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Abstract:

Ovarian cancer (OC) is the most lethal gynecologic malignancy and high grade serous
ovarian cancer (HGSOC) is the most common and deadly subtype, accounting for 70-80% of
OC deaths. HGSOC has a distinct pattern of metastasis as many believe it originates in the
fallopian tube and then it metastasizes first to the ovary, and later to the adipose-rich omentum.
Metabolomics has been heavily utilized to investigate metabolite changes in HGSOC tumors
and metastasis. Generally, metabolomics studies have traditionally been applied to
biospecimens from patients or animal models, a number of recent studies have combined
metabolomics with innovative cell-culture techniques to model the HGSOC metastatic
microenvironment for the investigation of cell-to-cell communication. The purpose of this review
is to serve as a tool for researchers aiming to model the metastasis of HGSOC for
metabolomics analyses. It will provide a comprehensive overview of current knowledge on the
origin and pattern of metastasis of HGSOC and discuss the advantages and limitations of
different model systems to help investigators choose the best model for their research goals,
with a special emphasis on compatibility with different metabolomics modalities. It will also
examine what is presently known about the role of small molecules in the origin and metastasis
of HGSOC.

Introduction
Ovarian cancer (OC) is the deadliest form of gynecological malignancy representing the
sixth leading cause of cancer-related deaths among women worldwide." The Global Cancer

Observatory estimates that in 2020 about 313,959 women will be newly diagnosed with OC, and


https://paperpile.com/c/24ZDqe/6u4Ot
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207,252 will die from the disease.? High-grade serous ovarian cancer (HGSOC) is the most
common and lethal OC subtype, responsible for 70%-80% of these deaths.>* HGSOC can be
characterized by a far more aggressive pattern of disease behavior than other OC subtypes and
is known to have a very distinct pattern of metastasis; originating in the fallopian tube with the
transformation of fallopian tube epithelial (FTE) cells which metastasize first to the ovary, then to
the omentum.>7 Due to nonspecific symptoms and a lack of early detection strategies, the
majority of women with HGSOC are diagnosed at a late stage when the five-year survival rate
can be as low as 17%.8 While outcomes have improved in recent years, this five-year survival
rate remains dismally low, highlighting the urgent need to investigate the molecular events
underlying HGSOC pathogenesis to facilitate the identification of novel diagnostic biomarkers
and therapeutic targets for treatment and prevention.%10

Metabolomics is a rapidly evolving field focused on measuring the complete set of
metabolites in biological samples. Metabolomics is a promising tool for human health research
because it offers a unique perspective where changes in the expression of an enzyme do not
necessarily lead to proportional alterations in metabolism. Genomic based techniques identify
what may be happening in a biological system whereas metabolomics represents the measure
of the final protein-modified products in the system.!" As such, metabolomics is an extremely
useful tool for exploring the molecular changes underlying many disease states including
HGSOC. To date, mass spectrometry (MS) and nuclear magnetic resonance (NMR) -based
metabolomics techniques have been utilized to characterize the overall metabolic changes in
HGSOC tissues and fluids and several studies have reproducibly noted changes in glycolysis,
fatty acid oxidation, and oxidative stress response as well as increases in specific metabolites
including tocopherols and glutathione.'>-'® These known metabolomic changes are important to
note because they enhance our understanding of the OC metastatic microenvironment, and,
when combined with other approaches, can be utilized to ascertain the identities and functional
roles of specific molecules within that microenvironment. For example, in a 2018 study, Nazari
et al. used quantitative mass spectrometry imaging to analyze the metabolite content in healthy
and cancerous hen ovarian tissue sections and found a ~2-fold increase in glutathione, which
has previously been implicated in resistance to platinum-based chemotherapies.'®419 In time,
this finding could lead to the development of new treatment strategies which combine the use of
platinum-based drugs with small-molecules that target glutathione synthesis to prevent the
development of chemoresistance in HGSOC and improve clinical outcomes. The use of
untargeted metabolomics techniques to search for HGSOC biomarkers has also been very

popular, as the main reason for the poor prognosis related to the disease is late diagnosis.


https://paperpile.com/c/24ZDqe/4RBnD
https://paperpile.com/c/24ZDqe/DRlQ4+1FD8K
https://paperpile.com/c/24ZDqe/0hBcN+zTmB0+5HHNL
https://paperpile.com/c/24ZDqe/1BQ7R
https://paperpile.com/c/24ZDqe/Rhsix+CgJ2c
https://paperpile.com/c/24ZDqe/bJ6cc
https://paperpile.com/c/24ZDqe/VoRjF+UoUKh+F5RZg+wkuWY+jDtOE+2oEj4+jxZ1Y
https://paperpile.com/c/24ZDqe/F5RZg+pdhit+UoUKh

Page 3 of 29

Molecular Omics

Currently, there are no routine screening methods in women’s health exams for the early
detection of HGSOC. The FDA- approved diagnostic test, which relies on cancer antigen
(CA)125 combined with pelvic ultrasound, has high false-positive/negative rates and clinical
applications are limited to the differential diagnosis of OC tumors and malignancy risk-
assessment.?0-22 A systematic review of the literature in 2016 observed that serum and plasma
were the most common type of biospecimen utilized for OC biomarker discovery and noted that
metabolites related to cellular respiration, carbohydrate, lipid, protein and nucleotide metabolism
were often found to be significantly altered.® A recent study by Huang et al. performed a
comprehensive survey of serum metabolic alterations across the entire spectrum of the disease
by analyzing the serum metabolome of a triple-knockout mouse model (which spontaneously
develops HGSOC) at premalignant, early, and advanced stages. This longitudinal murine model
revealed a panel of 29 metabolites which distinguished mice with early-stage HGSOC from mice
with advanced-stage and controls with >90% accuracy.'? These findings have yet to be
translated to clinical samples, but it supports the notion that further investigation of the serum
metabolome across the spectrum of HGSOC models could lead to the development of new
diagnostic techniques which could ultimately lead to early diagnosis and improved outcomes.

While the majority of metabolomics studies on HGSOC have focused on characterizing
overall changes in metabolism and searching for potential biomarkers from biospecimens or 2D
cell culture, a few studies have challenged this paradigm by combining mass spectrometry-
based metabolomics with cutting edge cell-culture techniques to model the HGSOC metastatic
microenvironment for the investigation of cell-to-cell communication. In one such study aimed at
modeling primary metastasis, Zink et al. developed an imaging mass spectrometry (IMS)
protocol for analyzing co-cultures of healthy tissues (organoids) and a 3D-mammalian cell
culture in an agarose matrix. This IMS co-culture model was used to probe the small-molecule
exchange between tumorigenic FTE cells co-cultured with healthy murine ovaries. They found
tumorigenic FTE cells, but not FTE or murine surface epithelial cells, repeatedly induced a
signal from the ovary at m/z 170, which was identified as norepinephrine and confirmed to
stimulate the invasion of tumorigenic FTE cells.?* In another study aimed at modeling secondary
metastasis, Mukherjee et al. profiled the metabolome and proteome of cancer cells co-cultured
with primary human omental adipocytes. They found significant alterations of the lipidome with
the corresponding upregulation of proteins involved in lipid metabolism. Through this study a
lipid chaperone protein, FABP4, was identified as a key regulator of lipid responses and a
potential therapeutic target.?®

The purpose of this review is to serve as a tool for researchers aiming to model the
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metastasis of HGSOC for metabolomics analyses. It will provide a comprehensive overview of
current knowledge on the origin and pattern of metastasis of HGSOC and discuss the
advantages and limitations of different HGSOC model systems to help investigators choose the
best model for their research goals, with compatibility with different metabolomics modalities as
a special emphasis. It will also examine what is presently known about the roles of small-

molecules in the origin and metastasis of HGSOC.

HGSOC Origin and Pattern of Metastasis

While the term “ovarian cancer” implies a unitary disease, there are many histologically
distinct subtypes of OC which are broadly classified as either epithelial or non-epithelial based
on the cell of origin. Epithelial OCs, which account for 90% of all cases, are subdivided into two
types: low-grade (type |) and high-grade (type 2) differing in both origin and disease behavior.
Low-grade carcinomas, are typically slow growing and less aggressive.3?%27 High-grade serous
carcinomas (HGSCs) on the other hand are highly aggressive, characterized by mutations in
p53 and genomic instability due to defects in DNA repair pathways.?” HGSCs were initially
thought to originate from the ovarian surface epithelium, but a growing wealth of evidence has
indicated that the majority originate in the fallopian tube with the accumulation of deleterious
mutations in fallopian tube epithelial (FTE) cells, leading to the development of a p53-
signature.?’-35 FTE cells may form a premalignant lesion called a serous tubal intraepithelial
carcinoma (STIC), and metastasize to the ovary (Figure 1A).3".36-38 Multiple studies suggest a
critical role for the ovary in promoting ovarian cancer development and metastasis.3%#' For
example, Perets et al. revealed that in a murine ovarian cancer model arising in the fallopian
tube, removal of the ovary significantly restricts metastasis.*? Further, in a vascular model of
ovarian cancer metastasis, oophorectomy resulted in a complete loss of metastasis and in
another study tumorigenic murine oviductal epithelial cells allografted on ovarian bursa resulted
in aggressive tumors, while intraperitoneal xenografting the same number of cells did not.*344

HGSOC has a distinct pattern of disease progression.5-” While the molecular
mechanisms underlying this predilection are unclear, the metastatic behavior of HGSOC
suggests the intraperitoneal microenvironment centered on the omentum is a privileged
metastatic location (Figure 1A-D).#547 Several studies provide evidence for an “activated”
phenotype of the peritoneal microenvironment associated with OC, suggesting chemical
messengers released from the tumor prone omental tissues for metastasis. In support of this
theory, the omentum harbors a variety of stromal cell types, including adipocytes, mesenchymal

stem cells, fibroblasts, and macrophages, which can be dynamically converted to “cancer-
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associated” cells known to play crucial roles in metastasis. For example, cancer-associated
adipocytes have been shown to transfer lipids to OC cells, providing them with energy for rapid
metastatic growth.#-4° While the most common mechanism of HGSOC metastasis is thought to
be peritoneal dissemination, hematogenous spread does occur and studies have shown that in
vascular models of ovarian cancer metastasis preferential spread to both the ovary and the
omentum is observed. Pradeep et al. used a parabiosis model (two mice, one with ovarian
cancer and one cancer free who share a blood supply) to investigate the hematogenous spread
of HGSOC and observed preferential spread to the omentum.®° In another study Coffman et al.
developed three in vivo models of ovarian cancer resulting in metastatic disease via
hematogenous spread. Strikingly, all three models demonstrated the development of intra-
ovarian metastatic disease and ascites, supporting a tropism for the ovary and a role for the
vascular spread of HGSOC.# Given the multi-organ involvement in disease progression, it is
important to take these considerations into account when selecting a model from which to

design a metabolomics experiment
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Figure 1: HGSOC has a distinct pattern of disease progression; It originates with the
transformation of FTE cells which may form a premalignant lesion called a STIC before
metastasizing to the ovary. (B) After colonizing the ovary, it spreads by direct extension to the
peritoneal cavity through the detachment of cells from the primary tumor. (C) These cells often
survive by forming multicellular spheroids which float in the ascitic fluid and metastasize to
organs in direct contact with the peritoneal cavity. (D) Although many organs may be involved in
secondary dissemination, the main site of secondary metastasis is the omentum, a large apron-
like expanse of visceral adipose tissue that covers the spleen, stomach, pancreas, and colon
(Figure 1D).>7

Modeling HGSOC for Metabolomic Analysis

Metabolism is crucial for fully understanding important biological phenomena, including
HGSOC. Metabolomics, or the analysis of the complete set of small-molecule metabolites (50-
3000 Da) in biological samples, is an important tool for uncovering metabolite changes.
Comprehensive metabolomics investigations can be an analytical challenge as they require
special considerations for sample preparation and separation/purification for mass spectrometry
(MS) or nuclear magnetic resonance (NMR) analyses. When designing a metabolomics
experiment to investigate HGSOC it is important to consider: 1) the biological question, 2) the
stage of disease being investigated, and 3) the instrumentation available (Table 1). Special care
must be taken to ensure that the OC microenvironment is replicated as closely as possible and
that the sample is compatible with the instrument being used; this includes the separation
modality, ionization source (for MS), and analyzer. Though there have been several NMR-based
metabolomics studies on HGSOC %'-%5, many of the models discussed in this review are going
to be inherently incompatible with NMR due to sample constraints. Thus, below is a summary of
the advantages and disadvantages of different cell culture techniques and biospecimens that
have been used to model HGSOC, as well as a perspective on modeling for different MS-based
metabolomics modalities.
2-Dimensional (2D) Cell Culture

2D mammalian cell culture has been in use since the early 1990’s as a model for human
HGSOC. The first method for the non-polarized 2D cell culture of human FTE cells was
developed in 1990 by Heinrikson et al.5¢ This method was expanded on in 1994 by Kervancioglu
et al. who developed a technique for the polarized cell culture of human FTE cells by
incorporating a commercially available extracellular matrix (ECM) on a permeable filter (Figure
2A). Polarized cell culture has distinct advantages over non-polarized as it essentially doubles
the lifespan of FTE cells and allows for the establishment of subcultures; polarized cells also

more closely mimic the in vivo morphology of human FTE cells, making them preferable for
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functional studies.5” That being said, even polarized 2D cultures suffer from rapid
dedifferentiation and loss of polarization over time, issues that are less prevalent with 3D
methods. Despite these limitations 2D cell culture has been heavily employed for genetic and
biochemical studies on HGSOC, though it has been comparatively less popular for
metabolomics studies.

A few groups have successfully employed 2D cell culture to identify important metabolite
changes in HGSOC. In one study, Halama et al. characterized the metabolome of two ovarian
cancer cell lines (OVCAR3 and SKOV3) using untargeted MS-based metabolomics.>® The
resulting metabolite profile showed increases in the TCA cycle, lipid metabolism, and B-
oxidation, a finding that has been supported by subsequent studies.'>-'758 |n a later study the
same group used 2D co-culture to unearth metabolite changes in OC cells in response to direct
contact with fibroblasts. They found that fibroblasts induced significant changes in fatty acids,
glycerophospholipids, and carbohydrates in OC cells over time.% In another such study, Dahl et
al. compared the metabolite profiles of normal and tumorigenic FTE cells grown in 2D culture
and found that cancer cells preferentially utilize the TCA cycle. This ultimately led the
researchers to investigate TCA cycle enzymes and to identify isocitrate dehydrogenase 1
(IDH1) as a potential therapeutic target.'® These studies demonstrate that, while 2D cell culture
has many limitations compared to other methods, it can be very useful. In cases where the
research interest is simply the difference in metabolism between two individual cell types, or a
pairwise interaction, 2D cell culture is a simple, inexpensive, and well-established technique that

can be used to garner meaningful results.

3-Dimensional (3D) Cell Culture

Ovarian tumors are not purely composed of tumorigenic epithelial cells, but rather a
heterogenous mixture of epithelial, stromal, immune and endothelial cells.> The tumor
microenvironment (TME) is grossly affected by the interplay between these different cell types
which have an influence on tumor histology, growth potential, invasiveness, and the
development of chemoresistance. The TME is made up of 1) a primary tumor with associated
stromal and inflammatory cells, 2) non-adherent cells and spheroids suspended in ascites in the
peritoneal cavity, and 3) intra-peritoneal metastasis involving adherence to mesothelial cells,
adipocytes, and fibroblasts at the metastatic site.5 Different 3D cell culture models have been
developed to simulate each domain of the TME. These 3D models are crucial for studying
HGOC metastasis in detail as they have a reduced complexity when compared to in vivo

systems, allowing specific interactions to be investigated without the influence of confounding
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variables present in biospecimens and in vivo models. Below is an overview of the different 3D

cell culture models used to study HGSOC.

1. Air-liquid interface (ALI) Cell Culture

Air-liquid interface cell culture was originally developed to culture respiratory tract and
epidermal epithelia in vitro but has also been shown to support the differentiation of epithelial
cells that are not exposed to ambient air in vivo, including female reproductive tract epithelia.®®
Epithelial cells are initially seeded in compartmentalized culture systems with porous filter
supports or gel substrata and are grown, submerged in media, for an initial propagation period.
After the initial propagation period media is removed from the apical side, exposing the top of
cells to ambient air while media/nutrients are supplied from the bottom (Figure 2B).6° Levonon et
al. were the first to report the use of this cell culture technique to study cancer in primary human
FTE cells; they noted several advantages over previously reported polarized 2D cell culture
methods, including in vivo like apical secretions and the maintained polarization/differentiation of

FTE cells which resulted in the first true co-culture of primary ciliated and secretory FTE cells.®’

2. Cells cultured in 3D matrices
Initial strategies for the culture of OC cells in 3D matrices involved mixing OC cells with

different forms of ECM consisting of purified proteins, such as collagen, or a more complex

mixture such as Matrigel® (Figure 2B).62 OC cells cultured in 3D matrices have been used to

model various events in the progression of HGSOC, but have proven particularly useful for the
study of adhesion and invasion. To model adhesion OC cells are cultured on top of 3D gels, and
to model cancer cell survival and proliferation within a mechanically constrained environment (ie
invasion) cells can be seeded inside of or throughout 3D gels (Figure 2B).6364 Additionally a 3D
matrix can be incorporated to make cell cultures compatible with imaging mass spectrometry

(IMS), a metabolomics modality that will be discussed later in this review.2465

3. Explants
The 3D culture of ex vivo human or mouse organ explants can be useful for uncovering
important interactions between ovarian cancer cells and intact tissues (Figure 2B). In a 2018
study, Zink et. al. used this technique to co-culture murine ovarian explants with tumorigenic
FTE cells as a model for studying the primary metastasis of HGSOC and found that tumorigenic
cells, but not normal cells, induced a signal at m/z 170 which was identified as norepinephrine

and confirmed to stimulate the invasion of OC cells.?46% Additionally, Kahn et al. used explant
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cell culture to model secondary metastasis by co-culturing OC cells with healthy omental tissue
and found that OC cells preferentially adhere to clusters of immune cells on the omentum called
milky spots.®® While organ explants are useful for assessing interactions between cancer cells
and healthy tissues, they are limited by a lack of vasculature and extracellular components
normally present in vivo and can only provide reproducible conditions for a short period of time.
This gives them distinct disadvantages compared to biospecimens from patients or animal

models that were not cultured ex vivo.

4. Spheroids/ organoids /organotypic models

Spheroids, organoids, and organotypic models are all multicellular models which can
incorporate multiple cell types to mimic a tumor or tissue within the TME. The terms are used
somewhat interchangeably. In general, OC spheroids are multicellular aggregates comprised of
OC cells which range from 30-200 ym in diameter.6” Spheroids can be cultured in vitro on non-
adherent plates, in spinner flasks, in 3D matrices, or using the hanging-drop culture method
(Figure 2B) .88-70 They can also be cultured in microfluidics chambers which will be discussed
later. In a 2013 study, Lawrenston et al. established and characterized the first 3D spheroid
culture model of primary FTE cells and found that 3D spheroid culturing drastically altered the
molecular characteristics of FTE cells when compared to 2D cultures of the same cells.”! These
molecular changes are important to note as the formation of spheroids in the peritoneal cavity is
an important prerequisite to the adhesion of OC cells to healthy tissues at the metastatic site.”®
Organoids are also multicellular aggregates, but do not necessarily utilize cancer cells. In 2015,
Kessler et al. reported the growth of fallopian tube organoids from human FTE stem cells using
a re-constructed milieu consisting of growth factors and Matrigel. Through this study, the Notch
and Wnt pathways were identified as key regulators of stemness and differentiation in human
FTE organoids.”? From the modeling perspective, organoids and spheroids can be
advantageous as in the sense that they can easily be incorporated into organotypic systems to
study interactions with other components of the TME. Reported HGSOC organotypic models
incorporate multiple cell types, cultured in layers, to simulate the complex interactions seen
within a tissue in the OC TME. In 1985, Niedbala et al. developed the first organotypic model of
the OC TME by growing human primary mesothelial cells in a monolayer on ECM and seeding
ovarian cancer cells derived from patient ascites on top.”® This was expanded on in 2007 by
Kenny et al. who incorporated a second stromal cell type, fibroblasts, to more closely mimic the
TME.™ In this model, termed the organotypic mesothelium model, primary human omental

fibroblasts were embedded in ECM and overlaid with human primary mesothelial cells in a 1:5
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ratio before the seeding of OC cells (Figure 2B). This study revealed that both stromal cell types
play key roles in OC cell adhesion and invasion, and the model developed for it has since been
used in numerous studies which have further illuminated the mechanisms of HGSOC

metastasis.”7°

5. Microfluidics

The peritoneal dissemination of OC spheroids and free-floating cells is not a static
process, it is governed by hydrodynamic forces generated by the increased production of fluid in
the peritoneal cavity (ascites). To model this aspect of the peritoneal microenvironment, Li et al.
developed a 3D-microfluidic platform which mimics the hydrodynamic forces OC cells
experience in the peritoneal cavity. For this model, mesothelial cells are plated on ECM in
micrometer sized chambers, then OC spheroids are added and co-cultured under continuous
flow conditions to simulate the flow of peritoneal fluid induced by OC (Figure 2B).”® This model
more closely simulates the in vivo peritoneal TME than other cell culture models discussed in
this review. Additionally, it allows for acute control over the microenvironment within the
chamber through the continuous supply of nutrients and growth factors. In 2018, Carroll et. al.
added another layer of complexity to this model by incorporating alternatively activated
macrophages (AAMs) to investigate their impact on OC metastasis. They found that AAM-
secreted macrophage inflammatory protein-1 increased the expression of P-selectin in
mesothelial cells and this enhanced the adhesion of OC cells.”” In another study, Xiao et al.
developed a microfluidic culture system that supports the production of the hormone profile of
the human 28-day menstrual cycle by murine ovarian follicles, termed EVATAR. In this system
endocrine loops between multiple organs can be simulated in multiple unit platforms where
interconnected chambers house organs (ovary, fallopian tube, uterus, cervix, etc) and a
circulating flow between tissues is maintained.”® This model could be useful for studying the

origin of HGSOC, as ovulation is a known risk factor.36:37

While 3D models undoubtedly more closely mimic the complexities of the TME than 2D,
they also have some key disadvantages. In general, 3D models can be more costly and difficult
to employ. Also, they are not as well established as 2D and there is less comparative literature
due to the dynamic range of complexity seen with 3D models. Despite these disadvantages, 3D
cell culture models offer an innovative platform for investigating metabolite changes across the
progression of HGSOC without the influence of confounding factors (diet, genetics, etc.) that

may be present in biospecimens from animal models or patients.
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Biospecimens

Biospecimens, such as tissue, blood, serum, urine, etc., collected from animal models or
patients are by far the most popular and arguably the most clinically relevant models for
metabolomics studies on HGSOC; as they provide the most accurate representation of
metabolic changes in response to the in vivo TME. Xenograft mouse models, where OC cells
are injected into mice and tumor growth is monitored, have been used since the early 1980’s
and can recapitulate some aspects of OC progression and metastasis, although they cannot be
used to study the transforming events leading to tumorigenesis.”® Several genetically
engineered mouse models and murine cell lines have been developed with key mutations to
model HGSOC from the fallopian tube. It is important to note these genetic changes, as they are
relevant to the stage of disease being modeled; certain mutations arise early on whereas others
are only seen in metastatic disease. Genetic mouse models that result in spontaneous disease,
or longitudinal models, such as the model used by Huang et al. discussed above, are
advantageous for some studies as they enable the analysis of metabolic changes across the
entire disease spectrum, including the early events of tumorigenesis; this is particularly strategic
for the investigation of diagnostic biomarkers for early detection.'?

One key disadvantage of using mice is they require genetic manipulation to develop OC.
Laying hens, on the other hand, spontaneously develop OC with many features in common with
human disease, including OC heterogeneity with at least four distinct histological subtypes. The
clinical presentation of OC in hens is similar to that in women; they develop substantial volumes
of ascites fluid and show extensive peritoneal metastasis.8’ Despite these advantages relatively
few studies have used hens to investigate the OC metabolome. In one such study Nazari et al.
analyzed the metabolome of healthy and cancerous hen ovarian tissue sections using polarity
switching IMS and found significant metabolic alterations, including a ~2 fold increase in
glutathione in cancerous hen ovarian tissue compared to healthy tissue;'3'# glutathione has
previously been implicated in OC resistance to platinum-based chemotherapies.'®8! Ultimately
the information gained using animal models must be translatable to humans to yield clinically
useful drug targets and/or diagnostic biomarkers. As such, biospecimens taken from patients in
clinics are indispensable; unfortunately, they can be difficult to obtain and expensive to
store/ship making it advantageous, in many cases, to use animals. Clinical samples also suffer
from a lack of control over variables, including diet and genetics, that can be controlled for (to

some extent) with laboratory animals.
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Modeling for Different MS-based Metabolomics Modalities

When selecting a HGSOC model for metabolomics analyses the most important
consideration is whether or not there is a spatial component to the biological question at hand.
We define spatial components to mean whether local microenvironments are required to be
intact in order for chemical processes to occur through space in these microenvironments. If
there is a spatial component, then the sample must be adapted for compatibility with imaging
mass spectrometry (IMS), a metabolomics technique that allows for the acquisition of both
spatial and spectral information from a single biological sample. If there is no spatial component,
liquid chromatography- MS(/MS) or NMR analysis have been a mainstay. One of the most
critical steps for the success of a metabolomics experiment is sample preparation. As many of
the models discussed above are incompatible with NMR, our analysis will focus on MS-based
techniques. A comprehensive review of NMR-based metabolomics is covered in Emwas et al.
Below is a summary of sample considerations for imaging and non-imaging MS-based

metabolomics modalities.

1. Imaging mass spectrometry (IMS)

In IMS, ions are detected across a solid biological sample yielding a complete mass
spectrum for each x,y coordinate analyzed.®? These sampling positions become “pixels" that are
compiled to create images representing the spatial distributions of ions across the sample.
Some forms of IMS rely on ablation of the sample and can create voxels as in the example of
the hen tissue which was analyzed with infrared matrix-assisted laser desorption electrospray
ionization (IR-MALDESI), vide supra. The relative intensity of an ion can also be visualized as a
heat map, allowing for relative quantitation of an ion within a single analysis. Several ionization
techniques are compatible with IMS and each has its own sample requirements; one major
determinant of those requirements is whether or not ionization occurs under vacuum pressure.
Ambient ionization methods have a number of advantages, as keeping the samples under
atmospheric pressure allows for direct analysis of samples without desiccation or
cryopreservation to remove moisture. Despite these advantages, matrix-assisted laser
desorption/ionization (MALDI) based analyses are the most common application for IMS; MALDI
occurs under vacuum and requires the sample be flat and completely dry. It also requires the
application of a matrix, which aids in ionization and can be optimized for specific classes of
compounds. Other IMS compatible ionization methods, including desorption electrospray
ionization (DESI) and liquid extraction surface analysis (LESA), use a solvent mixture to aid in

ionization so they do not require application of a matrix, this can be advantageous if the sample
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is desired for subsequent analysis. These various ionization sources and their limitations and
advantages are comprehensively covered in Spraker et al.®?

IMS has predominantly been applied to tissue samples from HGSOC patients or animal
models as this sample preparation has become standardized over time.'483 This has been very
useful for assessing overall metabolite changes in OC tissues, as well as drug penetration in
spheroids.? This type of analysis allows researchers to generate molecular maps of small
molecules, small proteins, tryptic peptides, lipids, and glycans across a tissue sample such as a
tumor, spheroid, or organoid. While this approach can yield useful information about biomarkers
or downstream pathways for therapeutic intervention, it is not capable of capturing earlier
signaling events. Towards this end, some 3D cellular based models, such as organoids or 3D
cultures are advantageous as they are better able to capture cross talk prior to tumor formation.
Our labs have recently adapted 3D cell culture in agarose coupled with a healthy murine explant
to uncover early signalling.?4%% For this model, an agarose matrix was mixed 1:1 with media for
3D cell culture. Excreted metabolites could diffuse through this media mixture, enabling
crosstalk between OC cells and healthy tissues to be captured and visualized using IMS. In
another such study, Bilandzic et al. used a novel in vitro invasion assay coupled with MALDI-
IMS to take a “snapshot” of protein exchange at the spheroid mesothelial interface. For this
study, cell-spheroid interface cultures were embedded in agarose and sectioned before proteins
were analyzed by IMS. One could envision a similar study adapted for the analysis of small-
molecules.

One key advantage of IMS as an approach is that spatial mapping essentially allows for
data reduction as a layer of dimensionality. Restricting analyses to areas of interest such as a
cell-tissue or subcellular localization can greatly reduce the number of signals of interest, which
expedites the verification of highly important signals. In contrast, extraction-based methods
allow for the analysis of all ionizable molecules in the sample, which may allow for the
identification of molecular changes that could not be observed using IMS. A noted weakness of
MALDI based imaging is that the analytes that can be ionized heavily depend on the matrix
used and the sample requirements of being a flat surface for DESI or MALDI based imaging.
However, the development of different matrices that can select for different biomolecules or
specific functional groups has been an active area of innovation and is expanding the utility of
imaging for different models. Moreover, there are several IMS compatible ionization techniques
to choose from, several of which do not require desiccation/cryopreservation or matrix

application prior to analysis.
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2. Non-imaging metabolomics modalities

Non-imaging MS and NMR are both compatible with liquid samples as well as extracted
tissue samples. Liquid based extractions have been a mainstay for metabolomics, especially as
it pertains to HGSOC as reviewed by Turkoglu et al.?® For liquid based extractions the solvent
system can be optimized for specific classes of metabolites, or for a broad range of metabolites
depending on the research question at hand. A detailed review on liquid chromatography mass
spectrometry based workflows was recently published by Grim et al.8 While targeted
metabolomics offers excellent sensitivity, it relies on prior knowledge of the analyte and the
availability of isotopically labelled standards, which are drawbacks for those looking to discover
novel biomarkers. Untargeted metabolomics, on the other hand, is advantageous for discovery
purposes but the results heavily depend on the extraction solvents, liquid chromatography
system (reverse phase, normal phase, etc.), and the data analysis technique used. To make
sense of the wealth of data provided in an untargeted experiment, quality control-based curation
steps are necessary to ensure that statistical analyses are performed on analytically robust and
potentially identifiable features. Untargeted metabolomics yields a large number of signals that
may be important via fold change or significance to a control, but heavily relies on databases to
annotate these signals and these databases are constantly expanding. Despite these
disadvantages, untargeted MS-based metabolomics remains the preferred technique for
biomarker discovery from HGSOC biospecimens.

Clinical based biomarkers for OC have historically failed because they were not specific
or sensitive enough; similar to issues seen in serum, blood, and tissue-based metabolomics for
HGSOC. For example, the most useful individual biomarker for OC diagnosis to date is CA-125,
yet numerous efforts at utilizing it for OC screening purposes have not been fruitful. One popular
way to deal with this is to use a multiplexed approach wherein additional biomarkers are sought
to complement CA-125. This “multiplexed approach” has also been applied to studies aimed at
identifying metabolite-based biomarkers from HGSOC biospecimens. In one such study, Gaul et
al. analyzed serum samples from early-stage OC patients and age matched control women
using ultra high-performance LC-MS/MS combined with a customized support vector machine
(SVM)-based learning algorithm to identify biomarkers from the OC serum metabolome. This
resulted in the identification of a panel of 16 biomarkers which detected OC with 100% accuracy
in the cohort tested.® In another study by Jones et al., analysis of serum samples from a double
knockout mouse model combined with iterative multivariate classification resulted in the
identification of a panel of 18 metabolites that yielded 100% accuracy for distinguishing early

stage-OC mice from controls.8” Additionally, several studies by the Li research group have
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investigated serum, plasma, and urine for HGSOC biomarkers and each of these studies

yielded several biomarkers that reliably distinguish OC biospecimens from healthy controls .88-°1

Despite these successes, potential biomarkers or druggable pathways have yet to be translated

from many of these studies. This may be due, in part, to the challenges in removing the spatial

context from analysis making it difficult to determine which signals to focus on. Technological

advancements in terms of both instrumentation and data analysis could alleviate these

challenges in the future, allowing for the development of metabolomics-based diagnostic tests

that are robust and translatable for use in clinical settings.

Biospecimens

-Tissue samples are compatible with IMS

-Well established
-Lots of comparative literature

Cell-culture Advantages Disadvantages References
Model
-Individual cell types or pairwise -Original histology and paracrine
interactions can be assessed influences are lost
-Inexpensive -Cells can lose polarization normally
2D culture -Well established present in intact tissues 56,57
-Easy observation/measurement -Premature senescence or de-
-Lots of comparative literature differentiation may occur
-Not compatible with IMS
-Not as physiologically relevant as
polarized 2D cell culture
-Organotypic models are possible -Not as well established as 2D culture
-Dynamic range of complexity techniques 60-78
3D culture -Easily adaptable to the research -Not all models are compatible with
question IMS
-Can be compatible with IMS -Less comparative literature due to
dynamic range of complexity
-The most physiologically relevant -Human donor-to-donor variability
-Original histology and paracrine -Human samples can be hard to come
influences are maintained by 79, 80

Table 1. Advantages and limitations of the different cell culture methods as they apply to

different metabolomics workflows.
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Figure 2: Schematic of 3D cell culture models. (A) Non-polarized vs polarized 2D
cell culture. (B) Air-liquid interface cell culture (top left). Cell culture in 3D matrices (top
right) with 1. Cells seeded on top 2. Cells seeded on bottom 3. Cells seeded in a layer
in the middle 4. Cells seeded throughout and 5. Cells seeded in the middle or
spheroid/organoid/explant cultured within. Organotypic mesothelium model* (bottom

left), and microfluidics (bottom right).

Metabolites Implicated in the Origin and Metastatic Progression of HGSOC

Small molecules have been documented to be involved in disease progression of
HGSOC. For example, steroid hormones in follicular have been implicated in HGSOC
development and metastasis. Additionally, catecholamine signaling (specifically norepinephrine
signaling) has been implicated in primary metastasis to the ovary and several other metabolites
are known to play crucial roles in the intraperitoneal microenvironment contributing to
chemoresistance and metastatic progression. Below is a summary of the functional roles of

small molecules in the origin and progression of HGSOC (Table 2).
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Steroids: Estrogen and Progesterone

Lifetime ovulation is positively correlated with OC risk and factors which decrease
ovulation are associated with a protective effect.?2° During ovulation, ovarian follicles release
follicular fluid (FF) which bathes surrounding tissues including the ovarian surface epithelium
and proximal fallopian tube fimbria. While the connection between ovulation and OC risk
remains poorly understood, two components of FF that have been implicated in the origin and
progression of HGSOC are the steroid hormones estrogen and progesterone.

Exposure to estrogens has long been considered a risk factor for the development of
OC and estrogen levels in follicular fluid are ~1000-fold that of serum (Figure 2A).94-97 While it is
generally considered a risk factor, the role of estrogen in the development of HGSOC is
somewhat unclear. A study by Moyle-Hayrman et al. saw a moderate increase in the expression
of proliferation and anti-apoptosis transcripts in murine oviductal epithelial cells with estradiol
treatment, although this increase was not consistent between multiple models and estradiol
treatment did not induce proliferation or migration.® Clinical studies have shown that women
taking estrogen only hormone replacement therapy have a higher risk of developing OC
compared to women who have never taken hormone replacement therapy or who take
estrogen-progesterone combination therapy.®9 Taken together, these data indicate that
estrogen plays a functional role in the development of HGSOC, though the specifics of that role
remain unclear.

Progesterone, another steroid hormone released in FF, is thought to have a protective
effect against OC (Figure 3A). Support for this comes from the observation that women taking
oral contraceptives or combined estrogen-progesterone hormone replacement therapy have
decreased risk of developing OC.%8-190 As previously mentioned, one of the earliest mutations
observed in HGSOC is in TP53, and a recent study by Wu et al. demonstrated that treatment of
p53-null murine oviduct epithelial and p53-deficient human FTE cells with progesterone induced
necroptosis (inflammatory cell death). Similar necrotic effects were observed in a p53-null
mouse model treated with progesterone and it was found that inhibition of the progesterone
receptor led to the accumulation of double stranded breaks.'%" These results suggest activation
of the necrosis pathway may underlie the protective effect of progesterone against developing
HGSOC.3®

Small Molecules: Norepinephrine
The catecholamine norepinephrine is a stress hormone secreted by adrenal glands and

stored in many tissues, including the ovary. In a 2018 study, Zink et al. probed the small-
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molecule exchange between tumorigenic FTE cells and healthy murine ovaries using imaging
mass spectrometry (IMS). They found tumorigenic cells but not normal cells stimulated
norepinephrine secretion by the ovary and enhanced invasion, suggesting norepinephrine may
play a role in the primary metastasis of OC (Figure 3B).2* Norepinephrine signaling is of interest
at a clinical level. In a study of patients with epithelial ovarian cancer, the use of 3-adrenergic
receptor blockers was found to be associated with a 54% reduction in mortality.'°? This study
inspired clinical trials observing the effect of B-blockers on OC patients without hypertension,
however, the use of B-blockers as a means of chemoprevention for high risk patients has yet to
be investigated.'%® Taken together, this data suggests that norepinephrine signaling is involved
in the metastatic progression of HGSOC and B-adrenergic receptors represent viable

therapeutic targets for the treatment and prevention of the disease.

Amino acids: Arginine and Citrulline

The conversion of L-arginine into L-citrulline by nitric oxide synthase (NOS), a protein
that has been shown to have high levels of activity in malignant tissue from gynecologic
cancers, leads to the production of NO.'%4 NO is an intercellular signaling molecule that plays
pleiotropic roles in many disease states, including OC, by regulating cellular pH, blood flow,
oxygen, and nutrients.'%51% |n a 2015 study, Rizi et al. demonstrated that patient-derived
omental adipose stromal cells (O-ASCs) regulate NO homeostasis in OC cell lines by secreting
arginine (Figure 3) which is up taken by cancer cells, thereby increasing NO synthesis and
promoting OC growth. By modulating NO homeostasis, O-ASCs positively regulate the Warburg
effect (switch to anaerobic respiration) in OC cells by increasing glycolysis and reducing
mitochondrial ATP generation. In turn, OC cells secrete citrulline (Figure 4), a byproduct of NOS
activity which increases the adipogenesis of O-ASCs. The results of this study also suggest that
O-ASCs regulate OC cells response to chemo-drugs through the NO pathway, as inhibition of
NO synthesis was found to sensitize cancer cells co-cultured with O-ASCs to paclitaxel.'”
These findings support the notion that metabolic coupling between OC cells and O-ASCs in the
tumor microenvironment promotes OC growth and resistance to chemotherapeutics through the

modulation of NO synthesis.

Amino acids: Glutathione (GSH) and Cysteine
GSH is a tripeptide antioxidant composed of glutamic acid, cystine, and glycine that
plays a critical role in maintaining cellular homeostasis by scavenging reactive oxygen species

(ROS), acting as an intervenient in the metabolism of xenobiotics, and serves as a reservoir of


https://paperpile.com/c/24ZDqe/3C7bE
https://paperpile.com/c/24ZDqe/HhTCG
https://paperpile.com/c/24ZDqe/ESRBW
https://paperpile.com/c/24ZDqe/hq05M
https://paperpile.com/c/24ZDqe/j5N1w+XvBB5
https://paperpile.com/c/24ZDqe/0KLCM

Page 19 of 29

Molecular Omics

cysteine (a metabolite of the amino acid cystine).'% In a 2018 study, Nazari et al. used
quantitative IMS to analyze the metabolite content of healthy and cancerous hen ovarian tissue
sections and found a ~2-fold increase in GSH.'3'4 Additionally, several studies have reported an
association between high GSH levels or glutathione S-transferase P1 (GSTP1) activity and
cisplatin or carboplatin resistance in OC.8'.109.110 Fuyrther support for this association comes from
a study by Wang et al. in 2016, in which CAFs were found to confer platinum resistance to OC

cells by releasing GSH and cysteine into the tumor microenvironment (Figure 4).1°

Lipids: Lysophosphatidic acid (LPA)

Lysophosphatidic acids (LPA’s) are a class of bioactive lipids which vary in the length
and number of double bonds on the fatty acid side chain esterified to a glycerol backbone. LPAs
are potential biomarkers for OC, as numerous blinded and independent studies have reported
they are elevated in the blood of OC patients when compared to benign and/or healthy
controls.''-113 However, given how ubiquitous LPA and other lipid molecules are, they would
be challenging to develop as biomarkers for clinical diagnostics. OC preferentially metastasizes
to the omentum which is known to secrete many chemotactic cytokines and growth factors,
including LPA; further, about 40% of bodily autotaxin (ATX) is produced by adipocytes which
are enriched in the omentum and known to provide energy to cancer cells for rapid tumor
growth."4-117 L PA has been shown to stimulate most tumor promoting activities in vitro including
cell differentiation or proliferation, prevention of apoptosis, induction of platelet aggregation,
stimulation of cell morphology changes, cell migration, adhesion, and invasion. It has also been

shown to stimulate tumorigenesis and metastasis in vivo.?78-125

Vitamins: Folic acid

Folic acid, also called vitamin B9, is an essential nutrient for normal proliferating cells
and is required for the biosynthesis of purine and pyrimidine nucleotides needed for DNA/RNA
synthesis as well as epigenetic modification through DNA methylation.'?® Folic acid has
previously been implicated in cancer development through DNA methylation and the disruption
of DNA integrity causing it to interfere with the expression of proto-oncogenes and tumor
suppressor genes, including TP53 (an early genetic signature of HGSOC).127:128 The
overexpression of folate receptor alpha (FRa) has been observed in OC, and the increased

expression of folate binding proteins is positively correlated with OC stage and prognosis.'?°


https://paperpile.com/c/24ZDqe/o0V3B
https://paperpile.com/c/24ZDqe/F5RZg+UoUKh
https://paperpile.com/c/24ZDqe/AdkK8+HSC3u+tF96L
https://paperpile.com/c/24ZDqe/pdhit
https://paperpile.com/c/24ZDqe/YqVO3+wKVpC+PQY9Y
https://paperpile.com/c/24ZDqe/MVb2H+UJV0G+pHipp+f3lqL
https://paperpile.com/c/24ZDqe/LrS70+E2WMk+fmJvm+FULgq+Jd0Gy+GQyKX+gYQ7Q+CI4CH
https://paperpile.com/c/24ZDqe/AMtGa
https://paperpile.com/c/24ZDqe/EEJEm+qFpAC
https://paperpile.com/c/24ZDqe/7DNm2

Molecular Omics

Page 20 of 29

Molecule Formula Structure Source References
Estradiol C1gH240, Follicular 94-99
Fluid
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SH
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Table 2. Summary and chemical structures of the small molecules in the origin and progression
of HGSOC.
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Figure 3: Small-molecules have been implicated in the origin and primary
metastasis of HGSOC. (A) The steroid hormones estradiol and progesterone have been
implicated in the origin of HGSOC.®+10" (B) The catecholamine norepinephrine has been
implicated in the primary metastasis of HGSOC.24 102, 103



Page 23 of 29 Molecular Omics

Omentum

Glutathione

" eyl / Fibroblasts

'3 '“F giia.
W

L-Arginine

Lysophosphatidic acid

>

Adipocytes

L-Citrulline

Spheroids & free floating cells

Figure 4: Small molecules play important functional roles in the HGSOC intraperitoneal
microenvironment.

Future Directions/Prospective

HGSOC remains a salient public health concern, largely due to a lack of techniques for
early diagnosis and effective treatment. Further investigation of the molecular events underlying
HGSOC pathogenesis may facilitate the identification of diagnostic biomarkers and therapeutic
targets, and metabolomics is an important tool for investigating these molecular events. Since
HGSOC is a progressive disease that involves specific movement to specific organs, we
advocate for utilizing models and methodologies that take spatial referencing into account.
Given the historical shortcomings of biomarkers for disease detection that did not take the
microenvironment into account, specifically the localized reproductive anatomy
microenvironment, metabolomics experiments that can capture this localized environment may
provide an advantage. There is a wealth of chemical space yet to discover as many
metabolomics experiments rely on databases, such as the Human Metabolome Database, yet
this may not be comprehensive of the entire chemical space.'3° Models that allow for continued

growth may help facilitate the acquisition of enough biomass to identify signals via alternative
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approaches such as NMR. In the coming years, balancing the relevance of the model system
and complexity of the female reproductive system coupled with spatial metabolomics will
advance our understanding of the chemical exchange that occurs to drive tumorigenic cells to

specific tissues.

Acknowledgements

This publication was supported by the National Institute of General Medical Sciences Award
Number RO1GM125943 (LMS), the National Cancer Institute Award Number RO1CA240423
(LMS and JEB) of the National Institutes of Health, the Research Corporation for Science
Advancement Scialog Award #26222 (LMS) and by the National Science Foundation grant
1817955 (LMS).

References

-_—

R. L. Siegel, K. D. Miller, H. E. Fuchs and A. Jemal, CA Cancer J. Clin., 2021, 71, 7-33.

2 H.Sung, J. Ferlay, R. L. Siegel, M. Laversanne, |. Soerjomataram, A. Jemal and F. Bray,
CA Cancer J. Clin., 2021, 71, 209-249.

3 L. A. Torre, B. Trabert, C. E. DeSantis, K. D. Miller, G. Samimi, C. D. Runowicz, M. M.
Gaudet, A. Jemal and R. L. Siegel, CA Cancer J. Clin., 2018, 68, 284—-296.

4 D.D. Bowtell, S. B6hm, A. A. Ahmed, P.-J. Aspuria, R. C. Bast Jr, V. Beral, J. S. Berek, M.

J. Birrer, S. Blagden, M. A. Bookman, J. D. Brenton, K. B. Chiappinelli, F. C. Martins, G.

Coukos, R. Drapkin, R. Edmondson, C. Fotopoulou, H. Gabra, J. Galon, C. Gourley, V.

Heong, D. G. Huntsman, M. lwanicki, B. Y. Karlan, A. Kaye, E. Lengyel, D. A. Levine, K. H.

Lu, I. A. McNeish, U. Menon, S. A. Narod, B. H. Nelson, K. P. Nephew, P. Pharoah, D. J.

Powell Jr, P. Ramos, I. L. Romero, C. L. Scott, A. K. Sood, E. A. Stronach and F. R.

Balkwill, Nat. Rev. Cancer, 2015, 15, 668—-679.

E. Lengyel, Am. J. Pathol., 2010, 177, 1053—-1064.

R. Williams and H. White, Curr. Probl. Surg., 1986, 23, 789-865.

S. Wilkosz, G. Ireland, N. Khwaja, M. Walker, R. Butt, A. de Giorgio-Miller and S. E.

Herrick, Anat. Embryol. , 2005, 209, 251-261.

8 N. Howlader, A. M. Noone, M. Krapcho, J. Garshell, D. Miller, S. F. Altekruse, C. L. Kosary,
M. Yu, J. Ruhl, Z. Tatalovich and Others, National Cancer Institute.

9 S.Vaughan, J. I. Coward, R. C. Bast Jr, A. Berchuck, J. S. Berek, J. D. Brenton, G.
Coukos, C. C. Crum, R. Drapkin, D. Etemadmoghadam, M. Friedlander, H. Gabra, S. B.
Kaye, C. J. Lord, E. Lengyel, D. A. Levine, I. A. McNeish, U. Menon, G. B. Mills, K. P.
Nephew, A. M. Oza, A. K. Sood, E. A. Stronach, H. Walczak, D. D. Bowtell and F. R.
Balkwill, Nat. Rev. Cancer, 2011, 11, 719-725.

10 R. L. Siegel, K. D. Miller, A. Goding Sauer, S. A. Fedewa, L. F. Butterly, J. C. Anderson, A.
Cercek, R. A. Smith and A. Jemal, CA Cancer J. Clin., 2020, 70, 145-164.

11 E. Riekeberg and R. Powers, F1000Res.

12 D. Huang, D. A. Gaul, H. Nan, J. Kim and F. M. Fernandez, J. Proteome Res., 2019, 18,
3184-3194.

13 M. Nazari, M. T. Bokhart, P. L. Loziuk and D. C. Muddiman, Analyst, 2018, 143, 654—661.

14 M. Nazari and D. C. Muddiman, Analyst, 2016, 141, 595—-605.

15 M. Y. Fong, J. McDunn and S. S. Kakar, PLoS One, 2011, 6, €19963.

16 W.Yang, T. Mu, J. Jiang, Q. Sun, X. Hou, Y. Sun, L. Zhong, C. Wang and C. Sun, Cell.

~N O O

Page 24 of 29


http://paperpile.com/b/24ZDqe/6u4Ot
http://paperpile.com/b/24ZDqe/4RBnD
http://paperpile.com/b/24ZDqe/4RBnD
http://paperpile.com/b/24ZDqe/DRlQ4
http://paperpile.com/b/24ZDqe/DRlQ4
http://paperpile.com/b/24ZDqe/1FD8K
http://paperpile.com/b/24ZDqe/1FD8K
http://paperpile.com/b/24ZDqe/1FD8K
http://paperpile.com/b/24ZDqe/1FD8K
http://paperpile.com/b/24ZDqe/1FD8K
http://paperpile.com/b/24ZDqe/1FD8K
http://paperpile.com/b/24ZDqe/1FD8K
http://paperpile.com/b/24ZDqe/0hBcN
http://paperpile.com/b/24ZDqe/zTmB0
http://paperpile.com/b/24ZDqe/5HHNL
http://paperpile.com/b/24ZDqe/5HHNL
http://paperpile.com/b/24ZDqe/1BQ7R
http://paperpile.com/b/24ZDqe/1BQ7R
http://paperpile.com/b/24ZDqe/Rhsix
http://paperpile.com/b/24ZDqe/Rhsix
http://paperpile.com/b/24ZDqe/Rhsix
http://paperpile.com/b/24ZDqe/Rhsix
http://paperpile.com/b/24ZDqe/Rhsix
http://paperpile.com/b/24ZDqe/CgJ2c
http://paperpile.com/b/24ZDqe/CgJ2c
http://paperpile.com/b/24ZDqe/bJ6cc
http://paperpile.com/b/24ZDqe/VoRjF
http://paperpile.com/b/24ZDqe/VoRjF
http://paperpile.com/b/24ZDqe/UoUKh
http://paperpile.com/b/24ZDqe/F5RZg
http://paperpile.com/b/24ZDqe/wkuWY
http://paperpile.com/b/24ZDqe/jDtOE

Page 25 of 29

17

18

19

20

21

22

23

24
25

26
27
28
29
30
31
32
33
34

35

36

37

38

39

Molecular Omics

Physiol. Biochem., 2018, 51, 1134-1148.

R. R. Chen, M. M. H. Yung, Y. Xuan, S. Zhan, L. L. Leung, R. R. Liang, T. H. Y. Leung, H.
Yang, D. Xu, R. Sharma, K. K. L. Chan, S.-F. Ngu, H. Y. S. Ngan and D. W. Chan,
Communications Biology, 2019, 2.

E. S. Dahl, R. Buj, K. E. Leon, J. M. Newell, Y. Imamura, B. G. Bitler, N. W. Snyder and K.
M. Aird, Mol. Cancer Res., 2019, 17, 1710-1720.

W. Wang, I. Kryczek, L. Dostal, H. Lin, L. Tan, L. Zhao, F. Lu, S. Wei, T. Maj, D. Peng, G.
He, L. Vatan, W. Szeliga, R. Kuick, J. Kotarski, R. Tarkowski, Y. Dou, R. Rattan, A.
Munkarah, J. R. Liu and W. Zou, Cell, 2016, 165, 1092—1105.

I. J. Jacobs and U. Menon, Mol. Cell. Proteomics, 2004, 3, 355-366.

A. Horata, A. Swiatly, J. Lorek, Z. J. Kokot, J. Matysiak and E. Nowak-Markwitz, Ginekol.
Pol., 2018, 89, 568—-572.

M. A. Karlsen, N. Sandhu, C. Hagdall, I. J. Christensen, L. Nedergaard, L. Lundvall, S. A.
Engelholm, A. T. Pedersen, D. Hartwell, M. Lydolph, I. A. Laursen and E. V. S. Hggdall,
Gynecologic Oncology, 2012, 127, 379-383.

O. Turkoglu, A. Zeb, S. Graham, T. Szyperski, J. B. Szender, K. Odunsi and R. Bahado-
Singh, Metabolomics, , DOI:10.1007/s11306-016-0990-0.

K. E. Zink, M. Dean, J. E. Burdette and L. M. Sanchez, ACS Cent Sci, 2018, 4, 1360-1370.
A. Mukherjee, C.-Y. Chiang, H. A. Daifotis, K. M. Nieman, J. F. Fahrmann, R. R. Lastra, I.
L. Romero, O. Fiehn and E. Lengyel, Cancer Res., 2020, 80, 1748—-1761.

[.-M. Shih and R. J. Kurman, Am. J. Pathol., 2004, 164, 1511-1518.

R. J. Kurman and |.-M. Shih, Am. J. Pathol., 2016, 186, 733-747.

A. N. Karnezis, K. R. Cho, C. B. Gilks, C. L. Pearce and D. G. Huntsman, Nat. Rev.
Cancer, 2017, 17, 65-74.

D. W. Kindelberger, Y. Lee, A. Miron, M. S. Hirsch, C. Feltmate, F. Medeiros, M. J.
Callahan, E. O. Garner, R. W. Gordon, C. Birch, R. S. Berkowitz, M. G. Muto and C. P.
Crum, Am. J. Surg. Pathol., 2007, 31, 161-169.

R. Perets and R. Drapkin, Cancer Res., 2016, 76, 10-17.

Y. Lee, A. Miron, R. Drapkin, M. R. Nucci, F. Medeiros, A. Saleemuddin, J. Garber, C.
Birch, H. Mou, R. W. Gordon, D. W. Cramer, F. D. McKeon and C. P. Crum, The Journal of
Pathology, 2007, 211, 26-35.

J. Ducie, F. Dao, M. Considine, N. Olvera, P. A. Shaw, R. J. Kurman, |.-M. Shih, R. A.
Soslow, L. Cope and D. A. Levine, Nat. Commun., 2017, 8, 990.

H. Falconer, L. Yin, H. Grénberg and D. Altman, J. Natl. Cancer Inst., ,
DOI:10.1093/jnci/dju410.

C. Madsen, L. Baandrup, C. Dehlendorff and S. K. Kjaer, Acta Obstet. Gynecol. Scand.,
2015, 94, 86-94.

R. T. Marquez, K. A. Baggerly, A. P. Patterson, J. Liu, R. Broaddus, M. Frumovitz, E. N.
Atkinson, D. I. Smith, L. Hartmann, D. Fishman, A. Berchuck, R. Whitaker, D. M.
Gershenson, G. B. Mills, R. C. Bast Jr and K. H. Lu, Clin. Cancer Res., 2005, 11, 6116—
6126.

Y. Yang-Hartwich, M. Gurrea-Soteras, N. Sumi, W. D. Joo, J. C. Holmberg, V. Craveiro, A.
B. Alvero and G. Mor, Sci. Rep., 2014, 4, 6116.

S. M. King, T. S. Hilliard, L. Y. Wu, R. C. Jaffe, A. T. Fazleabas and J. E. Burdette, Endocr.
Relat. Cancer, 2011, 18, 627—642.

E. Jarboe, A. Folkins, M. R. Nucci, D. Kindelberger, R. Drapkin, A. Miron, Y. Lee and C. P.
Crum, Int. J. Gynecol. Pathol., 2008, 27, 1-9.

O. Kim, E. Y. Park, S. Y. Kwon, S. Shin, R. E. Emerson, Y.-H. Shin, F. J. DeMayo, J. P.
Lydon, D. M. Coffey, S. M. Hawkins, L. A. Quilliam, D.-J. Cheon, F. M. Fernandez, K. P.
Nephew, A. R. Karpf, M. Widschwendter, A. K. Sood, R. C. Bast Jr, A. K. Godwin, K. D.
Miller, C.-H. Cho and J. Kim, Proc. Natl. Acad. Sci. U. S. A., 2020, 117, 31993-32004.


http://paperpile.com/b/24ZDqe/jDtOE
http://paperpile.com/b/24ZDqe/2oEj4
http://paperpile.com/b/24ZDqe/2oEj4
http://paperpile.com/b/24ZDqe/2oEj4
http://paperpile.com/b/24ZDqe/jxZ1Y
http://paperpile.com/b/24ZDqe/jxZ1Y
http://paperpile.com/b/24ZDqe/pdhit
http://paperpile.com/b/24ZDqe/pdhit
http://paperpile.com/b/24ZDqe/pdhit
http://paperpile.com/b/24ZDqe/OLDM1
http://paperpile.com/b/24ZDqe/ekp8Y
http://paperpile.com/b/24ZDqe/ekp8Y
http://paperpile.com/b/24ZDqe/8hUEY
http://paperpile.com/b/24ZDqe/8hUEY
http://paperpile.com/b/24ZDqe/8hUEY
http://paperpile.com/b/24ZDqe/ohSoI
http://paperpile.com/b/24ZDqe/ohSoI
http://dx.doi.org/10.1007/s11306-016-0990-0
http://paperpile.com/b/24ZDqe/ohSoI
http://paperpile.com/b/24ZDqe/3C7bE
http://paperpile.com/b/24ZDqe/NdR64
http://paperpile.com/b/24ZDqe/NdR64
http://paperpile.com/b/24ZDqe/TAgXl
http://paperpile.com/b/24ZDqe/PEXwx
http://paperpile.com/b/24ZDqe/AU0K2
http://paperpile.com/b/24ZDqe/AU0K2
http://paperpile.com/b/24ZDqe/Q9FW0
http://paperpile.com/b/24ZDqe/Q9FW0
http://paperpile.com/b/24ZDqe/Q9FW0
http://paperpile.com/b/24ZDqe/mJnDl
http://paperpile.com/b/24ZDqe/c44jl
http://paperpile.com/b/24ZDqe/c44jl
http://paperpile.com/b/24ZDqe/c44jl
http://paperpile.com/b/24ZDqe/6QLUi
http://paperpile.com/b/24ZDqe/6QLUi
http://paperpile.com/b/24ZDqe/ttNF7
http://paperpile.com/b/24ZDqe/ttNF7
http://dx.doi.org/10.1093/jnci/dju410
http://paperpile.com/b/24ZDqe/ttNF7
http://paperpile.com/b/24ZDqe/Snk8c
http://paperpile.com/b/24ZDqe/Snk8c
http://paperpile.com/b/24ZDqe/g9we0
http://paperpile.com/b/24ZDqe/g9we0
http://paperpile.com/b/24ZDqe/g9we0
http://paperpile.com/b/24ZDqe/g9we0
http://paperpile.com/b/24ZDqe/mAQLA
http://paperpile.com/b/24ZDqe/mAQLA
http://paperpile.com/b/24ZDqe/9XsGR
http://paperpile.com/b/24ZDqe/9XsGR
http://paperpile.com/b/24ZDqe/Wuin9
http://paperpile.com/b/24ZDqe/Wuin9
http://paperpile.com/b/24ZDqe/7KHwk
http://paperpile.com/b/24ZDqe/7KHwk
http://paperpile.com/b/24ZDqe/7KHwk
http://paperpile.com/b/24ZDqe/7KHwk

40

41

42

43

44

45
46

47

48

49
50

51

52

53

54

95

56

57

58

59

60
61

62
63

64

Molecular Omics

M. Kang, K. Y. Chong, T. M. P. Hartwich, F. Bi, A. K. Witham, D. Patrick, M. J. Morrisson,
S. L. Cady, A. P. Cerchia, D. Kelk, Y. Liu, J. Nucci, O. Madarikan, D. Ueno, B. M. Shuch
and Y. Yang-Hartwich, Oncogenesis, 2020, 9, 55.

C.-F. Hsu, P.-C. Chen, V. Seenan, D.-C. Ding and T.-Y. Chu, Cancers, ,
DOI:10.3390/cancers13030468.

R. Perets, G. A. Wyant, K. W. Muto, J. G. Bijron, B. B. Poole, K. T. Chin, J. Y. H. Chen, A.
W. Ohman, C. D. Stepule, S. Kwak, A. M. Karst, M. S. Hirsch, S. R. Setlur, C. P. Crum, D.
M. Dinulescu and R. Drapkin, Cancer Cell, 2013, 24, 751-765.

L. G. Coffman, D. Burgos-Ojeda, R. Wu, K. Cho, S. Bai and R. J. Buckanovich, Transl.
Res., 2016, 175, 92—-102.e2.

M. Dean, V. Jin, A. Russo, D. D. Lantvit and J. E. Burdette, Carcinogenesis, 2019, 40, 41—
51.

R. S. Freedman, M. Deavers, J. Liu and E. Wang, J. Transl. Med., 2004, 2, 23.

J. Cai, H. Tang, L. Xu, X. Wang, C. Yang, S. Ruan, J. Guo, S. Hu and Z. Wang,
Carcinogenesis, 2012, 33, 20-29.

H. C. Gusky, H. Chkourko Gusky, J. Diedrich, O. A. MacDougald and I. Podgorski, Obesity
Reviews, 2016, 17, 1015-1029.

B. Dirat, L. Bochet, G. Escourrou, P. Valet and C. Muller, Adipose Tissue Development,
2010, 45-52.

D. H. Suh, H. S. Kim, B. Kim and Y. S. Song, Biochem. Pharmacol., 2014, 92, 43-54.

S. Pradeep, S. W. Kim, S. Y. Wu, M. Nishimura, P. Chaluvally-Raghavan, T. Miyake, C. V.
Pecot, S.-J. Kim, H. J. Choi, F. Z. Bischoff, J. A. Mayer, L. Huang, A. M. Nick, C. S. Hall, C.
Rodriguez-Aguayo, B. Zand, H. J. Dalton, T. Arumugam, H. J. Lee, H. D. Han, M. S. Cho,
R. Rupaimoole, L. S. Mangala, V. Sehgal, S. C. Oh, J. Liu, J.-S. Lee, R. L. Coleman, P.
Ram, G. Lopez-Berestein, I. J. Fidler and A. K. Sood, Cancer Cell, 2014, 26, 77-91.

K. Odunsi, R. M. Wollman, C. B. Ambrosone, A. Hutson, S. E. McCann, J. Tammela, J. P.
Geisler, G. Miller, T. Sellers, W. Cliby, F. Qian, B. Keitz, M. Intengan, S. Lele and J. L.
Alderfer, Int. J. Cancer, 2005, 113, 782-788.

S. K. Bharti, F. Wildes, C.-F. Hung, T. C. Wu, Z. M. Bhujwalla and M.-F. Penet,
Metabolomics, 2017, 13.

L. Zennaro, L. Nicolé, P. Vanzani, F. Cappello and A. Fassina, Pleura Peritoneum, 2020, 5,
20200113.

E. A. Boss, S. H. Moolenaar, L. F. Massuger, H. Boonstra, U. F. Engelke, J. G. de Jong
and R. A. Wevers, NMR Biomed., 2000, 13, 297-305.

D. Ben Sellem, K. Elbayed, A. Neuville, F.-M. Moussallieh, G. Lang-Averous, M. Piotto, J.-
P. Bellocq and I. J. Namer, J. Oncol., 2011, 2011, 174019.

T. Henriksen, T. Tanbo, T. Abyholm, B. R. Oppedal, O. P. Claussen and T. Hovig, Hum.
Reprod., 1990, 5, 25-31.

M. E. Kervancioglu, E. Saridogan, J. E. Martin, S. D. Maguiness and O. Djahanbakhch,
Biol. Cell, 1994, 82, 103—107.

A. Halama, B. S. Guerrouahen, J. Pasquier, I. Diboun, E. D. Karoly, K. Suhre and A. Rafii,
J. Transl. Med., 2015, 13, 223.

A. Halama, B. S. Guerrouahen, J. Pasquier, N. J. Satheesh, K. Suhre and A. Rafii, Sci.
Rep., 2017, 7, 39999.

S. Chen and J. Schoen, Reproduction in Domestic Animals, 2019, 54, 38—45.

K. Levanon, V. Ng, H. Y. Piao, Y. Zhang, M. C. Chang, M. H. Roh, D. W. Kindelberger, M.
S. Hirsch, C. P. Crum, J. A. Marto and R. Drapkin, Oncogene, 2010, 29, 1103-1113.

P. Mullen, A. Ritchie, S. P. Langdon and W. R. Miller, Int. J. Cancer, 1996, 67, 816—820.
N. M. Moss, M. V. Barbolina, Y. Liu, L. Sun, H. G. Munshi and M. Sharon Stack, Cancer
Research, 2009, 69, 7121-7129.

M. V. Barbolina, B. P. Adley, E. V. Ariztia, Y. Liu and M. S. Stack, J. Biol. Chem., 2007,

Page 26 of 29


http://paperpile.com/b/24ZDqe/yygPB
http://paperpile.com/b/24ZDqe/yygPB
http://paperpile.com/b/24ZDqe/yygPB
http://paperpile.com/b/24ZDqe/10Hht
http://paperpile.com/b/24ZDqe/10Hht
http://dx.doi.org/10.3390/cancers13030468
http://paperpile.com/b/24ZDqe/10Hht
http://paperpile.com/b/24ZDqe/WHTMx
http://paperpile.com/b/24ZDqe/WHTMx
http://paperpile.com/b/24ZDqe/WHTMx
http://paperpile.com/b/24ZDqe/gl6iz
http://paperpile.com/b/24ZDqe/gl6iz
http://paperpile.com/b/24ZDqe/7KE2X
http://paperpile.com/b/24ZDqe/7KE2X
http://paperpile.com/b/24ZDqe/Cgc7L
http://paperpile.com/b/24ZDqe/wV5vJ
http://paperpile.com/b/24ZDqe/wV5vJ
http://paperpile.com/b/24ZDqe/DlP8z
http://paperpile.com/b/24ZDqe/DlP8z
http://paperpile.com/b/24ZDqe/iYqiQ
http://paperpile.com/b/24ZDqe/iYqiQ
http://paperpile.com/b/24ZDqe/Kqda4
http://paperpile.com/b/24ZDqe/zfOWv
http://paperpile.com/b/24ZDqe/zfOWv
http://paperpile.com/b/24ZDqe/zfOWv
http://paperpile.com/b/24ZDqe/zfOWv
http://paperpile.com/b/24ZDqe/zfOWv
http://paperpile.com/b/24ZDqe/gx7j8
http://paperpile.com/b/24ZDqe/gx7j8
http://paperpile.com/b/24ZDqe/gx7j8
http://paperpile.com/b/24ZDqe/7j0si
http://paperpile.com/b/24ZDqe/7j0si
http://paperpile.com/b/24ZDqe/39wIw
http://paperpile.com/b/24ZDqe/39wIw
http://paperpile.com/b/24ZDqe/SHO6j
http://paperpile.com/b/24ZDqe/SHO6j
http://paperpile.com/b/24ZDqe/LmRUU
http://paperpile.com/b/24ZDqe/LmRUU
http://paperpile.com/b/24ZDqe/BBo8j
http://paperpile.com/b/24ZDqe/BBo8j
http://paperpile.com/b/24ZDqe/MNhQ6
http://paperpile.com/b/24ZDqe/MNhQ6
http://paperpile.com/b/24ZDqe/ov1LC
http://paperpile.com/b/24ZDqe/ov1LC
http://paperpile.com/b/24ZDqe/Cn37j
http://paperpile.com/b/24ZDqe/Cn37j
http://paperpile.com/b/24ZDqe/Xaj3p
http://paperpile.com/b/24ZDqe/bDWf5
http://paperpile.com/b/24ZDqe/bDWf5
http://paperpile.com/b/24ZDqe/Zg0N5
http://paperpile.com/b/24ZDqe/0mIGc
http://paperpile.com/b/24ZDqe/0mIGc
http://paperpile.com/b/24ZDqe/h05sd

Page 27 of 29

65
66

67

68

69
70

71

72

73

74

75
76

7

78

79

80

81

82
83

84

85

86

87

88

89

Molecular Omics

282, 4924-4931.

K. E. Zink, M. Dean, J. E. Burdette and L. M. Sanchez, J. Vis. Exp., , DOI:10.3791/59490.
S. M. Khan, H. M. Funk, S. Thiolloy, T. L. Lotan, J. Hickson, G. S. Prins, A. F. Drew and C.
W. Rinker-Schaeffer, Clin. Exp. Metastasis, 2010, 27, 185—196.

H. J. Allen, C. Porter, M. Gamarra, M. S. Piver and E. A. Johnson, Exp. Cell Biol., 1987, 55,
194-208.

R.-Z. Lin and H.-Y. Chang, Biotechnology Journal: Healthcare Nutrition Technology, 2008,
3, 1172-1184.

A. Gilead and M. Neeman, Neoplasia, 1999, 1, 226-230.

M. Zietarska, C. M. Maugard, A. Filali-Mouhim, M. Alam-Fahmy, P. N. Tonin, D. M.
Provencher and A.-M. Mes-Masson, Mol. Carcinog., 2007, 46, 872—885.

K. Lawrenson, M. Notaridou, N. Lee, E. Benjamin, |. J. Jacobs, C. Jones and S. A. Gayther,
BMC Cell Biol., 2013, 14, 43.

M. Kessler, K. Hoffmann, V. Brinkmann, O. Thieck, S. Jackisch, B. Toelle, H. Berger, H.-J.
Mollenkopf, M. Mangler, J. Sehouli, C. Fotopoulou and T. F. Meyer, Nat. Commun., 2015,
6, 8989.

M. J. Niedbala, K. Crickard and R. J. Bernacki, Exp. Cell Res., 1985, 160, 499-513.

H. A. Kenny, T. Krausz, S. D. Yamada and E. Lengyel, International Journal of Cancer,
2007, 121, 1463-1472.

K. M. Watters, P. Bajwa and H. A. Kenny, Cancers , , DOI:10.3390/cancers10080265.
S.-S.Li, C. K. M. Ip, M. Y. H. Tang, S. K. H. Sy, S. Yung, T.-M. Chan, M. Yang, H. C. Shum
and A. S. T. Wong, J. Vis. Exp., , DOI:10.3791/55337.

M. J. Carroll, K. C. Fogg, H. A. Patel, H. B. Krause, A.-S. Mancha, M. S. Patankar, P. S.
Weisman, L. Barroilhet and P. K. Kreeger, Cancer Res., 2018, 78, 3560-3573.

S. Xiao, J. R. Coppeta, H. B. Rogers, B. C. Isenberg, J. Zhu, S. A. Olalekan, K. E.
McKinnon, D. Dokic, A. S. Rashedi, D. J. Haisenleder, S. S. Malpani, C. A. Arnold-Murray,
K. Chen, M. Jiang, L. Bai, C. T. Nguyen, J. Zhang, M. M. Laronda, T. J. Hope, K. P. Maniar,
M. E. Pavone, M. J. Avram, E. C. Sefton, S. Getsios, J. E. Burdette, J. Julie Kim, J. T.
Borenstein and T. K. Woodruff, Nature Communications, 2017, 8.

P. J. Selby, J. M. Thomas, P. Monaghan, J. Sloane and M. J. Peckham, Br. J. Cancer,
1980, 41, 52-61.

A. Barua, P. Bitterman, J. S. Abramowicz, A. L. Dirks, J. M. Bahr, D. B. Hales, M. J.
Bradaric, S. L. Edassery, J. Rotmensch and J. L. Luborsky, Int. J. Gynecol. Cancer, 2009,
19, 531-539.

A. K. Godwin, A. Meister, P. J. O'Dwyer, C. S. Huang, T. C. Hamilton and M. E. Anderson,
Proc. Natl. Acad. Sci. U. S. A., 1992, 89, 3070-3074.

J. E. Spraker, G. T. Luu and L. M. Sanchez, Nat. Prod. Rep., , DOI:10.1039/c9np00038k.
M. R. L. Paine, J. Kim, R. V. Bennett, R. M. Parry, D. A. Gaul, M. D. Wang, M. M. Matzuk
and F. M. Fernandez, PLoS One, 2016, 11, e0154837.

G. J. LaBonia, S. Y. Lockwood, A. A. Heller, D. M. Spence and A. B. Hummon, Proteomics,
2016, 16, 1814-1821.

C. M. Grim, G. T. Luu and L. M. Sanchez, FEMS Microbiol. Lett., ,
DOI:10.1093/femsle/fnz135.

D. A. Gaul, R. Mezencev, T. Q. Long, C. M. Jones, B. B. Benigno, A. Gray, F. M.
Fernandez and J. F. McDonald, Sci. Rep., 2015, 5, 16351.

C. M. Jones, M. E. Monge, J. Kim, M. M. Matzuk and F. M. Fernandez, J. Proteome Res.,
2015, 14, 917-927.

T. Zhang, X. Wu, C. Ke, M. Yin, Z. Li, L. Fan, W. Zhang, H. Zhang, F. Zhao, X. Zhou, G.
Lou and K. Li, J. Proteome Res., 2013, 12, 505-512.

C.Ke, Y. Hou, H. Zhang, L. Fan, T. Ge, B. Guo, F. Zhang, K. Yang, J. Wang, G. Lou and K.
Li, Int. J. Cancer, 2015, 136, 516-526.


http://paperpile.com/b/24ZDqe/h05sd
http://paperpile.com/b/24ZDqe/X0zmM
http://dx.doi.org/10.3791/59490
http://paperpile.com/b/24ZDqe/X0zmM
http://paperpile.com/b/24ZDqe/J7dbz
http://paperpile.com/b/24ZDqe/J7dbz
http://paperpile.com/b/24ZDqe/wkmr3
http://paperpile.com/b/24ZDqe/wkmr3
http://paperpile.com/b/24ZDqe/jQ1hc
http://paperpile.com/b/24ZDqe/jQ1hc
http://paperpile.com/b/24ZDqe/4CvXd
http://paperpile.com/b/24ZDqe/DZ5lc
http://paperpile.com/b/24ZDqe/DZ5lc
http://paperpile.com/b/24ZDqe/gzjRU
http://paperpile.com/b/24ZDqe/gzjRU
http://paperpile.com/b/24ZDqe/PqCMW
http://paperpile.com/b/24ZDqe/PqCMW
http://paperpile.com/b/24ZDqe/PqCMW
http://paperpile.com/b/24ZDqe/ZRtie
http://paperpile.com/b/24ZDqe/aggR0
http://paperpile.com/b/24ZDqe/aggR0
http://paperpile.com/b/24ZDqe/nbJN4
http://dx.doi.org/10.3390/cancers10080265
http://paperpile.com/b/24ZDqe/nbJN4
http://paperpile.com/b/24ZDqe/oJt3T
http://paperpile.com/b/24ZDqe/oJt3T
http://dx.doi.org/10.3791/55337
http://paperpile.com/b/24ZDqe/oJt3T
http://paperpile.com/b/24ZDqe/cDn8q
http://paperpile.com/b/24ZDqe/cDn8q
http://paperpile.com/b/24ZDqe/3DbYU
http://paperpile.com/b/24ZDqe/3DbYU
http://paperpile.com/b/24ZDqe/3DbYU
http://paperpile.com/b/24ZDqe/3DbYU
http://paperpile.com/b/24ZDqe/3DbYU
http://paperpile.com/b/24ZDqe/BvL3D
http://paperpile.com/b/24ZDqe/BvL3D
http://paperpile.com/b/24ZDqe/SKnYe
http://paperpile.com/b/24ZDqe/SKnYe
http://paperpile.com/b/24ZDqe/SKnYe
http://paperpile.com/b/24ZDqe/AdkK8
http://paperpile.com/b/24ZDqe/AdkK8
http://paperpile.com/b/24ZDqe/j9X7x
http://dx.doi.org/10.1039/c9np00038k
http://paperpile.com/b/24ZDqe/j9X7x
http://paperpile.com/b/24ZDqe/4ceKc
http://paperpile.com/b/24ZDqe/4ceKc
http://paperpile.com/b/24ZDqe/mEy0h
http://paperpile.com/b/24ZDqe/mEy0h
http://paperpile.com/b/24ZDqe/B2THp
http://paperpile.com/b/24ZDqe/B2THp
http://dx.doi.org/10.1093/femsle/fnz135
http://paperpile.com/b/24ZDqe/B2THp
http://paperpile.com/b/24ZDqe/eYynD
http://paperpile.com/b/24ZDqe/eYynD
http://paperpile.com/b/24ZDqe/x0SNp
http://paperpile.com/b/24ZDqe/x0SNp
http://paperpile.com/b/24ZDqe/F6LWF
http://paperpile.com/b/24ZDqe/F6LWF
http://paperpile.com/b/24ZDqe/x9LiU
http://paperpile.com/b/24ZDqe/x9LiU

Molecular Omics

90 T.Zhang, X. Wu, M. Yin, L. Fan, H. Zhang, F. Zhao, W. Zhang, C. Ke, G. Zhang, Y. Hou, X.

Zhou, G. Lou and K. Li, Clin. Chim. Acta, 2012, 413, 861-868.

91 H. Zhang, T. Ge, X. Cui, Y. Hou, C. Ke, M. Yang, K. Yang, J. Wang, B. Guo, F. Zhang, G.
Lou and K. Li, Mol. Biosyst., 2015, 11, 516-521.

92 M. F. Fathalla, The Lancet, 1971, 298, 163.

93 D.W. Cramer and W. R. Welch, J. Natl. Cancer Inst., 1983, 71, 717-721.

94 C. Rodriguez, A. V. Patel, E. E. Calle, E. J. Jacob and M. J. Thun, JAMA, 2001, 285, 1460—
1465.

95 J. V. Lacey Jr, P. J. Mink, J. H. Lubin, M. E. Sherman, R. Troisi, P. Hartge, A. Schatzkin
and C. Schairer, JAMA, 2002, 288, 334—-341.

96 S.-M. Ho, Reprod. Biol. Endocrinol., 2003, 1, 73.

97 M. J. De los Santos, V. Garcia-Laez, D. Beltran, E. Labarta, J. L. Zuzuarregui, P. Alama, P.
Gamiz, J. Crespo, E. Bosch and A. Pellicer, Hum. Reprod., 2013, 28, 224-229.

98 M. T. Faber, A. Jensen, K. Frederiksen, E. Glud, E. Hggdall, C. Hagdall, J. Blaakeer and S.
K. Kjeer, Cancer Causes & Control, 2013, 24, 2197-2206.

99 V. Beral, Million Women Study Collaborators, D. Bull, J. Green and G. Reeves, Lancet,
2007, 369, 1703—-1710.

100 S. E. Hankinson, G. A. Colditz, D. J. Hunter, T. L. Spencer, B. Rosner and M. J. Stampfer,
International Journal of Gynecology & Obstetrics, 1993, 41, 213-213.

101 N.-Y. Wu, H.-S. Huang, T. H. Chao, H. M. Chou, C. Fang, C.-Z. Qin, C.-Y. Lin, T.-Y. Chu
and H. H. Zhou, Cell Reports, 2017, 18, 2557-2565.

102 E. Diaz, B. Karlan, I. Cass, C. Walsh and A. Li, Gynecologic Oncology, 2011, 120, S36.

103 M. D. Anderson Cancer Center, .

104 L. L. Thomsen, F. G. Lawton, R. G. Knowles, J. E. Beesley, V. Riveros-Moreno and S.
Moncada, Cancer Res., 1994, 54, 1352-1354.

105 W. Xu, X. U. Weiming, L. Z. Liu, M. Loizidou, M. Ahmed and I|. G. Charles, Cell Research,
2002, 12, 311-320.

106 J. Muntané and M. D. la Mata, World J. Hepatol., 2010, 2, 337-344.

107 B. S. Rizi, C. Caneba, A. Nowicka, A. W. Nabiyar, X. Liu, K. Chen, A. Klopp and D.
Nagrath, Cancer Research, 2015, 75, 456-471.

108 J. M. Estrela, A. Ortega and E. Obrador, Critical Reviews in Clinical Laboratory Sciences,
2006, 43, 143-181.

109 P. Surowiak, V. Materna, |. Kaplenko, M. Spaczyhski, M. Dietel, H. Lage and M. Zabel,
Virchows Archiv, 2005, 447, 626—633.

110 D. Mayr, U. Pannekamp, G. B. Baretton, M. Gropp, W. Meier, M. J. Flens, R. Scheper and
J. Diebold, Pathology - Research and Practice, 2000, 196, 469-475.

111 R. Sutphen, Y. Xu, G. D. Wilbanks, J. Fiorica, E. C. Grendys Jr, J. P. LaPolla, H. Arango,
M. S. Hoffman, M. Martino, K. Wakeley, D. Griffin, R. W. Blanco, A. B. Cantor, Y.-J. Xiao
and J. P. Krischer, Cancer Epidemiol. Biomarkers Prev., 2004, 13, 1185-1191.

112 |. Sedlakova, J. Vavrova, J. Tosner and L. Hanousek, Eur. J. Gynaecol. Oncol., 2008, 29,
511-514.

113 Y.-Y. Li, W.-C. Zhang, J.-L. Zhang, C.-J. Zheng, H. Zhu, H.-M. Yu and L.-M. Fan, Lipids in
Health and Disease, 2015, 14.

114 R. Dusaulcy, C. Rancoule, S. Grés, E. Wanecq, A. Colom, C. Guigné, L. A. van Meeteren,
W. H. Moolenaar, P. Valet and J. S. Saulnier-Blache, Journal of Lipid Research, 2011, 52,
1247-1255.

115 M. G. K. Benesch, Z. Yang, X. Tang, G. Meng and D. N. Brindley, Trends in Cancer, 2017,
3, 748-752.

116 P. E. Feist, E. A. Loughran, M. S. Stack and A. B. Hummon, Anal. Bioanal. Chem., 2018,
410, 1583-1594.

117 K. M. Nieman, H. A. Kenny, C. V. Penicka, A. Ladanyi, R. Buell-Gutbrod, M. R. Zillhardt, I.

Page 28 of 29


http://paperpile.com/b/24ZDqe/GgrqI
http://paperpile.com/b/24ZDqe/GgrqI
http://paperpile.com/b/24ZDqe/EQkD1
http://paperpile.com/b/24ZDqe/EQkD1
http://paperpile.com/b/24ZDqe/8wmot
http://paperpile.com/b/24ZDqe/algxQ
http://paperpile.com/b/24ZDqe/wM2qL
http://paperpile.com/b/24ZDqe/wM2qL
http://paperpile.com/b/24ZDqe/mucGE
http://paperpile.com/b/24ZDqe/mucGE
http://paperpile.com/b/24ZDqe/HODGj
http://paperpile.com/b/24ZDqe/pirEr
http://paperpile.com/b/24ZDqe/pirEr
http://paperpile.com/b/24ZDqe/n5ah5
http://paperpile.com/b/24ZDqe/n5ah5
http://paperpile.com/b/24ZDqe/7vQlp
http://paperpile.com/b/24ZDqe/7vQlp
http://paperpile.com/b/24ZDqe/WTjED
http://paperpile.com/b/24ZDqe/WTjED
http://paperpile.com/b/24ZDqe/6xQWM
http://paperpile.com/b/24ZDqe/6xQWM
http://paperpile.com/b/24ZDqe/HhTCG
http://paperpile.com/b/24ZDqe/ESRBW
http://paperpile.com/b/24ZDqe/hq05M
http://paperpile.com/b/24ZDqe/hq05M
http://paperpile.com/b/24ZDqe/j5N1w
http://paperpile.com/b/24ZDqe/j5N1w
http://paperpile.com/b/24ZDqe/XvBB5
http://paperpile.com/b/24ZDqe/0KLCM
http://paperpile.com/b/24ZDqe/0KLCM
http://paperpile.com/b/24ZDqe/o0V3B
http://paperpile.com/b/24ZDqe/o0V3B
http://paperpile.com/b/24ZDqe/HSC3u
http://paperpile.com/b/24ZDqe/HSC3u
http://paperpile.com/b/24ZDqe/tF96L
http://paperpile.com/b/24ZDqe/tF96L
http://paperpile.com/b/24ZDqe/YqVO3
http://paperpile.com/b/24ZDqe/YqVO3
http://paperpile.com/b/24ZDqe/YqVO3
http://paperpile.com/b/24ZDqe/wKVpC
http://paperpile.com/b/24ZDqe/wKVpC
http://paperpile.com/b/24ZDqe/PQY9Y
http://paperpile.com/b/24ZDqe/PQY9Y
http://paperpile.com/b/24ZDqe/MVb2H
http://paperpile.com/b/24ZDqe/MVb2H
http://paperpile.com/b/24ZDqe/MVb2H
http://paperpile.com/b/24ZDqe/UJV0G
http://paperpile.com/b/24ZDqe/UJV0G
http://paperpile.com/b/24ZDqe/pHipp
http://paperpile.com/b/24ZDqe/pHipp
http://paperpile.com/b/24ZDqe/f3lqL

Page 29 of 29

Molecular Omics

L. Romero, M. S. Carey, G. B. Mills, G. S. Hotamisligil, S. Diane Yamada, M. E. Peter, K.
Gwin and E. Lengyel, Nature Medicine, 2011, 17, 1498-1503.

118 Y. Xu, X. J. Fang, G. Casey and G. B. Mills, Biochem. J, 1995, 309 ( Pt 3), 933-940.

119 S. Sengupta, Z. Wang, R. Tipps and Y. Xu, Seminars in Cell & Developmental Biology,
2004, 15, 503-512.

120 M. Murph and G. B. Mills, Expert Reviews in Molecular Medicine, 2007, 9, 1-18.

121 J. Ren, Y.-J. Xiao, L. S. Singh, X. Zhao, Z. Zhao, L. Feng, T. M. Rose, G. D. Prestwich and
Y. Xu, Cancer Research, 2006, 66, 3006-3014.

122 L. M. Baudhuin, K. L. Cristina, J. Lu and Y. Xu, Molecular Pharmacology, 2002, 62, 660—
671.

123 X. Fang, S. Yu, R. C. Bast, S. Liu, H.-J. Xu, S.-X. Hu, R. LaPushin, F. X. Claret, B. B.
Aggarwal, Y. Lu and G. B. Mills, Journal of Biological Chemistry, 2004, 279, 9653—9661.

124 H. Li, D. Wang, H. Zhang, K. Kirmani, Z. Zhao, R. Steinmetz and Y. Xu, Mol. Cancer Ther.,
2009, 8, 1692—-1701.

125 X. Fang, D. Gaudette, T. Furui, M. Mao, V. Estrella, A. Eder, T. Pustilnik, T. Sasagawa, R.
Lapushin, S. Yu, R. B. Jaffe, J. R. Wiener, J. R. Erickson and G. B. Mills, Ann. N. Y. Acad.
Sci., 2000, 905, 188-208.

126 J. Selhub, J. Nutr. Health Aging, 2002, 6, 39—42.

127 S.-W. Choi and J. B. Mason, The Journal of Nutrition, 2000, 130, 129-132.

128 Y. Kim, The Journal of Nutritional Biochemistry, 1999, 10, 66—88.

129 G. Toffoli, C. Cernigoi, A. Russo, A. Gallo, M. Bagnoli and M. Boiocchi, International
Journal of Cancer, 1997, 74, 193—198.

130 D. S. Wishart, Y. D. Feunang, A. Marcu, A. C. Guo, K. Liang, R. Vazquez-Fresno, T. Sajed,
D. Johnson, C. Li, N. Karu, Z. Sayeeda, E. Lo, N. Assempour, M. Berjanskii, S. Singhal, D.
Arndt, Y. Liang, H. Badran, J. Grant, A. Serra-Cayuela, Y. Liu, R. Mandal, V. Neveu, A.
Pon, C. Knox, M. Wilson, C. Manach and A. Scalbert, Nucleic Acids Res., 2018, 46, D608—
D617.


http://paperpile.com/b/24ZDqe/f3lqL
http://paperpile.com/b/24ZDqe/f3lqL
http://paperpile.com/b/24ZDqe/LrS70
http://paperpile.com/b/24ZDqe/E2WMk
http://paperpile.com/b/24ZDqe/E2WMk
http://paperpile.com/b/24ZDqe/fmJvm
http://paperpile.com/b/24ZDqe/FULgq
http://paperpile.com/b/24ZDqe/FULgq
http://paperpile.com/b/24ZDqe/Jd0Gy
http://paperpile.com/b/24ZDqe/Jd0Gy
http://paperpile.com/b/24ZDqe/GQyKX
http://paperpile.com/b/24ZDqe/GQyKX
http://paperpile.com/b/24ZDqe/gYQ7Q
http://paperpile.com/b/24ZDqe/gYQ7Q
http://paperpile.com/b/24ZDqe/CI4CH
http://paperpile.com/b/24ZDqe/CI4CH
http://paperpile.com/b/24ZDqe/CI4CH
http://paperpile.com/b/24ZDqe/AMtGa
http://paperpile.com/b/24ZDqe/EEJEm
http://paperpile.com/b/24ZDqe/qFpAC
http://paperpile.com/b/24ZDqe/7DNm2
http://paperpile.com/b/24ZDqe/7DNm2
http://paperpile.com/b/24ZDqe/ZbjeK
http://paperpile.com/b/24ZDqe/ZbjeK
http://paperpile.com/b/24ZDqe/ZbjeK
http://paperpile.com/b/24ZDqe/ZbjeK
http://paperpile.com/b/24ZDqe/ZbjeK

