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Summary

Ovarian cancer (OC) is a heterogeneous disease with the highest mortality rate and the poorest prognosis among gyne-
cological malignancies. Because of the absence of specific early symptoms, most OC patients are often diagnosed at
late stages. Thus, improved biomarkers of OC for use in research and clinical practice are urgently needed. The last
decade has seen increasingly rapid advances in sequencing and biotechnological methodologies. Consequently, multi-
ple omics technologies, including genomic/transcriptomic sequencings and proteomic/metabolomic mass spectra,
have been widely applied to analyze tissue- and liquid-derived samples from OC patients. The integration of multi-
omics data has increased our knowledge of the disease and identified valuable OC biomarkers. In this review, we sum-
marize the recent advances and perspectives in the use of multi-omics technologies in OC research and highlight
potential applications of multi-omics for identifying novel biomarkers and improving clinical assessments.
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Introduction

Ovarian cancer (OC) is the eighth most common cause
of cancer mortality in women worldwide, accounting
for over 310,000 new cases and around 200,000 deaths
in 2020." Epithelial ovarian cancer (EOC), a heteroge-
neous disease characterized by great molecular and his-
tological diversity, represents approximately 9o% of
OC, with high-grade serous ovarian cancer (HGSOC)
being the most frequent and lethal subtype. Because of
the lack of specific early-stage clinical symptoms, more
than 75% of OC patients are diagnosed at an advanced
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stage. The standard treatments for OC include either
primary debulking surgery followed by platinum-based
chemotherapy or neoadjuvant chemotherapy followed
by interval debulking surgery and additional chemother-
apy post-surgery. However, the therapeutic approach is
effective for only a small number of patients, and the
prognosis of OC remains poor, with an overall 5-year
survival rate ranging from 30% to 50%.> *

An ideal strategy to improve the low survival rate of
OC is early diagnosis. If the disease is detected at low
tumor volume or a localized stage (stages IA and IB),
approximately 93% of patients can live longer than
5 years after diagnosis.”? In patients with indicative
symptoms, diagnostic work-up includes physical exami-
nation of the patient and radiographic imaging, such as
transvaginal ultrasonography (TVUS). For women who
are asymptomatic, screening strategy for earlier detec-
tion of OC is still not available. Currently, Cancer anti-
gen 125 (CA125) blood test and TVUS have been the
most promising screening tools for OC detection.’
Human epididymis protein 4 (HE4) has also been
tested as a potential biomarker for use in OC screening,
but further studies are required.® Based on the previous
results from the United Kingdom Collaborative Trial of
OC screening (UKCTOCS), the largest OC screening
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Figure 1. Opportunities for reducing ovarian cancer mortality through early detection.

Many research studies and clinical trials have been conducted to develop sensitive screening tests that could allow for earlier
detection of OC in women who are asymptomatic. Recommendations for OC screening need to be dependent on the risk level of
the population. Women with genetic mutations known to increase susceptibility to OC or a strong family history of the disease may
be at increased risk of developing OC. For women at average risk, there are no recommended screening tests for them to date. For
women who have a high risk of developing OC, screening tests may be offered to help this population get timely prevention and

treatment. NR = not recommended. TBD = to be determined.

trial to date, multimodal screening (MMS) led to an
absolute 13% increase of early-stage (stage I or II) cancer
detection compared with the no screening group. In the
MMS group, serum CA125 concentration was measured
and the longitudinal CA125 was interpreted using the
risk for ovarian cancer algorithm (ROCA).” However,
the latest results from the UKCTOCS extended follow-
up study revealed that neither MMS nor transvaginal
ultrasound screening approaches used in the trial sig-
nificantly reduced deaths from OC.® There are several
possible reasons why detecting OC earlier did not result
in fewer deaths in the study. One explanation may be
that the 10% increased proportion of detected early-
stage OC patients is not sufficient to change the progno-
sis of OC and translate into saving more lives. Thus,
based on the evidence to date, screening in the general
or average-risk population for OC cannot be recom-
mended. To achieve mortality reduction for the general
population, future screening strategies should be able
to detect OC a great deal earlier and in a larger propor-
tion of women than we currently can. As for women at
high risk, ROCA-based multimodal screening exhibited
high sensitivity and significant stage shift in the UK
Familial Ovarian Cancer Screening Study.” However,
the effect of this screening strategy on mortality in this
population will not be available because it is unethical

and unfeasible to randomly assign women at high risk
to a control group. It is believed that sensitive bio-
markers for identifying the population at risk and
detecting OC at the earliest possible stage are urgently
needed, that would help this population get timely pre-
vention and treatment (Figure 1).

Over the past decade, researchers have made consider-
able efforts to gain deep molecular profiling of OC that
can help guide more precise and individualized clinical
decisions. More recently, the developments and availability
of multi-omics technologies, including genomics, tran-
scriptomics, proteomics, and metabolomics, are making it
possible for more informative biomarkers to be discovered
and possibly developed for use in clinical practice.” In
this review, we present an overview of how multi-omics
technologies contribute to biomarker discovery for early
diagnosis in OC (Figure 2) and discuss future approaches
for improving biomarker performance in OC.

Multi-omics for biomarker discovery for early
diagnosis of OC

Sample sources
Tumor tissue biopsy testing has been the standard for
evaluating molecular features of a tumor. Since the
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Figure 2. Schematic representation of multi-omics approaches towards biomarker discovery for early diagnosis in ovarian cancer.
Tissue and body fluids, such as blood, ascites, uterine lavage, cervical smear, and urine, can be analyzed by multi-platform omics

technologies, including genomic/transcriptomic sequencings and proteomic/metabolomic mass spectra, etc. These multidimen-

sional data could be integrated based on machine learning techniques. The multi-omics approach promotes a comprehensive

understanding of OC and biomarker discovery in early diagnosis.

ovaries are completely intraperitoneal organs, it is
impossible to obtain samples of OC tissues without sur-
gical resection. In particular, needle biopsies for early-
stage ovarian tumors should be avoided because cancer
cells easily disseminate into the peritoneal cavity, and
puncture would promote peritoneal metastasis.” His-
torically, many researchers chose ovarian surface epithe-
lium as normal control tissue for comparative
experiments. With the increasing understanding that
fallopian tube is the primary tissue of origin for many
OCs,"™" current studies tend to use normal fallopian
tube controls compared with tumor samples to identify
molecular biomarkers for OC, especially HGSOCs.
Since tumor tissue biopsies for OC are difficult to
obtain serially, informative and less-invasive biomarkers
that could be used for OC early detection are urgently
needed. Over the past twenty years, advances in instru-
mentation, sample preparation, and data analysis have
enabled the availability of high-quality, reproducible,
and comprehensive data from various clinical samples.
Liquid biopsy has emerged as a promising alternative
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for cancer diagnosis. In contrast to conventional tumor
biopsies, liquid biopsy has several unique advantages.
First, it is minimally invasive and safe, avoiding the
potential complications caused by tissue biopsies. Sec-
ond, it provides an opportunity to identify heteroge-
neous tumor-specific alterations that may be missed by
tissue biopsies. More importantly, liquid Dbiopsies
enable serial sampling over time, which provides impor-
tant information for guiding clinical decisions.”* For
occult OC patients, body fluids, such as blood, ascites,
uterine lavage, cervical smear, and urine, are character-
istically enriched with nucleic acids, proteins, or metab-
olites that can be a potential source of diagnostic
biomarkers.

Genomics

Genomic sequences were the first widespread omics
data available for understanding human cancer biology
and pathogenesis. As a result of technological innova-
tion and rapid decline in sequencing costs, multigene
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next-generation sequencing-based tumor genomic pro-
filing has been widely utilized in cancer subtype classifi-
cation and predictive biomarkers identification. Various
genomic assays, such as targeted sequencing, whole-
exome sequencing, and whole-genome sequencing
(WGS), are commonly used for identifying single-nucle-
otide wvariations (SNVs), copy number alterations
(CNAs), chromosomal rearrangements, and DNA
methylation.”

The Pan-Cancer Analysis of Whole Genomes
(PCAWG) consortium aggregated whole-genome
sequencing data from thousands of tumors across over
30 cancer types, generated by The Cancer Genome Atlas
(TCGA) and The International Cancer Genome Consor-
tium projects.”®'® By analyzing DNA alterations in 489
HGSOC tumors and the DNA sequences of exons from
coding genes in 316 of the tumors, TCGA has compiled
a catalog of molecular abnormalities in OC, including
TPs53 mutations, which are found in 96% of the tumors,
somatic or germline BRCA1/2 mutations, which are
found in ~25% of the tumors, and CCNEr aberrations.
Other frequently altered pathways in OC include RBI,
PI3K/RAS, NOTCH, and FOXM1.*° To decode the
genomic complexity of CNAs in OC, Macintyre et al.
performed WGS of 117 OC cases. They identified seven
copy number signatures that could represent distinct
mutational processes and provided a rational framework
for the diagnosis and assessment in OC.*’

Notably, approximately 50% of HGSOCs are defec-
tive in the homologous recombination (HR) DNA repair
pathway.>*** Among these DNA repair genes, BRCA1/
2 are best known for their crucial role in HR-mediated
DNA double-strand break repair.”? Pathogenic variants
in the BRCA1/2 genes are associated with cancer sus-
ceptibility and can markedly increase the risk of breast
and ovarian cancers.”* Scientists have developed differ-
ent functional assays and computational prediction
methods to assess the effect of missense variants of
uncertain significance in BRCA1 and BRCA2 on protein
function.® In 2018, researchers used saturation
genome editing to assay 96.5% of all possible SNVs in
crucial domains of BRCAI, identifying over 4,000
SNVs associated with pathogenicity. These results could
be immediately useful for the clinical interpretation of
BRCA1 variants. Also, the approach of saturation
genome editing can be extended to overcome the chal-
lenge of determining the effects of variants of uncertain
significance in additional clinically actionable genes.*°
In our recent study, we showed that a single non-patho-
genic variant of BARD1, when combined with another
variant (R378S) in cis, yields a pathogenic allele. This
type of synergetic effect would be more likely to occur
in a gene that has two or more functional domains or
regions than in those with just one domain. Synergetic
effects in these genes may be involved in a significant
fraction of all tumor cases and thus have important clin-
ical implications.*” Increased awareness of associations

between BRCA1/2 mutations and OC has led to an
increased demand for genetic counseling and testing,
aiming to identify the individuals at high risk of devel-
oping OC. The National Comprehensive Cancer Net-
work genetics guidelines, as well as several European
organizations, have recommended universal germline
BRCA mutation screening for all women diagnosed
with OC, that can help identify family members at high
risk. In addition to BRCA1/2, other genes from the Fan-
coni anemia pathway, such as BRIP1, RAD51C, and
RADs51D, have been implicated in hereditary OC.>* For
women at high risk of developing OC, risk-reducing sur-
gery, such as bilateral salpingo-oophorectomy (removal
of the ovaries and the fallopian tubes) may be an
option.’

Apart from genetic changes, epigenetic alterations
are also relatively common in all forms of cancer,
including OC.>® DNA methylation (DNAme), one of
the most common epigenetic modifications, is an early
event in cancer, causing chromatin changes or interfer-
ence with transcription factor binding sites. Aberrant
DNAme may ultimately lead to gene transcription
silencing.>® Therefore, numerous studies have investi-
gated the use of aberrant DNAme in OC diagnosis. One
important study found that 168 genes were epigeneti-
cally silenced by increased DNAme in OC samples com-
pared with fallopian tube controls.*® In 2017,
Widschwendter et al. analyzed tissue and serum sam-
ples using a methylation array or reduced representa-
tion bisulfite sequencing. They identified cancer-
specific DNAme patterns that could potentially be used
to detect OCs up to two years earlier than current diag-
nosis methods.?' In addition, a subsequent study found
that methylation within the promoters of three genes
(cryorf64, IRX2, and TUBBG) could accurately distin-
guish early precursor serous tubal intraepithelial carci-
noma lesions from normal or benign gynecologic
tissues.”* Overall, these findings highlight the advan-
tages and applications of DNAme analysis in detecting
OC at an early stage.

Currently, analysis of circulating tumor DNA
(ctDNA) has provided a complementary approach to tis-
sue-based genomic testing for OC. ctDNA is released
from tumor cells into the circulation and has been
detected in patients with early- and late-stage OCs.*
Thus, there is growing interest in utilizing ctDNA as a
biomarker to improve early OC detection. The fraction
of ctDNA can be distinguished by the presence of can-
cer-specific genetic and epigenetic aberrations. Due to
the low abundance of ctDNA in samples, highly sensi-
tive techniques, such as digital polymerase chain reac-
tion (PCR) and targeted next-generation sequencing
(NGS), are used to detect cancer-specific modifica-
tions.>* Sequencing sensitivity can be improved by
using random oligonucleotide barcodes called unique
molecular identifiers (UMIs). The unique tags facilitate
bioinformatic alignment of sequences derived from the

www.thelancet.com Vol 79 Month May, 2022



2202 ‘Ae|N YIUOW 6/ |OA WOI33dURIDYY MMM

Author (year) Number of OC Patients Source samples Detection method Genetic Marker Detection Rate Sensitivity / Specificity Refs
Paracchini et al. (2021) 46 HGSOC (III-IV) plasma shallow WGS CNA profiling 87.8%, 78.05% NR 40
Lin et al. (2019) 112 germline or somatic Plasma Targted NGS BRCA1, BRCA2, TP53 96% for TP53 NR a1
BRCA-mutant HGSOC
Oikkonen et al. (2019) 12 HGSOCs (1I-IV) Plasma Targeted NGS 500 genes+CNA 100% for TP53 NR 42
Wang et al. (2018) 83 OCs (I-IV) Plasma /Plasma multiplex PCR-based test 18 genes+assay 43% /63% NR 39
+Pap Brush samples Safe-SeqS for aneuploidy 100%
Cohen et al. (2018) 54 OCs (I-Ill) Plasma CancerSEEK 16 genes 98% Sn: 98% 3
multiplex PCR Sp: >99%
Nakabayashi et al. (2018) 36 OCs (I-IV) Plasma WGS CNA profiling 16.7%% NR a“
Arend et al. (2018) 14 HGSOCs (III-IV) Plasma NGS 50 genes 100% NR *
Vanderstichele et al. (2017) 54 HGSOCs (I-1V) Plasma WGS CNA profiling 67% NR o
99.6%
Widschwendter et al. (2017) 151 OCs (I-IV) Serum bisulfite sequencing three-DNA-methylation 41% Sn: 41.4% 3
marker panel Sp: 90.7%
Christie et al. (2017) 30 HGSOC:s (I-IV) Plasma Targeted NGS BRCA1/2 60% NR i
Phallen et al. (2017) 42 0Cs (I-IV) Plasma Targeted NGS 55 gene panel 71% Sn:97.4% 8
(TEC-seq) and ddPCR Sp: 100%

Table 1: Key studies on ctDNA in ovarian cancer.
ddPCR: droplet digital PCR; NR: Not reported.
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same DNA fragment and help with identification of
sequencing errors.””*° Additionally, identifying the
presence of aneuploidy in clinical samples also has a
broad range of diagnostic applications. Some PCR-
based assays, such as Repetitive Element AneupLoidy
Sequencing System (RealSeqS), might be an alternative
method to WGS for the assessment of aneuploidy.’”
Moreover, many studies suggested that multiparameter
analyses could lead to an increase in sensitivity.>® For
example, the sensitivity of ctDNA detection could be
increased from 43% to 63% by combining the analyses
of gene mutations and aneuploidy in OC.*° Key studies
on ctDNA for early detecting OC are listed in Table 1.

Transcriptomics

Unlike the genome, which gives a static view of the
genetic information defining a phenotype, the transcrip-
tome varies in different tissues, developmental stages,
and disease states. Therefore, knowledge of transcrip-
tomic variation is critical for understanding how genes
are regulated in response to internal and external condi-
tions. Modern transcriptomic techniques, such as RNA
sequencing (RNA-seq) and full transcript microarrays,
have been applied to explore a complete and accurate
view of the transcriptome.*?

Analysis of the messenger RNA (mRNA) expression
data in TCGA classified OC into four transcriptional
subtypes: immunoreactive, differentiated, proliferative,
and mesenchymal.”® Subsequently, researchers repli-
cated this study using external independent data sets to
validate the TCGA transcriptional subtypes.”®”" The
findings of these studies suggest that these molecular
subtypes are associated with distinct prognoses of OC.
The immunoreactive subtype was associated with
improved survival outcomes, whereas the mesenchymal
and proliferative subtypes were associated with the
worst overall survival rates. Another group identified a
39 differentially expressed gene signature that can help
further biologically characterize the molecular subtypes
and develop targeted clinical trials.”® Until recently, our
understanding of the molecular basis of human cancers
has mainly relied on bulk sequencing. However, since a
homogenized tumor sample can contain millions of
cells, bulk RNA-seq data alone are unable to capture the
spatial histopathological information and cellular het-
erogeneity within tumors. The emergence of single-cell
RNA sequencing (scRNA-seq) advanced our knowledge
of cellular heterogeneity by enabling the characteriza-
tion of the transcriptomes of individual cells and identi-
fication of cell subpopulations in a given tissue.”’ A
notable example is the study carried out by Izar et al.
using scRNA-seq to comprehensively study the ascites
and primary tumor samples from OC patients and
patient-derived xenograft models. They found that dif-
ferent functional sub-populations of cancer cells con-
tribute to shaping the OC ecosystem. Furthermore,

their results indicated that the highly expressed JAK/
STAT pathway in both cancer cells and cancer-associ-
ated fibroblasts could be an ideal candidate for the diag-
nosis and treatment of OC.>* Subsequently, a series of
spatial transcriptomic methods have been developed
and have accelerated the capacity to obtain gene expres-
sion profiles for tissues or cell cultures while retaining
spatial localization information, resulting in new discov-
eries in many areas of biology. However, sequencing
depth is still a limiting factor for current spatial barcod-
ing techniques, including fluorescence in situ hybridiza-
tion-based and sequencing-based methods.”> During
this couple of years, data integration with spatial tran-
scriptomics and scRNA-seq has developed as a high-res-
olution approach to map diverse cell subpopulations in
tissue. In this approach, reference cells defined by
scRNA-seq can be used to infer cell type composition in
spatial data using different techniques, providing a great
strategy to study the roles of specific cell types and their
interactions in development, homeostasis, and
disease.”*"” Considering the significant cellular hetero-
geneity of OC, integrating scRNA-seq and spatial tran-
scriptomics data will undoubtedly help understand the
etiology of the disease, and it will be an important future
direction for uncovering new diagnostics and treat-
ments in OCs.

It is known that most of the human genome encod-
ing RNAs do not code for proteins. RNA species beyond
mRNA include microRNAs (miRNAs), long non-coding
RNAs (IncRNAs), and circular RNAs, which are collec-
tively known as non-coding RNAs (ncRNAs).’*
Although ncRNAs are not translated into proteins, com-
pelling evidence shows that they affect the expression
and biological functions of other genes through various
mechanisms and could serve as potential biomarkers
for human cancer diagnosis.”® MiRNAs are endoge-
nous, small ncRNAs (19-25 nucleotides) that form a
major class of functional ncRNAs. It is well established
that miRNAs are critical regulators of post-transcrip-
tional gene expression.°® The TCGA project showed
that miRNAs have a widespread impact on gene expres-
sion and molecular heterogeneity in OC.*° In addition,
Todeschini et al. performed microarrays to profile
serum miRNA expression and validated the differen-
tially expressed miRNAs from two independent cohorts.
Their results revealed circulating miR-1246 as a poten-
tial diagnostic biomarker for HGSOC.®" Similarly,
another group constructed a diagnostic model based on
ten miRNAs after obtaining comprehensive miRNA
profiles from 4046 serum samples from 428 OCs, 2759
non-cancer controls, and 859 other solid cancers.®?
These studies proved that profiling serum miRNA is a
promising strategy for OC diagnosis. In addition to
miRNAs, IncRNAs, which are ncRNAs longer than 200
nucleotides, also play important roles at the transcrip-
tomic level, and they are involved in a wide range of bio-
logical processes.®®> Wang et al. performed IncRNA and
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mRNA microarray profiling in the normal ovary, benign
cysts, and malignant EOC and identified 18 IncRNAs
differentially expressed between these groups.®* With
the rapid developments of liquid biopsy technology, cir-
culating miRNAs and IncRNAs may become more reli-
able biomarkers for OC prediction in the future.

Thus far, more than 100 types of RNA modifica-
tions have been identified in various RNA molecules
from all domains of life.®> However, their critical roles
in gene expression regulation at the post-transcrip-
tional level were not uncovered until several years ago,
when sufficiently sensitive tools and high-resolution
genome-wide techniques were developed.®® The most
abundant and well-characterized RNA modification on
mRNA, the m6A (N6-methyladenosine), has attracted
considerable attention. MGA modifications have the
ability to alter mRNA splicing, cause mRNA decay,
and affect translation; thus, they can govern major cel-
lular processes.”” Many high-throughput methods
(e.g., m6A-seq, MeRIP-Seq), that rely on immunopre-
cipitation of methylated RNAs using mGA-recognizing
antibodies, have been widely used to globally profile
mOA in various cell lines and tissue types. In 2012,
Dominissini et al. profiled the transcriptome-wide
mOA modification landscape using mG6A-seq and iden-
tified over 12,000 mOA sites in the transcripts of more
than 7000 human genes.®® A recent study revealed
that YTHDF1, one of mGA “reader” proteins, regulated
translation of EIF3C in an m6A-dependent manner in
OC tumorigenesis. These findings suggest the poten-
tial role of transcriptome and mG6A methylome analy-
sis in OC diagnosis.®?

Another of the most abundant and widespread types
of RNA epigenetic modifications in living organisms is
pseudouridine (¥). Pseudouridines are present in all
major types of cellular RNAs, including mRNA, rRNA,
and tRNA. Recently, high-throughput pseudouridine-
seq studies revealed hundreds of pseudouridines sites
in 509 different mRNAs. Most of this mRNA pseudour-
idylation activity is catalyzed by members of the stand-
alone tRNA pseudouridine synthase (PUS) family.”®
Guzzi et al. revealed that PUSy-mediated
pseudouridylation activates a new class of tRNA-derived
small RNAs to control protein synthesis and stem cell
fate determination, revealing a critical function of ¥ in
controlling translation in stem cells with important
implications for development and disease.”” By develop-
ing a small RNA W sequencing method, we and our col-
laborators revealed that PUS1o plays a role in both
miRNA biogenesis and tRNA pseudouridylation. These
findings provided initial evidence that PUS1o-catalyzed
pseudouridylation may be essential for cell fate determi-
nation.”” Consistent with this, Cui et al. reported that
the expression and catalytic activity of PUS?y are critical
for tumorigenesis.”” Taken together, the above results
indicate the potential importance of RNA modification
activity for cancer screening and diagnosis.
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Proteomics
Since proteins are the primary functional elements of
most biological processes, proteins and their post-trans-
lational modifications (PTMs) are being studied to pro-
vide deeper insights into disease.”* Mass spectrometry
(MS)-based proteomics is a sensitive and accurate
method for large-scale, unbiased proteomic analysis
that enables characterization of nearly complete pro-
teomes. In addition, multiple quantitative proteomics
methods have been developed to isolate and quantify
proteins, including stable isotope labeling with amino
acids in cell culture (SILAC), isotope-coded affinity tag
(ICAT), isobaric tags for relative and absolute quantita-
tion (iTRAQ), tandem mass tags (TMT), and label-free
methods.””® Besides MS, new technologies, such as
proximity ligation and extension assays, that enable
large-scale targeted protein detection by using a
matched pair of DNA-conjugated antibodies, provide a
feasible method for identifying low-abundant proteins
from limited clinical samples.”” 7

Advances in MS-based proteomics have identified
many novel biomarkers, leading to the development of
multivariate index assays for OC, such as OVA1, the
Risk of Ovarian Malignancy Algorithm (ROMA) and
Overa.”® % To study the impact of genomic alterations
on OC biology at a functional level, the Clinical Proteo-
mic Tumor Analysis Consortium (CPTAC) performed
an extensive MS-based proteomic and phosphoproteo-
mic characterization of 174 OC tumor samples available
from the TCGA. The findings from this study provided
a detailed analysis of the molecular components and
underlying mechanisms associated with OC, as well as
views on how the somatic genome drives the cancer pro-
teome and the association between protein levels and
clinical outcomes in OC.** Recently, Lee et al. per-
formed multi-platform omics analysis of differences in
molecular and cellular features of HGSOC tissue sam-
ples from clinically defined subgroups, including the
patients with no gross residual disease (Ro) after pri-
mary surgery and the patients who received neoadju-
vant chemotherapy (NACT). They found that the Ro
group had a higher rate of NF1 copy number loss,
reduced chromothripsis-like patterns, higher levels of
strong-binding neoantigens, and a higher number of
infiltrated T cells compared with the NACT group.®

PTMs, such as phosphorylation, SUMOylation, acetyla-
tion, and other novel modifications, are becoming more
appreciated for their diverse roles in the regulation of gene
expression, protein structure, and molecular interac-
tions.*® Increasing evidence shows that changes in the
PTMs of proteins that are essential for cell survival and
proliferation can cause tumorigenesis.” In addition to the
above mentioned PTMs, which have been well studied for
decades, glycosylation and poly(ADP-ribosyl)ation (PARy-
lation) have attracted the most attention in tumor biology.
In a systematic proteomic and glycoproteomic analysis of
83 HGSOC and 23 non-tumor tissues collected from
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fallopian tubes, Hu et al. revealed tumor-specific glycosyla-
tion, which facilitates the development of diagnostic strate-
gies for OCs.* It is becoming more interesting for the
PTM of PARylation since the polymer modification is
highly dynamic and plays multiple roles in DNA damage
response (DDR), chromatin remodeling, transcription,
and regulation of cell death. In mammals, PARylation is
catalyzed by a class of enzymes called poly-ADP-ribose pol-
ymerases (PARPs) from the substate of NAD™. One of the
17 members of the PARP family, PARPT has been shown
to synthesize nearly 9o% of cellular poly(ADP-ribose)
(PAR) in response to DNA damage.89 Upon genotoxic
stress, PARP1 is rapidly activated and recruited to DNA
lesions, which leads to PARylation of itself and hundreds
of other DNA repair proteins, initiating the DDR. Because
of its prominent role in maintaining genome integrity,
PARP1 has become an important pharmacologic target for
therapeutic interventions. The synthetic lethal interaction
between BRCA1/2 mutations and PARP inhibition was
first observed in 2005,°° and PARP inhibitors including
olaparib, rucaparib, and niraparib have been approved by
the Federal Drug Administration (FDA) to treat women
with BRCA1/2 mutations.”" Because of the labile nature of
the ADP-ribose moiety, it has been challenging to identify
PAR-associated proteins and unambiguously map PAR
acceptor sites. Recent advances in MS-based proteomics
and various PAR enrichment strategies have tremen-
dously broadened our knowledge of PAR-associated pro-
teins and offered insight into the molecular mechanisms
by which PAR exerts its many biological functions.”* Con-
sistently, scientists revealed a significant reduction of total
PAR adducts of peripheral blood lymphocyte proteins in
advanced cancers of head & neck, breast, and cervix com-
pared to healthy controls.”” Therefore, knowledge gained
from proteomics studies can extend our understanding of
cancer-relevant mechanisms and help identify new bio-
markers to improve early detection and diagnosis in OC.

Metabolomics

It has been demonstrated that metabolic reprogram-
ming is a hallmark of cancer, and recently there has
been growing interest in characterizing the altered
metabolism across many types of cancer.”* By analyz-
ing the endogenous and exogenous small molecules
that are the substrates and products of metabolic pro-
cess, scientists have discovered that metabolomics may
provide more information about the subtle alterations
occurring during various biological processes and dis-
eases.”” Developments in analytical tools such as
nuclear magnetic resonance, MS, and ultra-perfor-
mance liquid chromatography (UPLC) have improved
understanding of the metabolome.

Various studies have assessed the efficacy of metabo-
lites in detecting early-stage OC. In 2015, Ke et al. per-
formed a large-scale metabolic investigation of 448
plasma samples related to OCs through the use of a

UPLC/MS platform. They identified OC-related meta-
bolic signatures and potential biomarkers that were able
to facilitate early detection and could be used to distin-
guish early and late stages of OC.%° Similarly, plasma
metabolic changes were used to differentiate OC from
benign ovarian tumors and help boost the accuracy of
CA125 for clinical triage.”” Another study investigated
the low-concentration metabolites in OC by performing
targeted metabolomics and revealed that serum metabo-
lite changes of phospholipids and essential amino acids
are associated with specific characteristics and clinical
outcomes in OC.°® Since metabolites are highly abun-
dant and known to alter phenotypes in human cells, it
is reasonable to expect that recent developments in
metabolomics have the potential to improve OC diagno-
sis.

Artificial intelligence for multi-omics data integration
As the big “omics” data proliferate, questions remain
about how to improve and make the best use of the data
from various studies. The large amounts of multi-omics
data in cancer research are often biologically and com-
putationally heterogeneous, noisy and lack statistical
power, making it extremely difficult to gain biological
insights from these high-dimensional datasets using
traditional data analytical methods. Analysis of datasets
generated by multi-omics sequencing requires the
development of computational approaches spanning
from data integration, statistical methods, and artificial
intelligence (AI) systems.

In recent years, the application of Al in preclinical
and translational cancer research has increased rapidly
due to advances in computer science. Machine learning
(ML), a branch of Al, enables robust interrogation of
multiple datasets to identify previously undiscovered
patterns and relationships in the data.”® In a study by
Kawakami et al., researchers developed an OC-specific
prediction approach based on Al using multiple
markers in peripheral blood and clinical factors for pre-
treatment estimation of clinical stages, histotypes, surgi-
cal outcomes, and prognosis of patients with EOC. They
found that ML approach could predict malignant
tumors with appreciably high accuracy compared with
early reports.'°® Using ML-based multi-omics analylsis,
Hu et al. integrated the expression data from global pro-
teomics and glycoproteomics of OC and non-tumor tis-
sues, and identified different glycosylations associated
with three tumor clusters.”® The integration and analy-
sis of high-throughput molecular assays based on ML
techniques promote the understanding of specific varia-
tions for the disease and the discovery of further bio-
markers. Biomarker candidates based on integrated
analysis of big data would be biologically relevant
regardless of the changes at each single omics level.
Hence, it is believed that the rapidly evolving Al-based
analysis will aid precision medicine in OC significantly.
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Biomarker/signature Technology Sample No. of OC No. of Sensitivity specificity Refs.
patients controls
Methylation within the promoters Genome-wide Tissue 23 (HGSOQ) 36 100% 100% 32
of 3 genes (c17orf64, IRX2, methylation
and TUBB6) analysis and gMSP
assays
miR-1246, miR-595, miR-2278 Microarray, RT-qPCR Serum, 168 (HGSOCQ) 65 87% 77% o1
tissue
10-miRNA profile (miR-320a, Microarray Serum 428 (0C) 2759 99% 100% 62
miR-665, miR-3184-5p,
miR-6717-5p, miR-4459,
miR-6076, miR-3195,
miR-1275, miR-3185,
and miR-4640-5p)
18 IncRNAs Microarray and qPCR Tissue 18 (EOC) 31 NR NR o4
53 metabolites UPLC-MS Plasma 140 (EOC) 308 NR NR %
Four lipid metabolites LC-MS Plasma 50 (Serous OC) 50 95% 35% o7
Table 2: Validated biomarkers for diagnosis in ovarian cancer.
qMSP: quantitative methylation-specific real-time PCR; NR: not reported.

Outstanding questions

Although multi-omics technologies have extensively
promoted the discovery of candidate biomarkers during
the past few years, gaps between discovery research and
clinical application remain. One major reason for the
low translation rate of discovery research into clinical
practice is the weaknesses of study design, resulting in
low statistical power of many studies. To increase the
predictive power of potential diagnostic biomarkers,
experimental setups need to be carefully designed. For
example, the sample size should be calculated based on
the sample type, omics technical characteristics, and sta-
tistical analysis methods. Also, standardization of sam-
ple collection and storage can help reduce biological
variability between different studies. Ultimately, further
in-depth validation must be done before implementing
the findings in routine clinical care. It is vital to perform
large-scale studies with robust quality control and
appropriately stringent statistical methods. The recent
UKCTOCS study highlighted the importance of having
OC mortality as the primary outcome in screening tri-
als. Future large trials are supposed to take a long period
of time (e.g., a decade) to monitor survival outcomes
and answer whether specific screening methods could
reduce mortality. The identified biomarkers for diagno-
sis in OC that have been validated in independent
cohorts are presented in Table 2. The multi-omics stud-
ies for identifying potential OC biomarkers are listed in
Table 3.

Liquid biopsies are increasingly applied in the clinical
setting for patients with OC. The minimally invasive and
rapid nature of liquid biopsy fulfills the needs of large
screens in healthy individuals. However, current liquid
biopsy assays lack consistency and precision. Future
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efforts are required to standardize the liquid biopsy assay
procedures and analysis platforms, which will enable the
comparison and combination of results from different
studies. Hopefully, the new generation of liquid biopsy-
based screening approaches will contribute towards mor-
tality reduction for OC.

Given the evidence that multivariate assays, such as
OVAI and Overa, demonstrated higher sensitivity than
CAi25 alone for detecting OC, especially for early-stage
disease,®>® future developments in biomarker discov-
ery will be likely to involve multivariate signatures. For-
tunately, dimension reduction methods, such as
machine learning techniques, have been proposed for
analyzing of multi-omics data, thus enabling the identi-
fication of multi-omics signatures that are associated
with phenotypes of the disease. These different types of
molecular profiles will provide a comprehensive view
and accelerate the discovery of biomarker candidates for
OC screening and diagnosis.

Search strategy and selection criteria

Data for this review were identified by searches of MED-
LINE, Pubmed, and references from relevant articles
using the search terms “ovarian cancer”, “Epithelial
ovarian cancer”, “omics”, “liquid biopsy”, “ctDNA”,
“genomics”, “DNA methylation”, “transcriptomics”,
“microRNA”, “long non-coding RNA” “proteomics”,
“metabolomics”, “artificial intelligence”, “machine
learning”, “screening”, “diagnosis” and “biomarker dis-
covery”. Only articles published in English between Jan
1, 2001 and Sep 1, 2021 were included. The final refer-
ence list was generated based on originality and rele-
vance to the scope of this Review.
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RNA

oligonucleotides, targeted

RNA sequencing (lllumina) assays

Protein

Type of biomarker Technology Sample Evidence Refs.
DNA
Mutation WES Tissue TP53, BRCA1, BRCA2, RB1, NF1, FAT3, CSMD3, 1
GABRA6, CDK12 mutations found in HGSOC
tumors
Copy number aberrations WGS Tissue Seven copy number signatures represent distinct 2

mRNA Microarray Tissue

mRNA Tagman-based, fluorescent FFPE

mRNA single-cell RNA sequencing Cells from Different functional sub-populations of cancer cells

ascites contribute to shaping the HGSOC ecosystem and

NF1 LC-MS/MS, RPPA Tissue

Glycosylation LC-MS/MS Tissue

mutational processes and provide a rational
framework for the diagnosis and assessment in
HGSOC

Four expression subtypes (immunoreactive, differen- 195051
tiated, proliferative, and mesenchymal) exist in
HGSOC

A 39 differentially expressed gene signature for clas-
sification of four transcriptional subtypes in
HGSOC

highly expressed JAK/STAT pathway in both can-
cer cells and cancer-associated fibroblasts could
be an ideal candidate for the diagnosis and treat-
ment of HGSOC

NF1 is significantly lower in abundance in HGSOC 8
patients who underwent complete gross resection
(RO) versus neoadjuvant chemotherapy (NACT)
groups

Different glycosylation associated with three tumor 88

clusters in HGSOC

FFPE: formalin-fixed paraffin-embedded.

Table 3: Potential ovarian cancer biomarkers identified in multi-omics studies.
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