolizumab (PD-1 inhibitor) every three
weeks for a maximum of 35 cycles. ORR was 11.2% in cohort D and 57.1% for MSI-H
tumors (45.5% of 11 patients in cohort D and 60.5% of 38 patients in cohort K). Among
MSI-H cases, less than 25% (11 cases) displayed progression as best responses. Median
duration of response was not reached with 89% of responders still in response at one
year. One-year PFS and OS rates were 58.4% and 73.5%, respectively. According to these
results, and that of other cohorts of this study, pembrolizumab obtained FDA approval
for all unresectable or metastatic dMMR/MSI-H solid tumors, irrespective of localization,
with progression following treatment, and for which there were no satisfactory alternative
treatment options [55]. Response according to PD-L1 expression was not described.

The GARNET trial is an open-label uncontrolled multi-cohorts phase 1 trial exploring
the impact of dostarlimab (PD-1 inhibitor) in various tumor types. The A1 (dMMR) and
A2 (pMMR) cohorts of the expansion phase enrolled patients with previously treated
EC [50,56]. They receive dostarlimab at the dose of 500 mg IV every 3 weeks for four doses,
then 1000 mg IV every 6 weeks until disease progression. Efficacy data have been presented
for 103 dMMR and 142 pMMR EC. ORR were 44.7% and 13.4% in dMMR and pMMR
cohorts, respectively. Disease control rate was 57.3% and 35.2% in each cohort. Median
duration of response has not been reached in both cohort, with 89% of responders still
in response in the dMMR subgroup. PFS and OS data are not yet available for this trial,
as well as efficacy according to PD-L1 expression. FDA and EMA approvals for dMMR
recurrent EC were obtained in April 2021.

No new safety signal was identified in these trials, without any treatment-related
death. Eleven to nineteen grade 3 treatment-related adverse events were observed. Immune
related adverse events (AEs) were mainly dysthyroidism and digestive disorders.

3.2. PD-(L)1 Inhibitors-Based Combinations

Due to the complexity of immune response activation and the various mechanisms
leading to resistance to PD-(L)1 inhibitors, combination strategies were developed to obtain
synergistic benefits or to reduce primary or secondary resistance. In order to inhibit other
immune checkpoints, combos with CTLA-4, TIGIT, IDO, and PVRIG are under early clinical
evaluations (NCT03015129, NCT04570839, NCT04106414, NCT03667716) [57], and future
data will provide insights about their clinical utilities in this setting.

The most advanced combinations explore angiogenesis and PARP inhibitors in the
recurrent setting, and chemotherapy in the first-line setting.

3.2.1. Angiogenesis Inhibitors

Angiogenesis-inhibiting drugs are described as having a synergistic effect with
ICI, by decreasing hypoxia, which is correlated with myeloid cell activation; enhanc-
ing T cells spreading to the tumor microenvironment; and favoring lymphocyte
activation [58,59]. Combinations with ICI have, thus, been developed to limit primary
resistance to immunotherapy.

Lenvatinib is an oral multityrosine kinase inhibitor targeting VEGFR among other pro-
teins. Firstly developed as monotherapy in thyroid cancer and hepatocellular carcinoma, it
is currently widely explored in other solid tumors in combinations with ICI. Concerning
EC, the first evidence of activity has been observed in association with pembrolizumab
in the KEYNOTE-146 study, a phase Ib/II multicohort trial [51]. One hundred and eight
previously treated patients with EC were enrolled, including 11 with dMMR tumor and
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94 MMRp cases. They received pembrolizumab 200 mg every 3 weeks and lenvatinib
200 mg once daily. ORR at week 24 (primary endpoint) was 38% in the whole population,
36.2% for MSS tumors, and 63.6% in the MSI-H subset. Seven (7.3%) patients experienced
complete responses and 28 (29.8%) partial responses in the MSS cohort. Responses were
observed in all histologic subtypes. Median duration of response was not reached in this
cohort. Outcome seemed better than in historical cohorts with 7.4 months and 16.4 months
of median PFS and OS, respectively. PD-L1 status was determined by the 22C3 assay, with
49% of PD-L1 positive tumors. Treatment efficacy did not depend on PD-L1 expression, as
35.8% of patients with PD-L1-positive tumors and 39.5% of patients with PD-L1-negative
tumors had objective responses, respectively. Concerning safety, the combination led to
more adverse events than pembrolizumab alone with grade 3–4 AEs for 66.9% of patients.
Immune-related AEs were observed for more than half (57.3%) of the patients, but mostly
concerned dysthyroidism (47.6%). Angiogenesis inhibition-related toxicities were frequent
with 32.4% grade 3–4 hypertension. Twenty-two patients (17.7%) discontinued at least
one of the drugs because of AEs, and dose interruptions were necessary for 70.2%. These
results led the FDA to grant accelerated approval for this combination for the treatment
of patients with MSS/MMRp advanced endometrial carcinoma, who have disease pro-
gression following prior systemic therapy, but are not candidates for curative surgery or
radiation. A phase trial assessing this combination to physician’s choice chemotherapy
(paclitaxel or doxorubicin) in the same setting is ongoing ([52], NCT03517449). Patients
are stratified according to their MMR status; and MMRp cases are stratified according
to ECOG performance status, geographic region, and priori history of pelvic radiation.
Interim results of co-primary endpoints (PFS and OS) have been presented very recently
[Makker V, et al. Abstract 11512. Society of Gynecologic Oncology Annual Meeting on
Women’s Cancer; 2021]. Median PFS was 7.2 months for the combination versus 3.8 months
in the chemotherapy arm in the whole population (HR = 0.56 (95CI 0.47–0.66), p < 0.0001)
and 6.6 versus 3.8 in the MMRp subset (HR = 0.50 (95CI 0.40–0.72), p < 0.0001). Results
were similar concerning OS with more than 5 months of median OS improvement in the
experimental arm for MMRp tumors (17.4 vs. 12.0 months; HR = 0.68 (95CI 0.56–0.84),
p = 0.0001). Moreover, the pembrolizumab–lenvatinib combination is also explored in the
first-line setting in the ongoing ENGOT-en9 phase III study [60]. Newly diagnosed stage
III–IV EC are randomized (1:1 ratio) between the combo and the carboplatin-paclitaxel
regimen. Co-primary endpoints are PFS and OS (Table 2).

In a 2/1 ratio randomized phase II study for pretreated advanced EC, 76 patients (with
only two MSI-H cases) received nivolumab alone or in combination with cabozantinib [53].
Median PFS was statistically higher in the combination arm: 5.3 months versus 1.9 months
with nivolumab alone. An exploratory cohort with 9 carcinosarcoma and 20 patients
previously treated with ICI was also presented. Only one patient with carcinosarcoma
responded to treatment and six in the prior ICI subgroup. Digestive disorders (47.2%),
transaminases increase (44.4%, and fatigue (8.9%) were the most frequent adverse events
in the cabozantinib arm.

Others multikinase angiogenesis inhibitors (lucitanib, anlotinib) are under investiga-
tion in association with anti-PD-1 agents in a single-arm phase II trials for pretreated EC
(NCT04042116, NCT04157491).

Efficacy of bevacizumab, a well described VEGFR inhibiting monoclonal antibody,
has been widely assessed for EC treatment in the last 10 years. Used as monotherapy after
platinum-failure, only few (13%) objective responses were observed, with a 6-month PFS
of 40% [64]. Similar results were obtained in combination with the mTOR-inhibitor tem-
sirolimus [65]. In the first-line setting, addition of bevacizumab to the standard carboplatin-
paclitaxel regimen did not bring any survival benefits compared to chemotherapy alone [66].
Nevertheless, due to the potential synergistic effect of this drug in combination with ICI, be-
vacizumab is currently explored in combination with atezolizumab in a phase II single-arm
trial planned to enroll 55 patients with previously treated advanced EC (NCT03526432).
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Table 2. Ongoing prospective clinical studies with combinations including immune checkpoints inhibitors.

Drugs Study Design N
Primary

Objectives
Reference, NCT

First-line setting

Pembrolizumab–lenvatinib vs.
carboplatin–paclitaxel Randomized ph 3 875 PFS + OS EnGOT-en9 [57]

NCT03884101

Carboplatin–paclitaxel +
pembrolizumab/placebo Randomized ph 3 220 dMMR

590 pMMR PFS NRG-GY018
NCT03914612

Carboplatin–paclitaxel +
atezolizumab/placebo Randomized ph 3 550 PFS + OS AtTEND [61]

NCT03603184

Carboplatin–paclitaxel +
dostarlimab/placebo Randomized ph 3 470 PFS RUBY [62]

NCT03981796

Carboplatin–paclitaxel +
avelumab/placebo Randomized ph 2 120 PFS MITO END-3

NCT03503786

Carboplatin–paclitaxel +
durvalumab/placebo +

olaparib/placebo
Randomized ph 3 699 PFS DUO-E [63]

NCT04269200

Pretreated advanced EC

Lucitanib + nivolumab Multicohort non-randomized ph 2 227 not limited to EC ORR NCT04042116

Anlotinib + anti-PD-1 Non-randomized phase 2 23 ORR NCT04157491

Atezolizumab + bevacizumab Non-randomized phase 2 55 ORR NCT03526432

Atezolizumab + bevacizumab
+ rucaparib Non-randomized phase 2 30 ORR ENDOBARR

NCT03694262

Dostarlimab + niraparib Non-randomized phase 2 44 CBR NCT03016338

Durvalumab + tremelimumab
+ olaparib

Multicohort non-randomized ph 2
limited to HRD solid tumors

270
not limited to EC PFS GUIDE2REPAIR

NCT04169841

Pembrolizumab +
hypo-fractioned radiotherapy

+ immunomodulatory cocktail
Randomized phase 2 43 uterine cancer 26W-ORR PRIMMO

NCT03192059

NP137 + pembrolizumab
and/or carboplatin/paclitaxel Non-randomized phase 1b/2 240 uterine carcinoma ORR GYNET

NCT04652076

Ataluren + pembrolizumab Non-randomized phase 1b/2 47 EC or CCR ORR NCT04014530

Mirvetuximab soravtansine
+ pembrolizumab Non-randomized phase 2 35 pMMR ORR + PFS NCT03835819

Abbreviations: PFS, progression-free survival; OS, overall survival; ORR, overall response rate; CBR, clinical benefit rate; EC, endometrial
cancer; HRD, homologous recombination deficiency.

3.2.2. PARP Inhibitors

PARP inhibitors were developed in the last years, mainly in several tumor types
with homologous recombination deficiency, notably with BRCA1/2 mutations [67–74].
These drugs are thought to be able to enhance ICI activity via various pathways [75]. By
altering DNA repair mechanisms in cancer cells, they probably enhance the number of
genomic alterations (also known as tumor mutation burden) that is a surrogate marker
of ICI efficacy [76]. Moreover, double-strand breaks repair decrease also leads to the
ATM–ATR–Chk1 pathway, resulting in PD-L1 upregulation, which may make higher
the impact of PD-L1 blockades [77]. Cancer development is frequently associated with
chronic inflammation driven by interferon (IFN) production. However, PARP inhibitors
also enhance IFN production via the cGAS–STING pathway [78]. This pathway is activated
by the accumulation of cytoplasmic double-strand DNA. STING activation induces type I
IFN synthesis TBK1 and IRF3. As type I IFN is involved in regulation of multiple immune
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cell types, including DCs, NK cells, and T cells, this could enhance ICI impact. Some early
phase studies were launched during the last years to explore these hypotheses.

The Dana–Farber Institute is currently sponsoring a phase II multicohort trial, in-
cluding 35 MSS cases receiving avelumab (PD-L1 inhibitor) in association with the PARP
inhibitor talazoparib (NCT02912572). Preliminary results of this cohort were presented
at the 2020 ESMO meeting [54]. Thirty-five patients with pretreated advanced EC have
been included. Only three of them had partial response (ORR = 8.6%) including one of
12 serous tumors. Six-month PFS was 25.8%. Most common grade 3–4 toxicities were
hematological disorders with anemia (45.7%), thrombocytopenia (28.6%), and neutrope-
nia (11.4%). Following the same biological basis, another PARP inhibitor (niraparib) is
explored in combination with dostarlimab in a Canadian cohort of 44 pretreated advanced
EC (NCT03016338).

In the non-randomized phase II ENDOBAAR trial, 30 patients with previously treated
advanced EC are receiving a triplet with bevacizumab, atezolizumab, and the PARP in-
hibitor rucaparib (NCT03694262). Efficacy of the combination will be assessed by estimating
the ORR.

Patients with advanced EC harboring homologous recombination genes mutations
are currently enrolled in the multicohort GUIDE2REPAIR trial [79]. This non-randomized
phase II study will explore the combination of dual blockade with durvalumab and the
CTLA-4 inhibitor tremelimumab with olaparib (PARP inhibitor).

3.2.3. Chemotherapy

Cytotoxic agents are the corner stone of cancer treatment since the 1950s with huge
successes for chemosensitive diseases, such as testicular cancer. However, despite adminis-
tration of multidrug regimen or use of high-dose treatments, chemotherapy only brings a
short survival improvement in most metastatic solid malignancies. Chemotherapy action
is based on cell-cycle arrest induced by DNA alterations by replication or nucleotides
synthesis inhibition or by mitosis inhibition. However, primary and secondary resistances
nearly always occur because of emergence of new genetic and epigenetic alterations or
upregulation of multidrug transporters. New paradigms appear to combine cytotoxic
chemotherapies to other anticancer treatments. Concerning immunotherapy, several ob-
servations have been made suggesting that chemotherapy may enhance ICI efficacy. First,
some cytotoxic drugs can induce immunogenic cell death. For instance, apoptosis resulting
from the action of platinum and alkylating agents seems to be the best candidate for CD8 T
lymphocytes activation via various mechanisms that are detailed elsewhere [80]. Secondly,
chemotherapy can help to deplete immune response inhibiting cells, such as Tregs, MDCSs,
and protumoral macrophages [61–63]. Third, chemotherapy may induce a homeostatic
proliferation of T cells by inducing lymphopenia [81]. Lymphotoxic chemotherapy may
help reshape the T-cells repertoire by favoring differentiation to tumor-killing T cells. Fi-
nally, chemotherapy can help reduce the tumor burden. Tumor volume is indeed correlated
with immune response efficacy. Large tumor masses are more immunosuppressive than
small cancers, and antitumor immune response is likely to be more effective on small
volume tumors [82].

No relevant preliminary data have been published so far concerning the associations
of immunotherapy and chemotherapy for advanced EC. However, several phase III tri-
als are ongoing for patients treated in the first-line setting (Table 2). The NRG-GY018
study is comparing carboplatin (AUC5-6 every 3 weeks), plus paclitaxel (175 mg/m2

every 3 weeks), plus placebo to the same chemotherapy regimen with pembrolizumab
(NCT03914612). It is of note that pembrolizumab may be continued until 5 years after
inclusion. The control arm of the AtTEnd/ENGOT-en7 study is the same as above, and
is compared to the combination of chemotherapy and atezolizumab (NCT03603184) [83].
Patients included in the RUBY study are treated with the same chemotherapy regimen
plus dostarlimab (NCT03981796) [84]. We can also cite the Italian MITO END-3 phase 2
randomized study evaluating the same chemotherapy regimen associated with avelumab
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or placebo (NCT03503786). Finally, DUO-E is a phase 3 randomized trial assessing the
combination of carboplatin–paclitaxel chemotherapy plus durvalumab or placebo and
olaparib or placebo (NCT04269200) [85].

3.2.4. Other Associations

Immune-checkpoint inhibitors are also under investigation with other anticancer
therapeutics used in EC, such as radiation therapy and innovative targeted therapies. Acti-
vation of antitumor immune response by radiotherapy is an old myth known for decades
as the abscopal effect [86]. There is increasing evidence that the association of radiotherapy
with immunotherapy may help to boost immune response, at the irradiated site, but also
in a distant manner [87,88]. Several preclinical and clinical studies are ongoing to explore
efficacy and safety issues related to this combination. Concerning EC, some dedicated
clinical trials have been initiated in both early stage and advanced disease. Pembrolizumab
is assessed in combination with radiotherapy in dMMR high intermediate risk early stage
EC in a multicenter phase III randomized study (NCT04214067). The PRIMMO study is
an ongoing randomized phase II trial evaluating pembrolizumab plus hypo-fractioned
radiotherapy, plus an immunomodulatory cocktail (vitamin D, curcumin, lansoprazole,
aspirin, and low-dose cyclophosphamide) in patients with pretreated advanced uterine
tumors (cervix or endometrial carcinoma and uterine sarcoma) [89]. Primary endpoint is
ORR at week 26.

Netrin-1 is a protein overexpressed in over 80% of uterine tumors. Netrin-1 up-
regulation is a mechanism to allow escape from apoptosis [90]. In early clinical studies,
NP137, a monoclonal antibody that targets this protein, showed promising response rates
in a not yet published first in a human study (NCT02977195). Moreover, some preclinical
data suggest that it may decrease resistance to chemotherapy and ICI [91]. A phase Ib/II
study was recently initiated to assess the combination of NP137 with pembrolizumab
and/or chemotherapy in pretreated patients with locally advanced/metastatic endometrial
carcinoma or cervix carcinoma (NCT04652076). Other combinations with investigational
treatments (ataluren, mirvetuximab soravtansine) are currently evaluated in early phase
trials (NCT04014530, NCT03835819).

4. Conclusions

There is now strong evidence that immune microenvironment modifications and
immune response activation are of high importance for EC. Mismatch repair status has
to be determined for all our patients. Despite its limits to perfectly identify responders
to immune checkpoints inhibitors, MMR deficiency is a recognized theranostic marker
for clinical management of advanced EC. Pembrolizumab and dostarlimab have shown
impressive results in MMR deficient cases, and the association of pembrolizumab and
lenvatinib is becoming a standard of care for pretreated recurrent MMR proficient EC.
However, further advances are needed to understand primary and secondary mechanisms
of resistance to immunotherapy and to implement ICI in the first-line metastatic setting
and in early stage tumors.
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Abstract: Melanomas of the skin are poorly circumscribed lesions, very frequently asymptomatic
but unfortunately with a continuous growing incidence. In this landscape, one can distinguish
melanomas originating in the mucous membranes and located in areas not exposed to the sun,
namely the vulvo-vaginal melanomas. By contrast with cutaneous melanomas, the incidence of
these types of melanomas is constant, being diagnosed in females in their late sixties. While hairy
skin and glabrous skin melanomas of the vulva account for 5% of all cancers located in the vulva,
melanomas of the vagina and urethra are particularly rare conditions. The location in areas less
accessible to periodic inspection determines their diagnosis in advanced stages, often metastatic.
Moreover, despite the large number of drugs newly approved in recent decades for the treatment of
cutaneous melanoma, especially in the category of biological drugs, the mortality of vulvo-vaginal
melanomas has remained almost constant. This, together with the absence of specific treatment
guidelines due to the lack of a sufficient number of cases to conduct randomized clinical trials, makes
melanomas with this localization a discouraging diagnosis, associated with a very poor prognosis.
Our aim is therefore to draw attention to this oftentimes overlooked entity in order to encourage
the community to employ various strategies meant to increase research in this area. By highlighting
the main risk factors of vulvar and vaginal melanomas, as well as the clinical manifestations and
molecular changes underlying these neoplasms, ideally novel therapeutic schemes will, in time, be
brought into effect.

Keywords: vulvar melanoma; vaginal melanoma; targeted therapy; gynecological cancer; melanoma treatment
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1. Introduction

Melanoma is an extremely aggressive tumor with a high metastatic rate, whose
diagnosis in advanced stages was associated, until a decade ago, with minimal chances
of survival [1]. It is a tumor originating in melanocyte cells which are formed during
embryogenesis from the neural crest of the trunk [2]. Melanocytes come from progenitor
cells with a high migration capacity. This migratory capacity explains why they are
distributed and present at the level of a large number of structures: the skin—the basal
layer of the epidermis (with an important role in the uniform pigmentation by forming
epidermal–melanin units)—the inner ear, gastrointestinal tract and the nerve structures [3].
The incidence of melanoma has seen a spectacular increase in the last two decades, with
over 300,000 new cases in 2018, the most affected countries being Australia and New
Zealand (over 33 cases/100,000 inhabitants), the average age of onset of melanoma being
65 years old [4,5]. Regarding the distribution according to sex, in the case of melanomas
discovered in adulthood, there is a predominance of cases in males, with a reversal of the
phenomenon for melanomas diagnosed between 15–39 years, over 60% of cases appearing
in the female population [6,7]. An interesting phenomenon was observed in the young
population diagnosed with melanoma, the cases experiencing an alarming increase between
1999–2006, with a decrease in the next 10 years, dynamics overlapping with the increasing
popularity of photoprotection methods and awareness of the danger posed by tanning
beds exposure [6,8]. Due to the poorly associated prognosis determined mainly by the
discovery of melanoma in advanced stages, melanoma remains the skin cancer with the
highest mortality, the 5-year survival rate being less than 80% and depending on the
degree of local tumor extension, lymphatic invasion, and presence of metastases [9,10].
Although dermatoscopic evaluation has become essential in pigmentary lesions screening,
the diagnosis of melanoma is difficult even for experienced dermatologists, the clinical and
dermatoscopic appearance presenting a great variability and sometimes even possessing
misleading histological aspects that can lead to false-negative results [9,11,12].

Melanomas with genital location are included in the category of rare neoplasms,
vulvar and vaginal melanomas totaling less than 1–2% of all melanomas diagnosed in
females [13,14]. Vulvar melanoma represents approximately 5% of all cancers located in the
vulva, being more common in adulthood (average age is 68 years) [15,16]. Between 2.5 and
4.5 patients/100,000 inhabitants are affected each year by vulvar cancer, melanoma with
this location being among the top four most common vulvar cancers, the most frequent
being squamous cell carcinoma (over 75% of cases versus 5.6% for melanoma) [17,18].

On the other hand, vaginal melanoma is even a rarer condition, accounting for less
than 0.05–0.1% of genital neoplasms [19]. The average age of onset is lower than in the
case of vulvar melanoma (57 years), and the prognosis is much worse, less than a third of
patients surviving 5 years after diagnosis, despite the correct instituted treatment [20]. In a
study performed on 1400 patients with vulvar melanoma and 463 with vaginal melanoma,
Wohlmuth et al. highlight the occurrence of the former at a significantly younger age
(p < 0.001) [21].

Unlike cutaneous melanoma, which is much more common in Caucasians, the fre-
quency of vulvar and vaginal melanomas has very little variability related to race, but there
is a slight increase in frequency in Whites (3.14 vs. 1.02: 1) [22]. This increase is statistically
significant for vulvar melanoma, but not for those with vaginal localization (p < 0.001) [21].

Particular attention has been paid in the last years to the necessity of avoiding sun ex-
posure using screen protective agents, periodic self-examination of pigmented lesions and
periodic dermatoscopic surveillance of potentially evolving lesions, these being considered
the most important methods to decrease the incidence and mortality of melanoma [23].
However, the genital area is often overlooked as a possible site of melanoma and other skin
cancers, both by patients and doctors. Yet, melanoma with localization in the vulva and
vagina is characterized by increased severity especially due to late diagnosis, most often in
metastatic stages [18]. Moreover, the therapeutic means used in cutaneous melanomas are
of little use in the treatment of melanomas with vulvar and vaginal localization, mortality
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having high values and not changing considerably in the last three decades (5-year survival
rates vary between 10% and 63%) [17,24–26]. Thus, the present review aims to highlight
the main risk factors identified in the occurrence of vulvar and vaginal melanomas, clin-
ical manifestations, molecular changes underlying these neoplasms, as well as the main
therapeutic means and their effectiveness in terms of survival.

2. Risk Factors

Melanoma, like most neoplastic pathologies, is a multifactorial disease, its occurrence
being related to interactions between environmental and host factors, thus appearing as
a consequence of genetic and epigenetic modifications that eventually lead to alteration
of regulatory processes [27]. Although a number of risk factors involved in the etiopatho-
genesis of the disease have been identified for cutaneous melanoma, such as intermittent
exposure with increased intensity to ultraviolet (UV) radiation, history of sunburns (more
common at high latitudes), the presence of atypical nevi, specific skin phenotype (lightly
pigmented skin, with light eyes, blond or reddish hair, presence of freckles), family history
with specific genetic changes that alter the ultraviolets repair of melanocytes subjected to
UV radiation, the use of Psoralen and Ultraviolet A therapy (PUVA) for a long time (over
15 years after exposure), the etiopathogenic mechanisms for vulvar and vaginal melanomas
are not yet elucidated, and no specific factors involved in their occurrence have been
identified [17,28–32]. Moreover, in a study published by Heinzelmann-Schwartzet et al.,
the onset of vulvar melanoma was regarded as spontaneous, de novo, with changes in a
single melanocyte cell being enough to trigger the process of oncogenesis and determine
the formation of melanoma [17].

However, there are studies that show a greater association between mucosal melanomas
in general, and vaginal and vulvar melanomas in particular, and certain factors:

Sex. The female gender appears to be a risk factor for mucosal melanomas in gen-
eral, which are twice as common as in men, compared to cutaneous melanomas whose
distribution is similar between the two sexes [33].

Age. Vulvar melanoma is a disease that has an average age of onset of 68 years old,
the risk of onset increasing with age (the number of cases increases from 0.11/1 million
inhabitants for 15–29 years range, to 3.5/1 million inhabitants for those over 60 years
old [34,35]). In contrast, cutaneous melanoma has a maximum incidence around the fourth
decade of life [35].

Family history of cutaneous melanoma appears to be a risk factor for vulvar melanoma [36].
Ethnicity also seems to play an important role in the evolution of melanomas with

genital localization and in their prognosis. Even if the association is not as strong as in the
case of cutaneous melanomas, vulvar and vaginal melanomas are three times more common
in the white race (p < 0.001) [22]. However, the prognosis has an inverse association, the
mortality being much higher among the African population [37].

Lichen sclerosus is a precursor lesion of squamous cell carcinoma of the genital area
which appears in its evolution in a percentage of approximately 5%, the causal link between
the two pathologies being well known. Regarding the occurrence of vulvar melanoma in
patients with lichen sclerosus, while a causal link has not been clearly established, although
the number of reported cases is quite small, an increased incidence of vulvar melanoma
has been observed among these patients (relative risk = 341) [38,39].

UV radiation. Though vulvar melanoma does not occur in photo-exposed areas, some
studies suggest the indirect involvement of UV radiation in the pathogenesis of vulvar
melanoma, through alterations of the immune response that favor modifications of the path-
ways involved in oncogenesis. However, it is important to note that the role of radiation in
the pathogenesis of the disease is significantly lower than in skin melanoma [34].

Although the Human Papilloma Virus (HPV) is known for its roles in the develop-
ment of benign (condyloma acuminata) and malignant tumors (invasive squamous cell
carcinoma, anorectal cancers, penile cancers, squamous vaginal cancers) with genital local-
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ization, there is yet no mechanism to demonstrate its involvement in melanoma. There is no
evidence that the HPV infection elevates the risk of vulvar or vaginal melanomas [32,40–42].

3. Clinical Manifestations

Unlike cutaneous melanoma which is most frequently distributed on photo-exposed
areas (face, trunk, lower limbs) making it possible to diagnose it from early stages, vulvar
and vaginal melanomas have origins that are generally overlooked by frequent inspection,
the anatomical position of the lesion being the main reason for its late diagnosis and poor
prognosis [43]. Melanomas of the vulvar region can occur in a variety of sites starting from
the hairy skin of the labium majus to the introitus (Figure 1). The most common sites are
the clitoris, the labia majora, and the labia minora, and in most cases, multiple tumors can
be detected [34,44,45].

Vulvar and vaginal melanomas are pigmented lesions with variable diameters (gener-
ally over 7 mm), with macular (most frequently), papular or nodular appearance, most often
asymmetrical and with an inhomogeneous appearance in terms of pigmentation [44,46,47].
There are also reports in the literature of cases with amelanotic manifestations of genital
melanomas, especially at the vaginal level [20,48]. The first case of genital melanoma
was described in 1861 in a 35-year-old patient who presented with multiple pigmentary
lesions and evolved with neurological and digestive symptoms in the context of multiple
secondary determinations and, subsequently, exitus [49]. Since then, multiple cases of
vulvar and vaginal melanomas with various clinical, dermatoscopic aspects, and symptoms
have been depicted in the literature (for additional details see [16,20]).

As it is a rare pathology, most of the clinical data presented in the literature are
obtained from isolated case presentations or case series, most of which highlight the
presence of genital bleeding, a palpable, white-gray color mass, itching, dyspareunia,
yellow genital secretions, and local pain [50–54]. Cases that mention the presence of
painless masses are also reported [55]. Most of the cases presented depict the tumor in the
labia minora. The diagnosis is generally late, with half of the patients being diagnosed in
advanced stages, with the invasion of deep structures [56].

Figure 1. Most common sites for vulvar melanomas [15,36,47,57–59].

Although not so numerous and generally on small patient samples, there are prospec-
tive or retrospective clinical studies and meta-analyses that have highlighted the main
clinical manifestations and the most common sites of vulvar and vaginal melanomas, which
are further illustrated in Table 1.

Regarding the dermatoscopic examination, it is characterized by asymmetrical, ir-
regular aspects, both in terms of contour and pigmentation, lacking a clear structure. In
addition, multiple cases report the presence of blue-gray or white-gray areas and globular
punctiform black-brown structures [45,58].
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Table 1. Clinical findings in melanoma of the vulva and vagina [15,26,36,47,57–60].

Number
of Patients

Tumor
Localisation

Main Signs
and Symptoms

Others Signs
and Symptoms

References

51 Labia minora Pain, Palpable mass, Genital
bleeding, Pruritus Dysuria, Ulceration [57]

20 Labia majora Genital bleeding, Pruritus,
Palpable mass

Pain, Dysuria, Unhealing sore,
Urinary difficulties [36]

10 Labia majora Pruritus - [47]

11 Not specified Pruritus, Pain, Genital bleeding - [26]

14 Labia minora Pruritus - [58]

31 Vagina Genital bleeding, Pain,
Palpable mass

Abnormal vaginal secretion,
Urinary difficulties [59]

33 Not specified Palpable mass, Genital bleeding,
Pain, Pruritus

Abnormal vaginal secretion,
Dysuria, Dyspareunia, Ulceration [60]

198 Unilateral,
Clitoris Genital bleeding, Pain, Pruritus - [15]

4. Histological Aspects

Melanoma may arise de novo or within an existing benign or dysplastic nevus. Lesions
usually measure between 2–4 mm in thickness and are frequently ulcerated. In addition
to this clinical aspect that raises the suspicion of a malignant lesion, histopathological
examination is absolutely necessary to establish the diagnosis.

4.1. Macroscopic Examination

The distribution of melanomas on the skin can be at any level, therefore areas not ex-
posed to the sun should not be neglected, which is practically the case of vulvar melanomas.
Considering that vulvar melanomas often appear in older women, they should be advised
to self-examine with a hand-held mirror [13]. The first step in examining pigmented nevi,
moles, and brown spots and growths is to apply the ABCDEs rule and the Ugly Duckling
sign (although not applicable for vulvar melanomas) [61]. As for the rest of the skin, vulvar
melanomas are black or dark brown, but may also vary from white, pink, red, to other
colors [13,62,63].

The ABCDE rule refers to the main macroscopical aspects taken into consideration
when assessing cutaneous lesions, namely Asymmetry (the two halves of the mole are
not identical), Border irregularity (edges are ragged or notched), Color variation (shades
of tan, brown, or black and sometimes patches of red, blue, or white), Diameter (>6 mm
or >1/4 inch) or Dermoscopic structure, and Evolution (Figure 2) [64]. The same rule
can be regarded from a histological point of view, thus becoming the ABCDE(FG) rule,
which refers to Asymmetry (silhouette and color imbalance), Buckshot scatter (pagetoid
distribution), Cytological atypia, Deep mitosis, Enclosing lymphocytes, Fibrosis, and
Gainsaying (=no) maturation [65].

Another step in the diagnosis of vulvar melanoma is dermoscopy, which facilitates
early detection based on the identification of a lesion with irregular dots, multiple colors
(black, blue, brown, pink, gray, and white), a blue-white veil, and atypical vessels [66].
When the lesion is assessed and determined as suspicious, the next step is to determine
the most important factor for the future evolution and prognosis—the vertical depth of
invasion [67]. Therefore, the most effective way to assess the local invasion is the sampling
of the lesion. The evolution of melanoma depends on the correctness and accuracy of the
biopsy technique. Thus, two types of biopsies of suspicious formations are described: an
excisional biopsy that removes the entire lesion, and an incisional biopsy, which removes
only a portion from the suspicious cutaneous lesion [68]. Excision biopsy is considered the
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gold standard in the correct diagnosis of melanomas, and has the advantage of providing
accurate microstaging [69].

 

Figure 2. ABCDE evaluation of a pigmentary skin lesion [64].

The 7th edition of The American Joint Committee on Cancer (AJCC) Cancer Staging
Manual published in 2009 was the first to give up the Clark score, which was largely
based on the level of anatomical invasion in the skin layers [70]. Further on, the 8th AJCC
edition on melanoma staging and classification relies on the Breslow thickness in order
to establish the depth of invasion, so as to accurately assign a stage based on the classical
tumor, node, metastasis (TNM) scores [71]. Additionally, this latest edition specifies that
tumor depth should be measured to the nearest 0.1 mm instead of 0.01 mm, in order to
improve precision [72]. Although there is not yet a standardized and unanimously accepted
staging of vuvar melanomas, the Gynecologic Oncology Group (GOG) recommends the
use of the AJCC staging manual instead of the International Federation of Gynecology
and Obstetrics (FIGO) system, in spite of the several uncertainties that still persist [18].
Specifically, while generally regarded as mucosal tumors, the molecular characteristics
of vulvar melanomas differ from those of both cutaneous and mucosal melanomas in
terms of mutational signatures, thus prompting some authors to consider them a unique
subclass [21,73].

4.2. Microscopic Examination

From a cytological point of view, melanoma cells are of two types: epithelioid and
spindle cells. The epithelioid type is characterized by large, round cells with abundant
eosinophilic cytoplasm. They have vesicular nuclei with coarse irregular chromatin with
peripheral condensation (pattern known as “peppered moth” nuclei). This cell type is
most commonly found in nodular and superficial spreading melanomas. The stromal com-
partment is accompanied by a variable inflammatory infiltrate (brisk, non-brisk, absent),
irregular distribution of the pigment, and dermal fibrosis.

4.3. Histological Subtypes of Melanoma

The class of tumors known as melanoma contains numerous histological subtypes
that are not often considered of the utmost importance to clinicians or patients, especially
in terms of prognosis [74]. Histopathological characteristics of the gynecological melanomas
should be interpreted in the context of other clinical diagnostic criteria and macroscopic data.
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Superficial spreading melanoma (SSM) is the most common subtype, characterized
by asymmetrical proliferation of atypical melanocytes. Individual melanocyte units are
distributed at the dermo-epidermal junction and are characterized by the presence of large
pagetoid areas (>0.5 mm2) [75].

Lentigo maligna melanoma (LMM) is characteristic for elderly patients repeatedly
exposed to chronic sun damage. Melanocytes arranged in solitary units along the dermo-
epidermal junction are organized in small nests (lentiginous pattern), sometimes the nests
being horizontally confluent and variable in size and shape (nevoid/dysplastic-like pattern).
Dermal invasion of atypical melanocytes is frequent, as well as the extension into the hair
follicles [76].

Acral lentiginous melanoma (ALM) is more common in the Afro-Asian population,
on palms and soles, and involves the eccrine glands excretory ducts [77].

Nodular melanoma (NM) is considered the most aggressive form, and grows in depth
rather than in diameter, so that the ABCDE rule does not apply [78]. It is characterized by
a nodular dermal proliferation of atypical melanocytes.

Regarding vulvar melanomas, a retrospective study based on 43 patients, performed
by DeMatos et al., showed that most of the mucosal melanoma lesions (vulvar, vaginal,
and cervical) were not classified (33%), while the rest were acral lentiginous (30%), or su-
perficial spreading melanoma (26%). Unclassified tumors were either nodular or polypoid
melanoma [79].

The most common vulvar melanomas subtypes are mucosal lentiginous and nodu-
lar melanoma. The characteristic microscopic aspects are represented by impairment
of the epidermis, pagetoid spread of melanocytes, or melanocytes organized in nests
(Figures 3 and 4) [80]. Usually, melanocytes are variable in size and shape, and are some-
times localized within lymphovascular spaces. Furthermore, they can frequently become
confluent and lack maturation, showing atypical mitoses and increased apoptotic activity
(Figures 5 and 6) [81]. The presence of an ulcerated tumor is associated with a poor prognosis.

 

Figure 3. Vaginal melanoma. Vaginal squamous epithelium with areas of ulceration. In lamina pro-
pria one can observe tumoral cells organized in nests. Hematoxylin-eosin stain, original magnification
×4 (histological image courtesy of dr. Ileana Popa).
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Figure 4. (A) Vaginal melanoma. Tumor cells organized in nests, some fusiform-looking cells (Hematoxylin-eosin stain,
original magnification ×10.) (B) Vaginal melanoma. Epithelioid-looking malignant cells in lamina propria outlooking a nest
disposition, abundant eosinophilic cytoplasm. Hematoxylin-eosin stain, original magnification ×20 (histological image
courtesy of dr. Ileana Popa).

  

Figure 5. (A) Vaginal melanoma. Tumoral cells filled with melanin organized in nests at the epithelium-lamina propria junction—
pathognomonic for the diagnosis, original magnification ×20. (B) Detail showing haphazardly distributed atypical melanocytes
in lamina propria original magnification ×40 Hematoxylin-eosin stain (histological image courtesy of dr. Ileana Popa).

  

Figure 6. (A,B) Vaginal melanoma. Arrows—Nuclear mitoses—original magnification ×40.Hematoxylin-eosin stain
(histological image courtesy of dr. Ileana Popa).
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5. Immuno(cyto)histochemistry in the Diagnosis of Melanoma

The criteria described above are imperiled by subjective interpretations, lacking objec-
tivity, and reproducibility. Moreover, melanomas are able to mimic a lot of other malignan-
cies with epithelial, hematologic, mesenchymal, and neural origin, such as lymphomas,
carcinomas, neuroendocrine tumors, and sarcomas [82]. Therefore, immunocytochemistry
(IHC) is a step most often necessary in the correct evaluation of a melanocytic suspect lesion
in patients with underlying hematological pathologies or with solid cancers with frequent
skin metastasis. Immunohistochemistry can show its utility in the differential diagnosis of
vulvar soft tissue lesions, i.e., Paget disease, which can mimic melanoma [83]. In addition,
IHC is less expensive by comparison with electron microscopy, which can bring addi-
tional information for melanoma cells containing melanosomes and other ultrastructural
particularities which are not present in Paget disease.

Melanomas are usually immunoreactive for Melanoma antigen recognized by T-cells-1
(MART-1) or melan A, S-100 protein, melanoma-specific antigen (HMB-45), tyrosinase, and
Microphthalmia transcription factor (MITF) [84].

S-100 protein, a sensitive marker for melanocytic differentiation, is considered to have
a sensitivity of 97–100%, but the specificity for melanoma is low since is also expressed on
glial cells, Schwann cells, chondrocytes, lipocytes, dendritic cells, histiocytes [85].

One of the first specific markers that was discovered is HMB45, a marker of the
cytoplasmic pre melanosomal glycoprotein gp100 [86].

Melan A is the most widely used technique for identifying basal melanocytic pro-
liferations, having a more intense and diffuse staining than HMB45 and a specificity of
95–100% [87].

Further on, the Sry-related HMg-Box gene 10 (SOX10) nuclear transcription factor is a
key player in the differentiation of pluripotent neural crest cells into melanocytes. In this
regard, its use as a metastatic melanoma marker has been investigated and found to be
highly specific and sensitive [88].

6. Molecular Characterization

The pathogenesis of genital tract melanomas can mimic that of cutaneous melanoma
developed in areas that are sun-protected, as in the case of vulvar melanomas. Moreover,
other types of mucosal melanomas (e.g., the respiratory and the gastrointestinal tract)
can serve as a model for the development of vaginal or cervical melanomas. Still, there
are gaps in understanding the pathogenesis of vulvar or vaginal melanomas. However,
elucidating the pathways involved in melanoma genesis is a very important step towards
future advanced precision treatment.

Mucosal melanomas represent a challenge in relation to treatment, since, as opposed
to cutaneous melanomas, not only are they detected in more advanced stages, but they are
also less responsive to immunotherapy and lack activating mutations involving dominant
MAP kinases [89,90]. Mutations in KIT, NF1 and SF3B1 genes are more frequently seen
in mucosal melanomas, while alterations to NRAS and BRAF genes are more common in
cutaneous melanomas [91,92]. Female genital tract melanomas can sometimes contradict
the pattern described above. A study involving the whole-genome analysis of 284 patients
diagnosed with mucosal melanoma localized in different sites revealed 10 mutated genes
(Table 2) [93].

A retrospective study performed by Rouzbachman et al. on 33 vulvar and 11 vaginal
malignant melanomas identified by next-generation sequencing analysis, found that the
most frequent mutations were in C-KIT and NRAS genes, while BRAF mutations were
infrequent. The study did not establish a correlation with the prognosis or outcome for
these patients [94].

A more recent study performed by Cai et al. on 19 melanomas of the female genital
tract and paired with 25 cutaneous melanomas, 18 acral melanomas and 11 melanomas of
the nasal cavity, concluded that malignant melanoma of the female genital tract harbors
distinct mutation rates in the KIT, BRAF, SF3B1, KRAS, and NRAS genes. Moreover, this
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location of the melanoma is an entirely distinct entity from skin melanoma and melanomas
of the nasal cavity, while cervix melanomas also have some particularities, and do not
suffer recurrent KIT mutations, or mutations of the NRAS and SF3B1 genes [95].

Because BRAF and NRAS mutations are uncommon in non-cutaneous melanomas,
we can consider that each melanoma subtype depends on a different oncogenetic pathway
for its development. This leads to the idea that it will not benefit from anti-RAF treatment,
although large studies are needed before considering this as a rule. However, in the era of
precision medicine, the importance of driver mutations cannot be neglected, and should
become part of mucosal melanoma routine clinical testing [96].

Table 2. The main mutations that occur in melanomas and their frequency of occurrence [93,97–102].

Mutated Gene Percentage of Mutation (%) Details

NRAS 12/67—17.9%
• codon 61—less involved in mucosal melanomas
• codon 12—more involved in mucosal melanomas
• more frequent in case of metastatic or recurrent melanoma [93]

BRAF 11/67—16.4%
• mostly mutations in protein tyrosine kinase domain
• predominant targeting the hotspot region between amino-acids

594 and 600 [93]

NF1 11/67—16.4%

• are correlated with melanomas developed on high UV exposure
areas [97]

• NF-1 mutation melanomas are more frequently involving female
patients, have a higher Breslow score, and can be associated with
subsequent neoplasia [98]

KIT 10/67—14.9%

• are frequently screened for mutations in exons 9, 11, 13, 17, and 18
• KIT mutations are more frequently involved in vulvar melanoma

than in other types of mucosal melanomas
• single substitutions of an amino acid are the most frequent KIT

mutations, the most common being L576P [99]

SF3B1 8/67—11.9% • more frequently in European ancestry patients
• mostly in primary melanomas [93]

TP53 6/67—8.9% • is correlated with response to immunotherapy with CTLA-4
blockade [100]

SPRED1 5/67—7.4%
• deletion of the SPRED1 gene leads to developing resistance to

MAPK inhibition, so this mutation is essential in evaluating the
choice of treatment [101]

ATRX 4/67—5.9%
• ATRX works as a chromatin remodeler, thus progression of a

melanoma lesion is associated with a reduced expression of ATRX
gene [102]

HLA-A 4/67—5.9% [93]

CHD8 3/67—4.4% [93]

7. Melanoma Stage Description

Detection of a melanoma involving the vulva or vagina associates an essential step: the
exclusion of any kind of metastatic dissemination in places such as mucosal membranes,
skin, or the eyes [102]. Since staging approved for melanomas, in general, cannot be
extended to female genital tract melanomas, there is a great need for dedicated staging.
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Clark classification that stages melanomas regarding their level of invasiveness and
Breslow classification regarding the vertical depth of the lesion are dedicated for cutaneous
melanomas [103–105].

A new and modified Clark classification, named Chung classification, is considered
specific for micro-staging of mucosal melanomas in general (Table 3) [106].

Table 3. Clark and Chung classifications comparative aspects [104–106].

Level of Invasion
Clark Classification—Level of Invasion of Cutaneous

Melanoma
Chung Classification—Level of Invasion

of Mucosal Melanoma

I Lesions involving only the epidermis (in situ melanoma) Tumor confined to the epithelium

II
Invasion of the papillary dermis—does not reach the

papillary-reticular dermal interface
Tumor penetrates the basement membrane

and invades at a depth of <1 mm

III
Invasion fills and expands the papillary dermis but does not

extend to reticular dermis Tumor invades at a depth of 1–2 mm

IV
Invasion into the reticular dermis but not into the

subcutaneous tissue
Tumor invades at a depth of >2 mm, but
without reaching the subcutaneous fat

V
Invasion through the reticular dermis into the

subcutaneous tissue Tumor penetrates the subcutaneous fat

A 25-year study that both encompasses clinical and pathological features of vulvar
melanoma revealed that American Joint Committee on Cancer (AJCC) staging system is
the unique prognostic factor for vulvar melanoma (Table 4) [57]. The AJCC system was
revised in 2017, associating new prognostic factors [72].

Table 4. American Joint Committee—prognostic stage group for melanoma 2017 [57,72].

STAGE T (Tumor) N (Nodules) M (Metastasis)

0 Tis N0 M0

IA T1a N0 M0

IB T1b, T2a N0 M0

IIA T2b, T3a N0 M0

IIB T3b, T4a N0 M0

IIC T4b N0 M0

IIIA T1a/b, T2a N1, N2a M0

IIIB T0 N1b, N1c M0

T1a/b, T2a N1b/c, N2b M0

T2b, T3a N1a-N2b M0

IIIC T0 N2b/c, N3b/c M0

T1a-T3a N2c, N3 M0

T3b, T4a N ≥ N1 M0

T4b N1a-N2c M0

IIID T4b N3 M0

IV Any T, Tis Any N M1

8. Therapeutic Approach

Melanomas with vulvar and vaginal localization represent real challenges in terms of
treatment, not only due to late diagnosis in locally advanced or metastatic stages, but also
due to the absence of specific therapeutic guidelines due to the small number of cases. Thus,
due to the impossibility of gathering a significant number of cases to establish dedicated
guidelines, the guidelines for cutaneous melanoma are often used.
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The main treatment for both vulvar and vaginal melanoma is surgical excision of the
tumor. Clinical experience in the last few decades has shown no significant differences in
survival rates between radical excision and limited excisions with safety margins (Table 5),
so limited resections are currently recommended [32,103]. Pelvic exenteration may be
helpful, but only in carefully selected cases [107].

Table 5. Safety surgical margins in limited resection of vulvar and vaginal melanomas [15,103,107].

Tumor Width Margins Reference

<2 mm 0.5 cm
[103]2 mm 1 cm

>2 mm 2 cm

<1 mm 1 cm
[98]1–4 mm 2 cm

invasion of subcutaneous fat/fascia, any size >1 cm

in situ 0.5 cm
[15]<2 mm 1 cm

>2 mm 2 cm

Surgical excision may be completed in some cases by lymphadenectomy. Literature
data do not provide specific information on the positive impact of lymphadenectomy in
terms of survival, so it is preferred to perform the sentinel node technique in the absence of
clinical involvement of regional lymph nodes, followed by lymphadenectomy in the case
of a positive result [103]. In the case of clinical invasion of the regional lymph nodes, tumor
extension in the adjacent structures, and/or ulceration, lymphadenectomy is recommended,
not preceded by the sentinel node technique, which may or may not be followed by
adjuvant treatment [108,109]. Lymphadenectomy, although a radical intervention, has no
impact on long-term survival, only enabling better local control of the disease [107].

Regarding the utility of radiotherapy, chemotherapy, and immunotherapy, data pre-
sented in the literature are limited, but randomized controlled trials show minimal changes
in survival [107]. Radiotherapy is generally used as neoadjuvant treatment, in case of
impossibility of surgical resection, lymphatic invasion, regional extension, or as pal-
liative treatment [103,110]. Doses of 45–55 Gy are generally used in daily sessions of
1.8–2 Gy/session [103]. The use of radiotherapy in localized forms has been associated
with a decrease in survival [110,111].

Chemotherapy is mainly used as a neoadjuvant treatment or unique therapy, utilizing
the same agents as those used in skin melanoma: dacarbazine and temozolomide, with
dacarbazine being the first Food and Drug Administration-approved drug for melanoma
treatment [103,112]. In addition, chemotherapy represents, together with surgery, the
last therapeutic resource for the treatment of vulvar melanoma diagnosed in advanced
stages [107].

Although on small groups of patients, there are studies showing the effectiveness of
chemotherapy compared to the use of high-dose interferon for stage II vulvar melanoma [107].
Moreover, the use of temozolomide-cisplatin combination as adjuvant therapy in stages
II-III showed statistically significant benefits over the use of interferon-alpha or surgery
in terms of survival (p < 0.01) [109]. The carboplatin–paclitaxel–bevacizumab combina-
tion has been shown to be effective in decreasing tumor volume, thus allowing surgical
resection without the need for further grafting [113]. Chemotherapy is used mainly in
regionally advanced forms or with distant metastases, but the benefits are minimal, the use
of chemotherapy is generally associated with a decrease in overall survival and recurrence-
free survival [110,113]. Up until 2011, only four drugs had been approved for the treatment
of melanoma; currently, their number has reached 30, and this increase is based mainly on
newly emerged molecules from the class of immunotherapeutics or biological drugs [112].

The class of immunotherapeutics includes molecules that interfere with the immune
cascade of carcinogenesis, such as interferon α-2b (IFN α-2b), peginterferon α-2b (PegIFN
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α-2b), interleukin 2 (IL-2), inhibitor of death protein 1 (PD-L1 blockade)–nivolumab, regu-
latory T lymphocyte inhibitors, monoclonal antibodies against cytotoxic T cell antigen 4
(CTLA-4)–ipilimumab [112]. These are especially used in advanced stages (stage III-IV)
of cutaneous melanoma, but for vulvar melanoma, there are not enough clinical data
to demonstrate efficacy in terms of overall survival or disease-free survival. However,
their use doubled in the period 2012–2015 compared to the corresponding previous pe-
riod (p < 0.01), most frequently for regionally advanced forms and those with distant
metastases [110]. IFN α-2b appeared to lead to an increase in disease-free survival in a
randomized clinical trial, while no effects on survival after the use of IL-2 alone or in
combination with peptide vaccines were observed [107]. Albert et al. observed in a study
on 1917 patients with vulvar melanoma (3/4 with localized disease) that the combination
of immunotherapy with local surgery was associated with an increase in overall survival,
although statistically insignificant [110]. On the other hand, the use of immunotherapy in
combination with chemotherapy and biological therapy was associated with a decrease
in overall survival and recurrence-free survival in a study on 48 patients with vulvar and
vaginal melanomas [113]. The same data were supported by Tcheung et al. who did not
find significant differences in overall survival in patients treated with immunotherapy and
chemotherapy [114].

Although targeted therapy has evolved in the last years and significantly improved the
prognosis of patients with cutaneous melanoma, its use in vulvar and vaginal melanomas
is still limited by the different mutagenic profiles involving fewer BRAF mutations and
more c-KIT, NF1 and SF3B1 mutations [91,112]. Thus, monoclonal antibodies such as
imatinib, sunitinib, dasatinib, nilotinib (for c-kit mutations) could have been a promising
option due to a large number of c-kit mutations, but the results are not as good as in the
case of cutaneous melanoma. Imatinib has been shown to reduce tumor size and PET
uptake, as well as the disappearance of metastases in a patient with recurrent vulvar
melanoma and c-kit mutation in exon 13 [115]. There are phase II studies with promising
results for the use of imatinib and dasatinib in patients with mucosal melanomas with c-kit
mutations [107,116]. Cocorocchio et al. also mention a positive response to avapritinib
therapy in a patient with advanced vulvar melanoma with a c-kit mutation in exon 17, who
had a previous negative response to the ipilimumab–nivolumab combination [117].

The prognosis is generally poor, characterized by frequent recurrences (up to 70%),
with a low overall survival (average survival between 15–78 months), and with a recurrence
disease-free interval of up to 64 months [113,114,118–121] (Table 6). The main prognostic
factors are tumor size, lymphatic invasion, Breslow depth, and the presence of ulcerated
lesions [114,122].

Vaginal melanoma is characterized by higher recurrence rates and lower average
survival, requiring wider excisions with complete lymphadenectomy and even pelvic
exenteration [113,121,123,124]. Along with the surgical excision, adjuvant chemotherapy
(dacarbazine) or the combination of targeted therapy (ipilimumab)–radiotherapy have
been mentioned in the literature in isolated case presentations or case series, with favorable
results [113,121]. In the case of the combination of ipilimumab–radiotherapy, it was found
that the administration of radiotherapy in doses of 3000 cGy in 5 fractions was accompanied
by the absence of recurrences compared to radiotherapy in doses of 6020 cGy in 28 fractions
(for isolated cases, no statistical significance was demonstrated in randomized clinical
trials) [113].
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Table 6. Survival rates according to type of treatment [110,114–116,118].

Number of Patients Mean Depth Invasion Management Median Survival (Months) Reccurence Reference

13 Not provided Not provided 15 Not provided [119]

7 8 mm Wide local excision 31 71% [118]

14 3.23 mm

13% Radical surgery and
lymphadenectomy

27% Wide local excision
and lymph node evaluation

53% Wide local excision

Not provided 42% [122]

9 4 mm Radical surgery and
lymphadenectomy 78 32–43% (in

situ) [120]

85 3.2 mm

12.9% Chemotherapy
24.7% Immunotherapy

(IL-2, IFN, vaccine trials)
2.35% Chemotherapy and

Immunotherapy
15.29% Radiotherapy

78.8% Surgery

62.4 Not provided [114]

48 >3 mm

29.58% Wide local excision
and lymphadenectomy

21.42% Radical surgery (8%
pelvic exenteration)

39.6 Not provided [113]

1917 Not provided

95.044% Surgery
10.38% Radiation

9.99% Immunotherapy
5.32% Chemotherapy

Not provided Not provided [110]

9. Conclusions

Vulvar and vaginal melanomas are rare neoplasms, with aggressive evolution, most
often diagnosed in advanced stages. Gynecological melanomas currently represent a dis-
couraging diagnosis due to the absence of specific therapeutic guidelines and management
measures with satisfactory results. Despite the significant development of targeted therapy
that has brought major benefits in the prognosis of cutaneous melanoma, vulvar and
vaginal melanoma have a low response to these therapies due to the presence of different
mutagenic profiles. Thus, despite the use in various clinical trials of many types of targeted
therapies, or combinations of chemotherapy and immunotherapy, surgical excision within
safe limits remains the therapeutic approach with the best survival rate. The molecular
mechanisms of the vulvar and vaginal melanomas are not yet fully understood, these
types of melanomas being considered an independent subcategory of melanoma. As new
mechanisms are discovered, new targeted therapies may appear to improve the prognosis
and subsequently, the survival rates.
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