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Simple Summary: The underlying mechanisms associated with ovarian cancer progression remain
largely unknown, making it one of the most lethal cancers. To understand the disease pathogenesis,
our study involved longitudinal serum metabolomics profiling of a triple-mutant mouse model of
ovarian cancer that captured the dynamic metabolic response from disease onset until mouse death.
These experiments were complemented with spatial lipidomic profiling of the entire reproductive
system of the triple-mutant mice, enabling us to visualize the tissue heterogeneity and lipid alterations
within tumors. A combined longitudinal and spatial map of metabolomic alterations associated with
ovarian cancer progression is presented, serving as a comprehensive guide towards understanding

the disease origin and progression.

Abstract: The dismally low survival rate of ovarian cancer patients diagnosed with high-grade
serous carcinoma (HGSC) emphasizes the lack of effective screening strategies. One major obstacle is
the limited knowledge of the underlying mechanisms of HGSC pathogenesis at very early stages.
Here, we present the first 10-month time-resolved serum metabolic profile of a triple mutant (TKO)
HGSC mouse model, along with the spatial lipidome profile of its entire reproductive system. A
high-coverage liquid chromatography mass spectrometry-based metabolomics approach was applied
to longitudinally collected serum samples from both TKO (1 = 15) and TKO control mice (1 = 15),
tracking metabolome and lipidome changes from premalignant stages to tumor initiation, early stages,
and advanced stages until mouse death. Time-resolved analysis showed specific temporal trends
for 17 lipid classes, amino acids, and TCA cycle metabolites, associated with HGSC progression.
Spatial lipid distributions within the reproductive system were also mapped via ultrahigh-resolution
matrix-assisted laser desorption/ionization (MALDI) mass spectrometry and compared with serum
lipid profiles for various lipid classes. Altogether, our results show that the remodeling of lipid and
fatty acid metabolism, amino acid biosynthesis, TCA cycle and ovarian steroidogenesis are critical
components of HGSC onset and development. These metabolic alterations are accompanied by
changes in energy metabolism, mitochondrial and peroxisomal function, redox homeostasis, and
inflammatory response, collectively supporting tumorigenesis.
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1. Introduction

Ovarian cancer (OC) patients suffer the highest mortality rate among all gynecological
malignancies [1]. For 2020, the Global Cancer Observatory estimated 207,252 ovarian
cancer deaths worldwide [2]. In particular, high-grade serous carcinoma (HGSC) is the
most common and deadliest OC subtype, accounting for 70-80% of deaths [3]. HGSC is
characterized by asymptomatic tumor growth that consequently leads to its diagnosis at
advanced stages when the cancer has metastasized. The driving mechanisms for HSGC
onset and progression remain largely unknown, and to date there are no effective screening
methods available to the general population [4,5]. Symptomatic patients are typically
subject to trans-vaginal ultrasound exams, and measurement of serum CA125 levels [5].
However, elevations in CA125 have been reported for many non-ovarian malignancies, and
this biomarker exhibits low specificity and sensitivity for early stage OC. The dismally low
HGSC survival rate calls for a better understanding of the factors critical to its development,
in turn facilitating biomarker discovery for early stages to improve clinical outcomes.

Over the past few years, significant efforts have been made to understand the disease
biology of ovarian HGSC. Substantial evidence has emerged indicating the fallopian tube
as the site of origin for most ovarian cancers [6], and genomics studies have revealed the
critical role of genetic alterations in the development of HGSC, including TP53, PTEN,
and BRCA mutations in women with hereditary breast cancer susceptibility [7]. One
hallmark characteristic of cancer cells is their ability to rewire metabolism to sustain a
favorable environment for tumor growth [8]. As such, metabolomics—the examination
of changes in the abundance of metabolites in biological samples—can be leveraged to
provide snapshots of the HGSC metabolic phenotype. Examples include metabolomics
studies of ovarian cancer in serum [9-13], urine [14] and tissue [15]. Along these lines, our
team has characterized the serum metabolome of triple-mutant (TKO) p53 LSL-R172H/+
Dicer1 flox/flox Pten flox/flox Amhr2 cre/+ mice, an animal model that reproduces the
clinical metastasis of human HGSC in 100% of cases with close phenotypic, histological,
and molecular similarities [16]. This TKO animal is developed by conditionally deleting
two critical genes, Dicer and Pten, and by adding a p53 mutation (R172H), which is equiv-
alent to the p53-R175H mutant found in almost 96% of human HGSC cases, making it a
faithful representation of human HGSC. In TKO mice, HGSC originates and develops in
the fallopian tube, typically within 10-16 weeks after birth, envelopes the ovaries, and
then aggressively metastasizes throughout the abdominal cavity, killing the mice between
24-40 weeks [16]. Serum metabolomics of these animals showed evidence for dysregu-
lated phospholipid, sphingolipid, sterol lipid, 2(3)-hydroxysebacic acids, glycoproteins
and glycolipid metabolism [12]. In addition, increasing evidence has shown alterations
in fatty acid and lipid [9-12], nucleotide [12] and amino acid [13] abundances. These
metabolomics experiments, however, have been typically performed as a single time-point
comparison between disease and control states so the metabolic alterations involved in
HGSC progression over time have so far remained unexplored.

Here, we present the first 10-month time-resolved serum metabolomics study of an
animal model of ovarian HGSC. Ultrahigh performance liquid chromatography-mass
spectrometry (UHPLC-MS) was used for profiling sequentially collected serum samples
from TKO mice starting from 8 weeks of age until death and/or ascites. Both the serum
lipidome and polar metabolome were profiled using two complementary UHPLC-MS
techniques for maximum coverage. Unlike conventional single time-point studies, which
do not fully capture the dynamic metabolic response associated with disease development,
time-resolved metabolic profiling allowed mapping metabolite alterations as the HGSC
progressed. To complement UHPLC-MS analysis, and to understand the origin of the
alterations observed in serum, we also performed tissue spatial lipidomics using matrix-
assisted laser desorption/ionization (MALDI) ultrahigh-resolution Fourier Transform Ion
Cyclotron Resonance (FTICR) mass spectrometry imaging (MSI) [17]. MSI experiments
allowed us to connect lipid spatial distributions in reproductive system tissues with changes
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in serum. To our knowledge, this study represents the most in-depth analysis of the mouse
ovarian cancer metabolome achieved to date.

2. Materials and Methods
2.1. Triple Mutant (TKO) Mice

p53LSL R172H/+ Dicerlflox/flox Ptenflox/flox Amhr2cre/+ mice were generated
by mating p53LSL-R172H/+Dicer1flox/floxPtenflox/flox female mice with Dicer1flox/
floxPtenflox /floxAmhr2cre/+ male mice. p53LSL-R172H/ +Dicer1flox/floxPtenflox/flox
mice were used as TKO controls (ctrl). TKO ctrl mice carry the same genetic background
as TKO mice but do not develop HGSC. p53LSL R172H/+ Dicer1flox/flox Ptenflox/flox
Ambhr2cre/+ mice were sacrificed in accordance with the animal protocol (21124) approved
by the IACUC at Indiana University School of Medicine (Indianapolis, IN, USA).

2.2. Sequential Blood Sampling

Blood samples were collected from 17 TKO mice and 16 TKO ctrl mice starting at
8 weeks of age. A sequential blood sampling procedure was conducted and samples
from each mouse were collected every two weeks until humane end point for sacrifice or
development of ascites. Two TKO mice died after 14 and 16 weeks of age and were not
included in the UHPLC-MS analysis. One TKO ctrl mouse died after 10 weeks of age and
was also excluded.

2.3. Chemicals

For metabolomics experiments, LC-MS grade methanol, LC-MS grade water, LC-MS
grade acetonitrile, LC-MS grade 2-propanol, formic acid (99.5+%), ammonium acetate, am-
monium formate and ammonium hydroxide were purchased from Fisher Chemical (Fisher
Scientific International, Inc., Pittsburgh, PA, USA) and used to prepare chromatographic
mobile phases. Isotopically labeled lipid standards (Table S1a) were purchased from Avanti
Polar Lipids (Alabaster, AL, USA) and used to prepare the lipid internal standard mixture.
Isotopically labeled polar metabolite standards (Table S1b) were purchased from Cam-
bridge Isotope Laboratories (Tewksbury, MA, USA) and were used to prepare the internal
standard mixture for HILIC experiments.

For spatial lipidomics experiments, carboxymethyl cellulose (CMC), gelatin from
bovine skin (Type B), 1,5-naphthalenediamine (1,5-DAN, >97%) and isopentane (>95%)
were purchased from Sigma Aldrich (St. Louis, MO, USA) and used as received. Acetoni-
trile (HPLC grade), methanol (HPLC grade) and chloroform (HPLC grade) were purchased
from VWR and also used as received.

2.4. UHPLC-MS Serum Metabolomics

Reverse phase (RP) ultra-high-performance liquid chromatography, mass spectrome-
try (UHPLC-MS) and hydrophilic interaction liquid chromatography (HILIC) UHPLC-MS
analysis were performed to obtain a deeper coverage of the metabolome. Serum samples
were thawed on ice, followed by metabolite extraction of both non-polar (lipid) and polar
metabolites using two different sample preparation protocols, detailed in the supplemen-
tary information. Reverse phase chromatography was performed with a Thermo Accucore
C30, 150 x 2.1 mm, 2.6 um particle size column, and hydrophilic interaction liquid chro-
matography (HILIC) chromatography was performed with a Waters ACQUITY UHPLC
BEH Amide 150 x 2.1 mm, 1.7 um particle size column. A Q Exactive HF Orbitrap mass
spectrometer (ThermoFisher Scientific, Waltham, MA, USA) was used for RP UHPLC-MS
analysis, and an Orbitrap ID-X Tribrid mass spectrometer (ThermoFisher Scientific) was
used for HILIC UHPLC-MS analysis. Samples were kept at 4 °C in the autosampler dur-
ing runs, and injection volumes of 2 uL and 1 uL were used for RP and HILIC methods,
respectively. Chromatographic gradients, relevant MS parameters and details on MS/MS
experiments for metabolite annotation are described in the Supplementary Information
(Tables S2 and S3).
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2.5. Data Processing and Statistical Analysis of LC-MS Datasets

Spectral features (retention time, m/z) pairs were extracted using Compound Discov-
erer v3.1. The procedure involved retention time alignment of chromatographic peaks,
peak picking, peak area integration, and compound area correction using a quality control
(QC)-based regression curve. Chromatographic peaks that were present with less than
five times the baseline abundance (peak area of the sample blank) were marked as back-
ground signals and removed from the dataset. Furthermore, features that were not present
in at least 50% of the QC sample injections or had a relative standard deviation greater than
30% in the QC injections were also removed. All annotated features from the RP dataset,
and all features from the negative ion mode HILIC dataset were kept for further analysis.
Prior to multivariate data analysis, the quality of pooled QC runs was evaluated (detailed in
Supplementary Information). Features with a Benjamini Hochberg adjusted p-value lower
than 0.05 (g < 0.05) were selected as statistically significant based on a two-tailed Welch’s
t-test and used to map time-resolved metabolic changes associated with ovarian HGSC.

2.6. Genetic Algorithms Variable Selection

A panel of metabolites was selected using the genetic algorithm [18] (GA) feature
selection method (GA, MATLAB R2020b, The Mathworks, Natick, MA with PLS_Toolbox
v.8.1.1, Eigenvector Research, Wenatchee, WA, USA). GA-selected features with the lowest
root-mean-square error of cross validation (RMSECV) were used to build orthogonal Partial
Least Square Discriminant Analysis (0PLS-DA) models for sample class discrimination.
Data were autoscaled prior to oPLS-DA analysis and were cross validated using a 10-fold
Venetian blind method.

2.7. Lipid Ratio Biomarkers

The diagnostic potential of ratios between two lipid species was also explored. Data
for all statistically significant features (p < 0.05) between TKO and TKO ctrl samples
were uploaded to the MetaboAnalyst [19] web portal, and the ratios between all possible
metabolite pairs calculated. The top 20 metabolite ratios were generated based on p-values.
The selected ratios were evaluated with a 10-fold cross validated logistic regression model.
The best lipid ratio biomarkers were selected based on their p-values, area under curve
value (AUC), sensitivity, and specificity values obtained from their respective logistic
regression models. Data were G-log transformed and autoscaled in the Metaboanalyst
portal prior to analysis.

2.8. Tissue Spatial Lipidomics

For MS imaging experiments, TKO mice were sacrificed at advanced cancer stage and
their reproductive systems were collected and stored at —80 °C. Following examination
of a variety of tissue samples, we focused on a TKO mouse reproductive system that
showed a HGSC on one of the fallopian tubes, with the healthy ovary engulfed in the
tumor and adjacent cysts. Tissue preparation for imaging experiments is described in the
Supplementary Information.

A Bruker SolariX 12-Tesla Fourier-transform ion cyclotron resonance (FTICR) mass
spectrometer equipped with a MALDI ion source was used for all spatial lipidomics
imaging experiments. The mass spectrometer was operated in the negative ion mode for
fatty acid and lipid feature discovery in the 150-1200 m/z range. Detailed FTICR conditions
are listed in the Supplementary Information. Observed ions in the average mass spectrum
were subject to Lipid Maps and HMDB database searches using METASPACE [20]. Features
with a false discovery rate of 10% or less were chosen and compared to features annotated
in UHPLC-MS serum studies.

2.9. Time Course Data Alignment

Variability in the time-course of HGSC, arising from individual differences between
animals, was observed in our time-series metabolomics dataset (Figure S1). To better align
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the data, we created a “percent lifetime” variable, which is the normalized time until
death for each mouse. Percent lifetime for each animal was calculated according to the
following equation:

Age of mouse
Total lifespan or the age at the last time point of blood collection

%Lifetime = x 100%

The age of all mice in weeks and their corresponding %lifetime values are given in
Supplementary Tables S4 and S5. Based on these values, and to simplify time-course data
analysis, the dataset was divided into four subgroups: the 20-36 %lifetime subgroup was
assigned to a premalignant HGSC stage, the 37-60 %lifetime group was considered early
stage I (ET-I, most likely corresponding to tumor onset), 61-80 %lifetime was named early
stage II (ET-1I, corresponding with early stage tumors with no evident signs of metastasis),
and 81-100 %lifetime was assigned to advanced stage (AT) HGSC, where the tumor had
metastasized (Figure S2). These stage estimates were made based on our initial study of
HGSC in the same TKO mouse model [12].

3. Results
3.1. HGSC Lipidome Alterations

A total of 11,384 and 3475 de-isotoped and de-adducted “compounds” were extracted
from positive and negative ion mode reverse phase (RP) UHPLC-MS data, respectively.
Compounds detected in both ion modes were combined, and a total of 1002 species that
included fatty acids, glycerophospholipids, lysoglycerophospholipids, carnitines, glyc-
erolipids, sphingolipids, sterol lipids, and some retained polar metabolites such as argi-
nine, citrulline, and ribose-5-phosphate were successfully annotated using MS/MS in-
house databases. Typical raw chromatographic data showing separation of various lipid
classes is depicted in Figure S3, showcasing the excellent resolution obtained. From the
1002 annotated features, 420 had false-discovery rate (FDR) corrected p-values lower than
0.05 (g < 0.05) when comparing TKO and TKO ctrl groups (Table S6). To further investigate
differences between TKO and TKO ctrl at the lipidome level, the dataset was subject to
unsupervised principal component analysis (PCA) using the 420 statistically significant
features. PCA showed minimal separation between TKO and controls for serum sam-
ples collected in 20-80 %lifetime, whereas TKO samples at 81-100 %lifetime were better
separated from the controls (Figure S4a). This was expected due to the complexity of time-
series data, indicating that metabolome differences become more pronounced with HGSC
progression, as expected. This dataset was further explored using supervised orthogonal
partial least squares-discriminant analysis (0PLS-DA). In this case, good clustering between
TKO and TKO ctrl was observed on the first two latent variables (Figure S4b), with the first
latent variable capturing most of the inter-class variance. Performance characteristics of
this oPLS-DA model were 82.5%, 89.0%, and 85.7% cross-validated sensitivity, specificity,
and accuracy, respectively.

To evaluate the lipidomic profile associated with HGSC development and progression
over time, the RP UHPLC-MS dataset was analyzed on a lipid class basis (Figures S5 and S6).
Opverall, results showed a clearly dysregulated lipidome profile. In early disease, ceramides
(Cer) and hexosylceramides (HexCer) showed subtle increases in abundance, while sphin-
gomyelins (SM), lysophosphatidylcholines (LPC), lysophosphatidylethanolamines (LPE),
and most ether phosphatidylethanolamines, (PE O-), ether phosphatidylcholines (PC O-)
and ether phosphatidylserines (PS O-) decreased (Figures S5 and S6). To characterize
the temporal trajectories of these lipid changes, we examined the time-resolved average
lipid abundances in TKO mice across the 20-100%lifetime range (8—40 weeks, including
premalignant stages). Temporal trends for 17 lipid classes that correlated with disease
progression were clearly observed (Figures 1 and S7). SM showed an overall decrease in
abundance in TKO mice, whereas Cer, the hydrolysis product of SM, showed an increasing
trend (Figures 1a,b, S5 and 56). Phosphatidylcholines (PC), phosphatidylethanolamines
(PE), phosphatidylserines (PS) and phosphatidylinositols (PI) showed an overall increas-
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ing temporal trend, although for some PC, PE, and PI species the trend was less clear
(Figures 1d,e and S7a,b). In contrast, LPC and LPE—the degradation products of PC and
PE—decreased in TKO mice, following a characteristic inverted U-shaped time-course
trajectory (Figure 1f,g). The ether phospholipids, including all PE O-, most PC O- species,
and PS O-species, also decreased in TKO mice over time (Figures 1h,i and S7c). Most
triglycerols (TG) and all diglycerols (DG) species showed an increasing temporal trend
(Figure S7d e). Temporal trends for fatty acids (FA) varied based on the carbon chain length.
FA with 22 or more carbon atoms in their chains, except FA (28:0), increased in TKO mice
over time (Figures 1j,k and 56). FA with carbon chains shorter than 20 carbons were lower
in TKO mice and decreased in abundance over time (Figure 1h). Interestingly, the 20-carbon
chain FA did not have a specific trend. Similarly, temporal trends for carnitines (Car)
were less clear (Figure S7f,g). Two stigmasterol esters, SiE(20:4) and SiE(22:6), were also
identified in the dataset and showed an overall decreasing abundance with time in TKO
mice (Figure S7h). Sterol lipids, including cholesterol, cholesterol esters, and desmosterol,
showed an increased abundance in TKO mice. (Figure 57i). Among all annotated lipid
species in the RP datasets, 20 alpha-hydroxyprogesterone (200-OHP), the reduced form of
progesterone, showed the largest increase (log2 fold change = 0.99) at 37-80 %lifetime. In
the advanced stages, however, 20 OHP levels decreased in TKO mice (85-100 %lifetime
log? fold change —0.43) (Figures 11 and S8). Overall, significant remodeling of the serum
lipidome was observed with disease progression, with more subtle changes seen in the
earlier disease stages (2080 %lifetime), which were amplified in the late disease stage
(81-100 %lifetime). These results parallel what is clinically observed for human ovarian
cancer patients: that is, asymptomatic disease in early stages that is more easily detectable
at late stages.

3.2. Alterations in the Abundances of Polar Metabolites

From the negative ion mode HILIC data, a total of 1988 compounds were extracted.
These included amino acids and their derivatives, nucleic acids, hydroxy fatty acids,
some lysoglycerophospholipids, phytochemicals, and other small organic molecules. From
these, 221 compounds had a g-value < 0.05. To investigate the metabolomic differences
between TKO and TKO ctrl, an exploratory PCA model was built using those 221 fea-
tures (Figure S9a). Similar to the RP dataset, some overlap between early disease stages
(20-80 %lifetime) and TKO controls was observed. Samples from advanced disease stages
(81-100 %lifetime), as expected, were better separated from controls. A supervised oPLS-DA
model using the 221 HILIC features showed better class clustering (Figure S9b), which could
likely be improved by feature selection approaches. Performance characteristics for this
oPLS-DA model were 77.5%, 83.4%, and 80.45% cross-validated sensitivity, specificity and
accuracy, respectively. To look at the earliest stages of the disease, we focused on features
with g < 0.05 between TKO and TKO ctrl in the 37-60% lifetime group. Forty-six significant
features were used to build an oPLS-DA model (Figure S10). Performance characteristics
of this oPLS-DA model were 84.7%, 69.0% and 76.8% sensitivity, specificity, and accuracy,
respectively. These features showed acceptable classification power and were chosen for
further analysis.

Metabolite annotation was attempted for these 46 compounds (Table S7), with a total of
35 being annotated with confidence levels ranging from 2 (exact mass and MS/MS spectra
match) to 3 (exact mass match). Ten out of these 35 annotated compounds were amino
acids, amino acid derivatives, and TCA cycle metabolites (serine, threonine, citrulline,
ornithine, tryptophan, N-acetylglutamine, oxobutanoate, citric/isocitric acid, malic acid,
and 2-ketoglutaric acid). The remaining 25 compounds included fatty acids, hydroxy
fatty acids, a lysoglycerophospholipid LPC(18:2), bile acids and derivatives, terpenes and
other phytochemicals. Of these 46 compounds, 42 were decreased in TKO animals, while
only 4, the two bile acids, N-acetylglutamine, and an unidentified compound at m/z
129.9365, were increased in TKO samples (Table S7). The exact origin of the identified
phytochemicals is uncertain. However, altered phytochemical metabolism was also found
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in our previous metabolomics study of a double knockout Dicerl-Pten mouse model of
HGSC [11], indicating that the observed alterations in terpenes and isoprenoids could in
fact be a useful signature of ovarian HGSC. Nevertheless, sample class discrimination
using only the identified amino acids and derivatives, TCA cycle metabolites, bile acids
and arachidonic acid metabolites provided 83.1% specificity, 69.0% sensitivity, and 76.05%
accuracy in a 2-latent variable oPLS-DA model (Figure S11a). Annotations for these
metabolites are given in Table 1. Time-course abundances of amino acids, their derivatives
and TCA cycles metabolites showed a characteristic pattern (Figure 2) with decreasing
abundance in TKO mice between 30-60 %lifetime, followed by increasing abundance
between 61-80 %lifetime, and decreasing abundance between 81-100 %lifetime. This
characteristic pattern suggested an increased reliance on these metabolites during the
tumor onset and advanced stages of HGSC. Only N-acetylglutamine showed an overall
increasing abundance in TKO mice (Figure 2h, Table 1). Bile acids (Figure 2k) showed an
interesting increase at the TKO premalignant stages (20-36 %lifetime), a decreasing trend in
the early disease stages (36-80 %lifetime), followed by an increase in the advanced stages.

3.3. HGSC Discriminant Metabolite Panels

As accurate early detection of HGSC is crucial in improving the clinical outcome,
we focused on selecting a smaller discriminant metabolite panel for TKO and TKO ctrl
samples in the 37-60 %lifetime, corresponding with HGSC onset stages. Data from both RP
and HILIC were combined and subject to genetic algorithm [18] (GA) variable selection
(PLS_Toolbox v.8.1.1, Eigenvector Research). However, GA-selected features from the
HILIC dataset included some likely exogenous metabolites such as dihydroxybenzene,
hydroxylated FA(16:3), and some unknowns, which lowered the biological relevance
of such panel. Therefore, we performed GA feature selection only on the statistically
significant compounds from the RP dataset. A panel of 22 lipids was selected (Table 2)
and used to build a 3-latent variable oPLS-DA model. This model discriminated TKO
and TKO ctrl samples with 96.3%, 93.6%, and 95.0% cross-validated specificity, sensitivity,
and accuracy, respectively (Figure S11b). To test for any overfitting, permutation testing
with 1000 iterations was conducted, and a p-value < 0.001 was obtained using group
separation distance [21]. These results suggested the oPLS-DA model with 22 lipids was not
significantly overfit. Lipids in the panel included several phospholipids with C18:2, C18:0,
and C20:4 fatty acid alkyl chain compositions, sphingolipids, glycerolipids, fatty acids
including a very long chain fatty acid FA(28:0) and a long chain lysophosphatidylcholine
LPC(24:2), citrulline, and (20x-OHP). Furthermore, we evaluated the performance of this
22-feature panel in discriminating TKO and TKO ctrl samples in the 61-100 %lifetime group
(ET-II and AT advanced disease stages). The oPLS-DA model discriminated TKO and TKO
ctrl in 61-100 %lifetime with 89.7%, 92.2%, and 90.9% cross-validated sensitivity, specificity,
and accuracy, respectively, indicating very good performance for this biomarker panel.

3.4. Discriminant Lipid Ratios

Often ratios between two or more metabolites carry more information compared
to the individual metabolites alone [22]. Ratios, especially between a lipid species and
its product, can not only provide high classification accuracy, but can also reveal spe-
cific pathway alterations [23]. Here, too, we evaluated the potential of lipid ratios as
biomarkers of HSGC. Interestingly, the best performing ratios were seen for the ratios of
ceramide(d34:1) and various PE O- (Table 3(a), Figure S12). The top five ratio pairs had
AUC values > 0.80. Specificity and sensitivity values were >0.72. Performance of these
lipid ratios was further evaluated for samples at the tumor onset stages (ET-I, 37-60 %life-
time) (Table 3(b)). All five lipid ratios were statistically significant and had AUC values
greater than 0.70, suggesting that lipid ratio biomarkers could serve as simple indicators
for potential tumor onset. The selected lipid ratios also indicated a potentially impor-
tant pathway association between sphingolipid and ether phospholipid metabolism in
HGSC. Although, ratios between ceramides and ether phospholipids abundances have
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been previously reported as potential biomarkers of ovarian cancer [24], the biological
rationale linking sphingolipid and ether phospholipid metabolism is not well developed.
A recent study revealed metabolic co-regulation of ether lipids and sphingolipids, sug-
gesting the two lipid classes share biochemical aspects and regulate intracellular transport
of glycosylphosphatidylinositol-anchored proteins (GPI-AP) [25], a specialized protein
post-translation modification that has been associated with many cancers [26]. Additionally,
the repeated selection of Cer(d34:1) as the numerator of the chosen ratios suggests that
this ceramide may be an important HGSC biomarker. Intriguingly, increased abundance
of Cer(d34:1) has been repeatedly reported in several ovarian cancer studies, including
human patients [9,27].
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Figure 1. Time—resolved serum lipidomics. Serum abundance fold-changes as a function of %lifetime
for (a) Ceramides (Cer) (b) Sphingomyelins (SM) (c) Hexosylceramides (HexCer) (d) Phosphatidyl-
cholines (PC) (e) Phosphatidylethanolamines (f) Lysophosphatidylcholines (LPC) (g) Lysophos-
phatidylethanolamines (LPE) (h) Ether PE (i) Ether PC (j) Short-chain fatty acids (SCFA, carbon
chain shorter than 20C) (k) very long-chain fatty acids (carbon chain longer than 22C) (1) 20 alpha-
hydroxyprogesterone. The total abundance for each lipid class was calculated by averaging the
relative abundances of all statistically significant lipid species in that class. The x-axis shows the
%lifetime, calculated as the ratio of the age of mouse at a given serum sampling time point compared
to the total lifespan of that specific mouse. The y-axis shows the fold change calculated as the base
2 logarithm of the lipid content ratios of TKO/TKO ctrl samples. Positive values indicate higher
serum levels in TKO animals, and negative values indicate lower serum levels in TKO animals
compared to TKO ctrl. Error bars represent the standard error of the log, fold change between TKO
and control samples. HGSC stage estimate at different %lifetimes are shown. TKO-pre corresponds
to premalignant stages, ET-1 is early stage 1, ET-Il is early stage II and AT is advanced stage.
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Table 1. Metabolite annotations for the 14 selected features in the HILIC dataset. Proposed metabolite
annotation, experimental monoisotopic m/z value, elemental formula, chromatographic retention
time (min), mass error (ppm), main adduct type detected, abundance log-transformed fold changes,
and metabolite annotation confidence level are shown. Fold changes were calculated as the base 2
logarithm of the average abundance ratios between TKO and TKO controls in the 37-60 %lifetime
group. Positive values indicate higher levels in TKO serum samples and negative values indicate
lower levels in TKO serum samples compared to TKO controls. The confidence level for metabolite
annotation was assigned as (1) exact mass, isotopic pattern, retention time, and MS/MS spectrum
of a chemical standard matched to the feature. (2) exact mass, isotopic pattern, retention time, and
MS/MS spectrum matched to an in-house spectral database or literature spectra (3) putative ID
assignment based only on elemental formula match. (4) unknown compound. Compound classes are
provided for features with low annotation confidence levels.

Elemental Proposed Adduct  Experimental ~Retenti Mass E Log. Fold Ao
ementa ropose uc xperimenta etention ass Error ~ onfi-
D Formula Annotation Type mlz Time (min) (ppm) Change 4-Value dence
TKO/Ctrl Level
78 C4HgO3 oxobutanoic acid [M—H]~ 101.0245 5.11 0.59 —0.36 0.03 2
92 C3H7NO;3 serine [M—H]~ 104.0354 8.71 0.58 -0.23 0.03 2
159 C4H9NO; threonine [M—H]~ 118.0509 8.35 —-0.25 -0.23 0.03 2
242 CsH1pN»O, ornithine [M—H]~ 131.0827 8.85 0.77 -0.17 0.03 2
251 C4HgOs5 malic acid [M—H]~ 133.0143 7.10 0.70 —0.47 0.03 2
345 CsHgOs5 oxoglutaric acid [M—H]~ 145.0143 5.13 0.18 —0.28 0.04 2
539 CeH13N30;3 citrulline [M—H]~ 174.0883 8.85 —0.28 —0.17 0.03 2
635 CyH1oN,O4 acetylgﬁtamine [M—H]~ 187.0724 4.90 —0.09 0.26 0.04 2
citric
698 C¢HgO7 acid/isocitric [M—H]~ 191.0197 6.67 0.02 —0.23 0.03 2
acid
807  C;1HppN,O,  tryptophan [M—H]~ 203.0824 6.67 —-0.76 —031 0.03 2
1742 CyuHy0,  bieacdsand oy gy 357.2796 117 —0.69 0.54 0.03 2
hydroxy-12-oxo-
eicosatrienedioic
acid or
1766 CpoH3006 trihydroxy-12- [M—H]~ 365.1966 1.19 —0.94 —0.44 0.02 2
keto-
eicosatetraenoic
acid
Bile acids and -
1780  CpyHagOs Epioer s [M—H] 373.2744 1.20 -1.19 0.49 0.05 2
tetrahydroxy-12-
1807  CpoHzO5 oxo-fetraenoic [M—H]~ 381.1917 1.10 —0.51 ~0.18 0.04 2

acid

3.5. MALDI-MSI Spatial Lipidomics

To determine spatial distributions of lipid metabolites, two TKO and one TKO control
reproductive system tissues were cryosectioned and imaged with MALDI-FTICR MSI in
negative ion mode. The TKO tissue samples were obtained from TKO mice with advanced
stage disease, including primary fallopian tumors and peritoneal metastases, while control
reproductive tissues from a TKO control mouse (p53 LSL-R172H/+ Dicer1 flox/flox Pten
flox/flox Amhr2 +/+) with no sign of abnormalities. We performed a minimum of three
technical replicates from adjacent tissue sections to ensure the repeatability of our methods.
Among all replicate measurements, ~140 lipid features were putatively annotated for TKO
tissues, whereas ~160 features were putatively annotated in controls (<10% FDR). The
annotated features belonged to 13 lipid classes. Some lipids from these classes, such as
cyclopropane fatty acids (CPA), phosphatidic acids (PA), ceramide phosphates (CerP),
and phosphatidylglycerols (PG), were not detected in the serum (Figure S5). In order to
unambiguously assign the lipid classes so that their alterations can be directly compared
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to the serum results, we conducted MS/MS experiments and matched fragment ions
to the ALEX123 lipid calculator [28]. Assignment of carbon chain length and double
bond positions was not possible based on this type of collision-induced dissociation (CID)
MS/MS results.
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Figure 2. Time—resolved serum metabolomics results for select polar metabolites. Serum abundance
fold-changes as a function of %lifetime for (a) serine (b) threonine (c) oxobutanoate (d) tryptophan
(e) oxoglutaric acid (f) malic acid (g) citric/isocitric acid (h) N-acetylglutamine (i) citrulline (j) or-
nithine (k) bile acids and derivatives and (1) arachidonic acid metabolites. The x-axis shows the
%lifetime, calculated as the ratio of the age of mouse at a given serum sampling time point compared
to the total lifespan of that specific mouse. The y-axis shows the fold change calculated as the base 2
logarithm of the average abundance ratios between TKO and TKO control samples. Positive values
indicate higher serum levels in TKO animals, and negative values indicate lower serum levels in
TKO animals compared to TKO control. Error bars represent the standard error of the log, fold
change between TKO and ctrl samples. HGSC stage estimate at different %lifetimes are shown.
TKO-pre corresponds to premalignant stages, ET-1 is early stage 1, ET-Il is early stage Il and AT is
advanced stage.
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Table 2. Optimized discriminant lipid panel for early stage HGSC. Variables were selected using
a genetic algorithm (GA) for optimum discrimination of 37-60 %lifetime TKO and TKO control
samples. Proposed metabolite annotation, experimental monoisotopic m/z value, elemental formula,
chromatographic retention time (min), mass error (ppm), main adduct type detected, abundance
log-transformed fold changes, and metabolite annotation confidence level are shown. Fold changes
were calculated as the base 2 logarithm of the average abundance ratios between TKO and TKO
controls in the 37-60 %lifetime group. Positive values indicate higher levels in TKO serum samples
and negative values indicate lower levels in TKO serum samples compared to TKO controls. The
confidence level for metabolite annotation was assigned as (1) exact mass, isotopic pattern, reten-
tion time, and MS/MS spectrum of a chemical standard matched to the feature. (2) exact mass,
isotopic pattern, retention time, and MS/MS spectrum matched to an in-house spectral database
or literature spectra (3) putative ID assignment based only on elemental formula match. (4) un-
known compound. Abbreviations: DG: Diacylglycerols, TG: Triacylglycerols, FA: Fatty acids, HexCer:
Hexosylceramides, LPC: Lysophosphatidylcholines, LPE: Lysophosphatidylethanolamines, PC: Phos-
phatidylcholines, PC-O: Ether phosphatidylcholines, PE: Phosphatidylethanolamines, PE-O: Ether
phosphatidylethanolamines, PI: Phosphatidylinositols, PS: Phosphatidylserines, SiE: Stigmasterol
ester, Cer: Ceramides, and SM: Sphingomyelins.

Retention Log, Fold Mass

Feature ID Annotation Adduct Type Expe;i;l;ental Elgzlrnlzﬂltgl Time Change Error Cogii;ieeince
(min) TKO/Ctrl (ppm)
3968 hy droigrif?ge_sterone [M+H]* 317.2476 CaH3Os 135 0.90 032 2
2209 Cer(d41:1) [M+CH;COOH—H]~ 694.6365 CiHgNO; 7.36 0.12 1.40 2
96 citrulline [M—H]~ 174.0885 CeHi3N303 1.02 -0.22 0.67 2
473 FA(16:1) [M—H]~ 253.2174 Ci6H3002 2.28 —0.01 0.49 2
1253 FA(28:0) [M—H]~ 423.4209 Co8Hs560, 6.89 —0.36 0.39 2
4628 LPC(0:0_18:2) [M+H]* 520.3401 Co6Hs50NO7P 1.77 —0.25 0.54 2
4738 LPC(20:4) [M+H]* 544.3402 CogH50NO7P 1.81 —0.10 0.86 2
5068 LPC(24:2) [M+H]* 604.4336 C3pHgpNO7P 2.77 0.09 -0.17 2
1257 LPE(O-15:0) [M—H]~ 4242851 CaoHuuNOgGP 228 —0.07 4.07 2
2668 PC(17:0_18:2) [M+H,CO,—H]~ 816.5782 Cy3HgNOgP 456 0.01 2.69 2
7098 PC(41:6) [M+H]* 848.6162 C49HggNOgP 5.22 0.05 -0.22 2
5785 PC(0O-16:0_18:2) [M+H]* 744.5903 C4HgyNO7P 5.34 —0.18 0.19 2
6406 PC(O-38:2) [M+H]* 800.6534 Cy46HgoNO7P 6.55 -0.23 0.72 2
2297 PE(34:0) [M—H]~ 718.5404 C39H7gNOgP 6.18 0.07 1.71 2
2475 PE(36:1) [M—H]~ 772.5873 Cy43HgaNOgP 6.89 0.02 1.45 2
2406 PE(17:0_20:4) [M—H]~ 7525243  CypHyNOgP 5.00 —0.16 1.01 2
5982 PE(18:0_20:4) [M+H]* 768.5545 Cy3H7sNOgP 5.24 -0.13 0.89 2
7279 PI(18:0_18:2) [M+H]* 863.5644 Cy5Hg3013P 456 —0.17 0.03 2
2543 SM(d36:1) [M+H]* 731.6069 C41HgzN,OgP 4.87 —-0.16 0.95 2
2733 SM(d40:2) [M+H,CO,—H]~ 829.6458 Cy5HgoN,OgP 6.20 -0.13 2.21 2
7627 TG(53:2) [M+NH,]* 890.818 Cs56H10406 9.08 —0.45 0.91 2
TG(18:1_18:1_20:4)
and
8173 [M+NH,]* 924.8022 Cs59H10206 8.30 -0.19 0.71 2

TG(16:0_18:1_22:5)
and

TG(18:1_18:2_20:3)
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Table 3. Selection of lipid ratio abundance biomarkers based on their significant differences between
TKO and TKO control samples. The selected ratios were validated with a 10-fold cross-validated
logistic regression model. The area under the curve (AUC), sensitivity, and specificity are shown for
(a) all TKO and TKO controls samples in the 37-100 %lifetime group (b) TKO and TKO controls in
37-60 %lifetime group. CI: confidence interval.

(a) 37-100 %lifetime TKO vs. TKO Ctrl

Lipid Ratio Biomarker p-Value AUC (95% CI) Sensitivity (95% CI) Specificity (95% CI)
Cer(d34:1)/PE(O-18:1_18:2) 3.27 x 102 0.830 (0.785~0.876) 0.744 (0.744~0.818) 0.774 (0.710~0.830)
Cer(d34:1)/PE(O-20:0_18:2) 3.27 x 1072 0.828 (0.781~0.875) 0.774 (0.774~0.845) 0.768 (0.704~0.833
Cer(d34:1)/PE(O-20:1_22:6) 478 x 10~ 0.819 (0.771~0.867) 0.737 (0.737~0.812) 0.780 (0.717~0.844)

Cer(d34:1)/PE(O-40:5) 2.92 x 10723 0.819 (0.771~0.868) 0.722 (0.722~0.798) 0.793 (0.731~0.855)
Cer(d34:1)/PE(O-20:1_22:4) 292 x 1023 0.818 (0.770~0.865) 0.752 (0.752~0.825) 0.720 (0.651~0.788)

(b) 37-60 %]lifetime TKO vs. TKO Ctrl

Lipid Ratio Biomarker p-Value AUC (95% CI) Sensitivity (95% CI) Specificity (95% CI)
Cer(d34:1)/PE(O-18:1_18:2) 2.01 x 1077 0.763 (0.673~0.854) 0.745 (0.745~0.869) 0.710 (0.597~0.823)
Cer(d34:1)/PE(O-20:0_18:2) 1.25 x 107° 0.756 (0.665~0.848) 0.787 (0.787~0.904) 0.677 (0.561~0.794)
Cer(d34:1)/PE(O-20:1_22:6) 9.13 x 107° 0.729 (0.630~0.827) 0.723 (0.723~0.851) 0.677 (0.561~0.794

Cer(d34:1)/PE(O-40:5) 4.70 x 1077 0.734 (0.638~0.831) 0.660 (0.660~0.795) 0.758 (0.651~0.865)
Cer(d34:1)/PE(O-20:1_22:4) 1.53 x 1075 0.718 (0.621~0.814) 0.681 (0.681~0.814) 0.645 (0.526~0.764)

The MSI dataset was analyzed by spatial segmentation, in which MALDI mass spectra
collected for each pixel were clustered based on their spectral similarity using a bisecting
k-means algorithm [29]. The segmentation image was color-coded based on the distinct
sub-regions identified by the algorithm (Figure 3a), which mapped onto the regions of
different lipid abundances shown in Figure 3b. Based on Figure 3b, most annotated lipids
were unevenly distributed throughout the entire tumor region. Figure 4a,b show the sub-
regions where specific lipid classes were significantly altered. The tumor mainly consisted
of three sub-regions: a relatively homogeneous HGSC region, a heterogeneous necrotic
region with cysts, and a healthy ovary wrapped by the HGSC. For each of these sub-
regions, the average MALDI images and spectra are shown in Figure 4d—f. MALDI images
of specific lipid ions were created (see examples in Figure 4g) to study lipid distributions
and alterations in the HGSC region relative to the ovaries and fallopian tubes in TKO ctrl
tissue, and to compare the results to serum lipid abundances.

Opverall, lipid alterations in tissues were far more drastic than those measured in serum
(Figure S5), with log2 fold changes that were two to seven-times greater on average. This
finding may be explained by the immediate, direct impact of tumor development on the
tissue, which leads to more pronounced alterations of the lipids in the specific sub-region
(ovaries or fallopian tubes) as a response to tumor progression. For sphingolipids, the same
trend as in serum was observed when the HGSC region was compared to the ovaries of the
control tissue, i.e., decreased SM and increased Cer levels. However, when compared to
the healthy fallopian tubes in the control tissue, both Cer and SM levels were lower in the
HGSC region. The decrease in Cer may be due to the pro-mitogenic nature of cancer that
induces the cell division (mitosis) or increase the cell division rate [30]. Next, in agreement
with the serum lipidome profile, we observed reduced levels of all LPE species and most
PE O- species in the HGSC region (Figure S5). PC and PE did not show any clear trends.
Likewise, no clear trends for FA and for PA were observed. PS and Phosphatidylinositol
(PI) were lower in the HGSC region compared to the healthy fallopian tube. Although
we observed an overall increase in PS and PI lipids in serum (Figure S5), time-resolved
analysis indicates that levels of both PS and PI fluctuate over time (Figure 1g) with a
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negative log2 fold change in at 85-95 %lifetime and a positive log2 fold change at time of
death (100 %lifetime). Nevertheless, alterations in PI levels, indicative of a dysregulated
PI3K/AKT pathway, have been frequently observed in ovarian cancer patients [31].

885.54864 m/z £0.02107 Da
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! ] 2.5 mm

;1
s 0__ 100%
s _—
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Figure 3. Spatial lipidomics results for the reproductive system of a TKO animal. (a) Spatial segmen-
tation of the TKO tissue using a bisecting k-means algorithm, where major sub-regions of the tumor

can be identified (labelled in Figure 4). (b) Overall spatial distribution of putatively annotated lipid

features in the tumor region of the TKO tissue. Circled sub-regions are labeled with certain lipid

species that have significant alterations (increased or decreased) compared to control tissues. The

red dashed lines indicate the missing uterus due to imperfect tissue sectioning. FA: fatty acids, PE:
phosphatidylethanolamines, PC: phosphatidylcholine, PE O-: ether phosphatidylethanolamines, PI:
phosphatidylinositols, PS: phosphatidylserines, Cer: ceramides, SM: sphingomyelins, CPA: cyclo-
propane fatty acids, PA: phosphatidic acids.
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Figure 4. Spatial lipidomics results for specific tissue regions and lipids in TKO and TKO control
animals. Average MALDI images of (a) HGSC region in TKO animal, (b) necrotic TKO tissue region
in TKO animal, (c) healthy ovaries and fallopian tubes in a TKO control animal. Panels labelled
(d—f) show the corresponding average negative ion mode MALDI mass spectra. Peaks labelled with
asterisks (*) are matrix ions in the background mass spectrum. Panel (g) shows MALDI images for
selected lipid features in TKO and TKO ctrl tissues. The mass errors for the monoisotopic [M—H]~
ions are listed at the bottom right of each image. All the ions’ signals were normalized to the total ion
current in each image. The mass window used for creating selected ion images was £0.001 Da.

4. Discussion

Although past metabolomics studies have successfully provided evidence of metabolism
dysregulation associated with ovarian HGSC, the disease biology and the underlying
mechanisms associated with disease progression still remain largely unknown from a
metabolomics perspective. Our present study provides a unique opportunity to track the
disease metabolic trajectory in animals, as well as visualize the spatial lipidome distribu-
tions in HGSC tumors, thereby providing a more in-depth understanding of metabolic
remodeling associated with ovarian cancer development and progression. An HGSC
metabolism map was constructed by compiling results from analyses of the Kyoto En-
cyclopedia of Genes [32], Metabolomics Pathway Analysis (MetPA, MetaboAnalyst por-
tal) [33], Lipid Pathway Enrichment Analysis (LIPEA) [34] and various literature references
(Figures 5 and 513, Table S8). This pathway schematic describes the combined alterations
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observed in multiple pathways, including steroid hormone biosynthesis, sphingolipid,
glycerophospholipid, fatty acid, glycerolipid, amino acid and TCA cycle metabolism.
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Figure 5. Pathway analysis showing key metabolic alterations observed in TKO mice. Metabolites
and lipid classes associated with HGSC development are represented as solid symbols and colored
based on their corresponding pathway. Intermediates connecting the pathways are shown in grey
text. Blue arrows pointing downwards indicate the metabolite showed an overall decrease in TKO
animals compared to TKO controls while the red arrows pointing upwards indicate the metabolite
increased in TKO animals. Pathway information was derived from the Kyoto Encyclopedia of Genes
and Genomes, MetaboAnalyst, Lipid Pathway Enrichment Analysis, and existing scientific literature.
Abbreviations: DG: Diacylglycerols, TG: Triacylglycerols, PC: Phosphatidylcholines, PC O-: Ether
phosphatidylcholines, PE: Phosphatidylethanolamines, PE O-: Ether phosphatidylethanolamines,
LPE: Lysophosphatidylethanolamines and LPC: Lysophosphatidylcholines.

4.1. Dysregulation of Lipid and Fatty Acid Metabolism

Dysregulated sphingolipid metabolism is a central theme in many cancers, including
ovarian cancer [25]. Although sphingolipids make up only a small fraction of the total
lipid content, they control many fundamental cellular processes such as cell proliferation,
differentiation, and apoptosis, thus playing a key role in cancer pathogenesis. Ceramides
are powerful tumor suppressors and are central to sphingolipid metabolism. They can
be formed by de novo synthesis, or by hydrolysis of sphingomyelins [35]. In agreement
with previous studies [27], a decreased abundance of sphingomyelins and an apparent
conversion to their hydrolysis products, ceramides, was observed in serum as well as in the
tumor region of the TKO tissue, confirming the essential role of sphingolipid metabolism
in HGSC (Figure S5).

In addition to sphingolipids, alterations in phospholipids, in particular LPC and PC,
have been regularly documented in ovarian cancer studies [10]. LPC are the degradation
product of PC and can be converted back to PC by lysophosphatidylcholine acyltransferases
(LPCAT) in the presence of acyl-CoA enzymes. LPC, by binding and activating specific
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G protein-coupled receptors, regulate inflammatory response, oxidative stress, and cell
proliferation [36], and, hence, are critical for cancer development. However, conflicting
results have been reported on the changes in LPC/PC abundances associated with ovarian
cancer. Some studies have reported increased LPC and decreased PC levels [37], whereas
others have reported the opposite trend [38]. Although, our data suggests that most LPC
species were lower in abundance in HGSC and most PCs were more abundant compared to
controls, we also observed some lipid species following the opposite trend. PC species with
odd fatty acid side chains such as PC(35:1) and PC(37:5), as well as some C36 and C38 PC
species, were lower in TKO mice sera (Table S6). Similarly, MSI results showed an increase
in PC(39:6) and a decrease in PC(20:4) in HGSC tumor regions (Figures 4 and S5). Note
that only two PC were putatively annotated in MSI experiments, which may have been
caused by suppression of PC during (-)MALDI caused by the more acidic PE [39]. Among
all annotated LPC species, only LPC(24:2) showed an overall increasing trend in TKO
serum samples. Additionally, time-resolved analysis of LPC abundances in serum revealed
an increasing temporal trend between 50 and 80 %lifetime, followed by a decreasing
trend from 81-100 %lifetime (Figure 1), suggesting LPC levels are lower in metastatic
cancer compared to early stages. The overall decrease in LPC levels observed in the
HGSC (late stage) regions of the TKO tissues in MSI experiments supports the findings
of the serum studies. The results for early vs. metastatic ovarian cancer were in line with
observations by Ke et al., showing increased LPC levels in localized cancer compared to
metastatic cancer in 448 plasma samples from OC patients [40]. Thus, it is possible that
alterations in LPC/PC levels are specific to certain fatty acid acyl chain composition, or
that literature inconsistencies arise from differences in the time or disease stages at which
the samples are collected. Studies also suggest that such discrepancies are likely due to
the complex enzymatic reactions involved in LPC/PC metabolism [36]. Nevertheless, our
results indicated a time-dependent correlation of glycerophospholipid metabolism with
HGSC development.

FA, as the building blocks of most lipid species, are essential for a range of cellular
processes including membrane synthesis, energy storage and cell signaling. Increased
fatty acids demand, either by de novo synthesis or by exogenous uptake, is essential to
sustain the rapidly proliferating energy demands of cancer cells [41]. Additionally, the
varying number of carbons and degrees of saturation impact the biophysical and chemical
properties of FA [42]. In our lipidomics study, FA showed a variable trend depending on
carbon chain length (Figure 1). The decreasing temporal trend for FA with less than or equal
to 20 carbons could be attributed to increased mitochondrial FA (3-oxidation for energy
production. Conversely, we observed accumulation of fatty acids with more than 22 carbon
chain length in TKO mice. Only FA(28:0) was lower in TKO animals compared to the
controls. FA with carbon chain > 22 are referred to as very-long chain FA (VLCFA) and are
metabolized in the peroxisome rather than in the mitochondria. Peroxisomes are oxidative
organelles that are involved in fatty acid 3-oxidation, ether-phospholipid synthesis, bile
acid synthesis, and reactive oxygen species (ROS) homeostasis [43]. Low expression of
ABCD], the gene associated with the transport of VLCFA to the peroxisome for 3-oxidation,
has been linked with overall poor survival of ovarian cancer patients [27]. In addition to
the VLCFA dysregulation, we observed reduced levels of ether phospholipids in TKO mice
serum, as well as in the TKO tissue through MSI (Figures 1 and S5). As noted earlier, ether
phospholipids are synthesized in the peroxisomes and are involved in terminating ROS-
induced lipid peroxidation [44]. Thus, dysregulated ether lipid and VLCFA metabolism
suggests that peroxisomal dysfunction plays a critical role in ovarian cancer pathogenesis.
Our results are in line with previous lipidomic ovarian cancer studies [10,27].

4.2. Progesterone Metabolism and Signaling in HGSC Development

An intriguing finding of this study is the potential role of progesterone metabolism in
HGSC onset and development. We observed increased 20 x-OHP levels in TKO mice com-
pared to controls in the early disease stages (37-80 %lifetime; log, fold change TKO/Ctrl
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0.99) and a decreasing trend in the advanced stages (85-100 %lifetime; logy fold change
—0.43) (Figures 1 and S8). This metabolite, 20 x-OHP, is formed through the reduction
in progesterone by 20-alpha-hydroxysteroid dehydrogenase (20 HSD), which is encoded
by the AKR1C1 gene [45]. Aberrant expression of AKR1C1 has been reported for ovarian
cancer tissues [46] and breast cancer cells [47], and studies have shown the crucial role of
AKRI1C1 in progesterone signaling [48]. Strikingly, our recent study of a mouse model of
HGSC demonstrated that inhibition of ovarian progesterone signaling reduces ovarian
cancer risk, highlighting the crucial role of progesterone signaling in ovarian cancer de-
velopment [49]. Although progesterone itself was not well detected by our UHPLC-MS
method, increased 20-OHP levels in the early disease stage may be indicative of increased
progesterone metabolism signaling. Lower 20 x-OHP levels in advanced stage HGSC
suggests decreased progesterone metabolism and progesterone signaling during tumor
metastasis, which is consistent with our previous findings [49]. These are interesting find-
ings that warrant further validation with targeted UHPLC-MS/MS approaches of these
steroid pathways.

4.3. Inflammatory Metabolites Involved in HGSC Development

Another interesting finding was regarding the role of inflammatory mediators in
HGSC tumor onset and progression. Among the annotated fatty acid chain composi-
tion of glycerophospholipids, glycerolipids, and sphingolipids, the linoleic acid (C18:2),
arachidonic acid (C20:4), and docosahexaenoic acid (DHA, C22:6) fatty acid chains were
frequently observed in our dataset (Tables 2,3 and S6). Additionally, we observed increases
in FA(20:4), FA(22:6) and FA(18:2) in the HGSC region of TKO tissue (Figure S5). Arachi-
donic acid, which is synthesized from linoleic acid, is a powerful inflammatory mediator
and a substrate for other lipid signaling molecules such as eicosanoids, that are involved in
inflammatory processes and tumorigenesis [50]. Inflammation is an established risk factor
for ovarian cancer [51]. In fact, one reported strategy for reducing ovarian cancer risk is to
reduce ovulation-induced inflammation with oral contraceptives [52]. Aspirin and other
nonsteroidal anti-inflammatory drugs (NSAIDs) have also been reported as helping reduce
ovarian cancer risk [53]. A recent study of wounded ovarian surface in a mouse model
suggested inflammation as a potential mechanism for ovarian cancer development [54].
Our results suggest linoleic acid and arachidonic acid pathway-induced inflammation as
a potential promotor (or product of) ovarian carcinogenesis. Further examination of the
role of these specific metabolic pathways, and hence inflammation, will provide crucial
information about the events associated with ovarian cancer initiation and progression.

4.4. Dysregulation of Biosynthetic Metabolism in HGSC Development and Progression

Our HILIC data revealed metabolites from arginine biosynthesis, TCA cycle, glycine,
serine and threonine metabolism and tryptophan metabolism as essential associations
with HGSC onset and progression (Figure 2). Alterations in the TCA cycle are a well-
established signature of cancer metabolism, as it is crucial to central carbon metabolism and
hence energy production and oxidative stress [55]. Besides the importance of TCA cycle
intermediates in cancer metabolism, there is a growing consensus on the significance of
amino acids in energy regulation and redox balance. In addition, studies have indicated that
amino acid derivatives such as kynurenine, and arginine-derived polyamines are involved
in immune responses associated with carcinogenesis [56]. Here, the reduced levels of amino
acids and TCA cycle metabolites are consistent with findings of previous ovarian cancer
studies [13]. Increased tryptophan degradation is one of the most frequently reported
mechanisms of ovarian cancer. Studies suggest that increased tryptophan degradation by
indoleamine-(2,3)-dioxygenase (IDO) leads to enhanced kynurenine production, which, in
turn, triggers an immunosuppressive response [56]. Although our panel did not include
kynurenine, the reduced tryptophan levels in TKO animals suggest that a dampened
immune response could play a key role in HGSC onset and development. Furthermore, our
results revealed the glycine, serine, and threonine pathway as another potential pathway
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of interest. Three metabolites for this pathway, serine, threonine, and 2-oxobutanoate were
annotated as discriminatory species. The glycine, serine, and threonine pathway is the
source for one-carbon metabolism and, consequently, regulates nucleotide synthesis as
well as ATP and NADPH generation [57]. Serine is also a precursor for sphingolipid and
glycerophospholipid synthesis. Additionally, increased N-acetylglutamine levels in TKO
mice can be attributed to the increased production of acetyl-CoA for lipogenesis [15], TCA
cycle, and cholesterol metabolism. Thus, when examined holistically, alterations observed
in the polar metabolome and the lipidome of TKO mice reveal that systems level metabolic
reprogramming collectively supports HGSC development and progression.

5. Conclusions

In conclusion, we present the first time- and space-resolved metabolomics/lipidomics
study of HGSC development and progression in a mouse model faithfully representing
human high-grade serous ovarian cancer, the most common and deadliest ovarian cancer
type. Time-resolved analysis of animal serum revealed that alterations in the lipidome and
metabolome start to occur with tumor onset, and that the observed changes are amplified as
the disease progresses. Metabolites and lipids including ceramides, sphingomyelins, ether
phospholipids, lysoglycerophospholipids, 20 x-hydroxyprogesterone, amino acids, and
TCA cycle species showed altered profiles, even at the early disease stages, emphasizing
their role in tumor onset. These alterations are indicative of disturbed mitochondrial and
peroxisomal function, energy metabolism and redox homeostasis. Additionally, spatially
resolved lipidomics experiments directly on reproductive tissues enabled visualizing the
alterations and tissue heterogeneity within the tumor, which were more pronounced than
in serum. Results showed the accumulation of different lipids in different sub-regions of the
tumor, confirming that the observed serum lipid alterations are in fact a signature of HGSC.
The spatial lipidomic experiments, however, were limited by the metabolite coverage.
In this study, only ~1000 features were detected in the spatial lipidomics experiments,
and ~150 of which were putatively annotated with FDR < 10%. The compound coverage
of MSI experiments is mainly dependent on the ionization techniques applied (MALDI
in this study), and specifically for MALDI MSI experiments, selection of the matrix and
matrix deposition conditions usually lead to different compound coverage. Moreover,
the TKO tissue sections in this study were collected when advanced tumors (HGSC) had
developed; the spatial distribution and alterations of the lipids remains unknown in the
benign tumors at earlier stages. Therefore, it would be desirable to image tissues collected
from different animals at different OC stages, using various MSI approaches. Nonetheless,
these experiments offered a first in-depth view of the molecular signature of HGSC, and
future work will involve visualizing the tumor tissue of early stage HGSC. Additionally,
although the TKO animals provide a simpler, better controlled, and a faithful representation
of human HGSC, the reported findings need to be validated in a human cohort and the
overlap between the metabolic dysregulation observed in TKO animals and humans needs
to be explored. Overall, our study offers a comprehensive understanding of the metabolic
changes associated with the initiation, development, and progression of HGSC, thereby
providing avenues for the discovery of early stage HGSC biomarkers.
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/ /www.mdpi.com/article/10.3390/cancers14092262/s1, Figure S1. Alignment of time-course data
based on %lifetime. Figure S2. Abundance fold change as a function of %lifetime for (a) total
LPC and (b) total ceramides at various HGSC stages. Figure S3. Representative chromatographic
data. Figure S4. Unsupervised and supervised multivariate analysis of RP UHPLC-MS data using
only the abundances of statistically-significant compounds as input. Figure S5. Alterations in the
serum lipidome at various HGSC stages. Figure S6. Heatmaps showing average abundance changes
between TKO and TKO control animals for individual lipids. Figure S7. Time-resolved serum
lipidomics. Figure S8. 20x-hydroxyprogesterone (20x-OHP) levels during the tumor progression
in TKO vs TKO control samples. Figure S9. Unsupervised and supervised multivariate analysis
of statistically-significant (-) HILIC UHPLC-MS compounds. Figure S10. Supervised multivariate
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MS. Table S2. Chromatographic gradients for RP and HILIC methods. Table S3. MS parameters.
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their corresponding %lifetime values. Table S6. Annotated compounds with statistically significant
differential abundances in the RP dataset. Table S7. Metabolite annotations for the 46 selected features
in the HILIC dataset. Table S8. Pathway analysis results obtained from Lipid Pathway Enrichment
Analysis (LIPEA) of RP data. Reference in supplementary [58-62].

Author Contributions: D.A.G., ].K. and EM.F. designed the study; S.S., X.M. and S.G.M. performed
most of the experiments; S.S., X.M. performed data analysis; A.B., S.R.Y., E.Y.P. and O.K. maintained
animal colonies, sacrificed animals and harvested tissues/collected serum samples; D.A.G. and S.G.M.
contributed to metabolomics data processing; S.S., X.M. and EM.E. wrote the manuscript. All authors
discussed the results and commented on the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: FM.F. and ].K. acknowledge support from NIH 1R01CA218664-01. The authors acknowl-
edge support from NSF MRI CHE-1726528 grant for the acquisition of an ultra-high resolution Fourier
transform ion cyclotron resonance (FTICR) mass spectrometer for the Georgia Institute of Technology
core facilities.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Review Board of IACUC at Indiana University School of Medicine with the animal protocol (21124).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data generated in this study are available through the NIH Metabolomics
Workbench (http:/ /www.metabolomicsworkbench.org/ with project ID PR001309 (for LC-MS data
the study ID is ST002067 [http:/ /dx.doi.org/10.21228 /M8HH60]; MSI data study ID is ST002083
[http:/ /dx.doi.org/10.21228 /M8HH60]).

Acknowledgments: J.K acknowledges the support from Indiana University Health-Indiana Univer-
sity School of Medicine Strategic Research Initiative. We acknowledge Theresa Kotanchek and Mark
Kotanchek from Evolved Analytics for their invaluable assistance in data analysis, Alexandria R.
Van Grouw for her help with sample preparation, and the Systems Mass Spectrometry Core at the
Georgia Institute of Technology.

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

References

1.

Zakarya, R.; Howell, VM.; Colvin, E.K. Modelling Epithelial Ovarian Cancer in Mice: Classical and Emerging Approaches. Int. ].
Mol. Sci. 2020, 21, 4806. [CrossRef] [PubMed]

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

Kim, J.; Park, E.Y.; Kim, O.; Schilder, ] M.; Coffey, D.M.; Cho, C.-H.; Bast, R.C. Cell Origins of High-Grade Serous Ovarian Cancer.
Cancers 2018, 10, 433. [CrossRef] [PubMed]

Montagnana, M.; Benati, M.; Danese, E. Circulating biomarkers in epithelial ovarian cancer diagnosis: From present to future
perspective. Ann Transl. Med. 2017, 5, 276. [CrossRef] [PubMed]

Johnson, C.C.; Kessel, B.; Riley, T.L.; Ragard, L.R.; Williams, C.R.; Xu, J.-L.; Buys, S.S. The epidemiology of CA-125 in women
without evidence of ovarian cancer in the Prostate, Lung, Colorectal and Ovarian Cancer (PLCO) Screening Trial. Gynecol. Oncol.
2008, 110, 383-389. [CrossRef] [PubMed]

Kim, J.; Coffey, D.M.; Ma, L.; Matzuk, M.M. The ovary is an alternative site of origin for high-grade serous ovarian cancer in mice.
Endocrinology 2015, 156, 1975-1981. [CrossRef]

Perets, R.; Wyant, G.A.; Muto, K.W.,; Bijron, ].G.; Poole, B.B.; Chin, K.T.; Chen, J.Y.H.; Ohman, A.W.; Stepule, C.D.; Kwak, S.;
et al. Transformation of the Fallopian Tube Secretory Epithelium Leads to High-Grade Serous Ovarian Cancer in Brca;Tp53;Pten
Models. Cancer Cell 2013, 24, 751-765. [CrossRef]

Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646-674. [CrossRef]


http://www.metabolomicsworkbench.org/
http://dx.doi.org/10.21228/M8HH60
http://dx.doi.org/10.21228/M8HH60
http://doi.org/10.3390/ijms21134806
http://www.ncbi.nlm.nih.gov/pubmed/32645943
http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.3390/cancers10110433
http://www.ncbi.nlm.nih.gov/pubmed/30424539
http://doi.org/10.21037/atm.2017.05.13
http://www.ncbi.nlm.nih.gov/pubmed/28758102
http://doi.org/10.1016/j.ygyno.2008.05.006
http://www.ncbi.nlm.nih.gov/pubmed/18586313
http://doi.org/10.1210/en.2014-1977
http://doi.org/10.1016/j.ccr.2013.10.013
http://doi.org/10.1016/j.cell.2011.02.013

Cancers 2022, 14, 2262 20 of 21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

Gaul, D.A.; Mezencev, R.; Long, T.Q.; Jones, C.M.; Benigno, B.B.; Gray, A.; Fernandez, F.; McDonald, J.F. Highly-accurate
metabolomic detection of early-stage ovarian cancer. Sci. Rep. 2015, 5, 16351. [CrossRef]

Niemi, R.J.; Braicu, E.I; Kulbe, H.; Koistinen, K.M.; Sehouli, J.; Puistola, U.; Médenpa4, ].U.; Hilvo, M. Ovarian tumours of different
histologic type and clinical stage induce similar changes in lipid metabolism. Br. J. Cancer 2018, 119, 847-854. [CrossRef]

Jones, C.M.; Monge, M.E,; Kim, ].; Matzuk, M.M.; Fernandez, FM. Metabolomic serum profiling detects early-stage high-grade
serous ovarian cancer in a mouse model. J. Proteome Res. 2015, 14, 917-927. [CrossRef] [PubMed]

Huang, D.; Gaul, D.A.; Nan, H.; Kim, J.; Fernandez, EM. Deep Metabolomics of a High-Grade Serous Ovarian Cancer Triple-
Knockout Mouse Model. J. Proteome Res. 2019, 18, 3184-3194. [CrossRef]

Plewa, S.; Horata, A.; Derezifiski, P.; Klupczynska, A.; Nowak-Markwitz, E.; Matysiak, J.; Kokot, Z.J. Usefulness of Amino Acid
Profiling in Ovarian Cancer Screening with Special Emphasis on Their Role in Cancerogenesis. Int. |. Mol. Sci. 2017, 18, 2727.
[CrossRef] [PubMed]

Slupsky, C.M.; Steed, H.; Wells, T.H.; Dabbs, K.; Schepansky, A.; Capstick, V.; Faught, W.; Sawyer, M.B. Urine metabolite analysis
offers potential early diagnosis of ovarian and breast cancers. Clin. Cancer Res. 2010, 16, 5835-5841. [CrossRef] [PubMed]

Fong, M.Y.; McDunn, J.; Kakar, S.S. Identification of Metabolites in the Normal Ovary and Their Transformation in Primary and
Metastatic Ovarian Cancer. PLoS ONE 2011, 6, €19963. [CrossRef]

Kim, O.; Park, E.Y; Klinkebiel, D.L.; Pack, 5.D.; Shin, Y.-H.; Abdullaev, Z.; Emerson, R.E.; Coffey, D.M.; Kwon, S.Y.; Creighton, C.J.;
et al. In vivo modeling of metastatic human high-grade serous ovarian cancer in mice. PLoS Genet. 2020, 16, e1008808. [CrossRef]
Benabdellah, F.; Touboul, D.; Brunelle, A.; Laprévote, O. In Situ Primary Metabolites Localization on a Rat Brain Section by
Chemical Mass Spectrometry Imaging. Anal. Chem. 2009, 81, 5557-5560. [CrossRef]

Tsai, C.-F; Eberle, W.; Chu, C.-Y. Genetic algorithms in feature and instance selection. Knowl. Based Syst. 2013, 39, 240-247.
[CrossRef]

Chong, J.; Soufan, O.; Li, C,; Caraus, I; Li, S.; Bourque, G.; Wishart, D.S.; Xia, ]. MetaboAnalyst 4.0: Towards more transparent
and integrative metabolomics analysis. Nucleic Acids Res. 2018, 46, W486-W494. [CrossRef]

Palmer, A.; Phapale, P.; Chernyavsky, I.; Lavigne, R.; Fay, D.; Tarasov, A.; Kovalev, V.; Fuchser, J.; Nikolenko, S.; Pineau, C.; et al.
FDR-controlled metabolite annotation for high-resolution imaging mass spectrometry. Nat. Methods 2017, 14, 57-60. [CrossRef]
Bijlsma, S.; Bobeldijk, I.; Verheij, E.R.; Ramaker, R.; Kochhar, S.; Macdonald, I.A.; van Ommen, B.; Smilde, A K. Large-scale human
metabolomics studies: A strategy for data (pre-) processing and validation. Anal. Chem. 2006, 78, 567-574. [CrossRef] [PubMed]
Anton, G.; Wilson, R.; Yu, Z.-H.; Prehn, C.; Zukunft, S.; Adamski, J.; Heier, M.; Meisinger, C.; Romisch-Margl, W.;
Wang-Sattler, R.; et al. Pre-analytical sample quality: Metabolite ratios as an intrinsic marker for prolonged room temperature
exposure of serum samples. PLoS ONE 2015, 10, e0121495. [CrossRef] [PubMed]

Uehara, T.; Kikuchi, H.; Miyazaki, S.; Iino, I.; Setoguchi, T.; Hiramatsu, Y.; Ohta, M.; Kamiya, K.; Morita, Y.; Tanaka, H.; et al.
Overexpression of Lysophosphatidylcholine Acyltransferase 1 and Concomitant Lipid Alterations in Gastric Cancer. Ann. Surg.
Oncol. 2016, 23, 206-213. [CrossRef] [PubMed]

Salminen, L.; Braicu, E.I; Ladperi, M.; Jylhd, A.; Oksa, S.; Hietanen, S.; Sehouli, J.; Kulbe, H.; du Bois, A.; Mahner, S.; et al. A
Novel Two-Lipid Signature Is a Strong and Independent Prognostic Factor in Ovarian Cancer. Cancers 2021, 13, 1764. [CrossRef]
[PubMed]

Jiménez-Rojo, N.; Leonetti, M.D.; Zoni, V.; Colom, A.; Feng, S.; Iyengar, N.R.; Matile, S.; Roux, A.; Vanni, S.; Weissman, J.S.; et al.
Conserved Functions of Ether Lipids and Sphingolipids in the Early Secretory Pathway. Curr. Biol. 2020, 30, 3775-3787.e3777.
[CrossRef] [PubMed]

Dolezal, S.; Hester, S.; Kirby, P.S.; Nairn, A.; Pierce, M.; Abbott, K.L. Elevated levels of glycosylphosphatidylinositol (GPI)
anchored proteins in plasma from human cancers detected by C. septicum alpha toxin. Cancer Biomark. 2014, 14, 55-62. [CrossRef]
Braicu, E.I; Darb-Esfahani, S.; Schmitt, W.D.; Koistinen, K.M.; Heiskanen, L.; P6ho, P.; Budczies, J.; Kuhberg, M.; Dietel, M.;
Frezza, C.; et al. High-grade ovarian serous carcinoma patients exhibit profound alterations in lipid metabolism. Oncotarget 2017,
8,102912-102922. [CrossRef]

Pauling, J.K.; Hermansson, M.; Hartler, J.; Christiansen, K.; Gallego, S.F.; Peng, B.; Ahrends, R.; Ejsing, C.S. Proposal for a common
nomenclature for fragment ions in mass spectra of lipids. PLoS ONE 2017, 12, e0188394.

Alexandrov, T. MALDI imaging mass spectrometry: Statistical data analysis and current computational challenges. BMC Bioinform.
2012, 13 (Suppl. 16), S11. [CrossRef]

Ryland, L.K.; Fox, T.E.; Liu, X.; Loughran, T.P.; Kester, M. Dysregulation of sphingolipid metabolism in cancer. Cancer Biol. 2011,
11, 138-149. [CrossRef]

Li, J.; Xie, H.; Li, K,; Cheng, ].; Yang, K.; Wang, J.; Wang, W.; Zhang, F.; Li, Z.; Dhillon, H.S.; et al. Distinct plasma lipids profiles of
recurrent ovarian cancer by liquid chromatography-mass spectrometry. Oncotarget 2017, 8, 46834—46845. [CrossRef] [PubMed]
Kanehisa, M.; Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 2000, 28, 27-30. [CrossRef] [PubMed]
Xia, J.; Wishart, D.S. MetPA: A web-based metabolomics tool for pathway analysis and visualization. Bioinformatics 2010, 26,
2342-2344. [CrossRef] [PubMed]

Acevedo, A.; Duran, C,; Ciucci, S.; Gerl, M.; Cannistraci, C.V. LIPEA: Lipid Pathway Enrichment Analysis. bioRxiv 2018.
[CrossRef]

Morad, S.AE; Cabot, M.C. Ceramide-orchestrated signalling in cancer cells. Nat. Rev. Cancer 2013, 13, 51-65. [CrossRef]


http://doi.org/10.1038/srep16351
http://doi.org/10.1038/s41416-018-0270-z
http://doi.org/10.1021/pr5009948
http://www.ncbi.nlm.nih.gov/pubmed/25567202
http://doi.org/10.1021/acs.jproteome.9b00263
http://doi.org/10.3390/ijms18122727
http://www.ncbi.nlm.nih.gov/pubmed/29258187
http://doi.org/10.1158/1078-0432.CCR-10-1434
http://www.ncbi.nlm.nih.gov/pubmed/20956617
http://doi.org/10.1371/journal.pone.0019963
http://doi.org/10.1371/journal.pgen.1008808
http://doi.org/10.1021/ac9005364
http://doi.org/10.1016/j.knosys.2012.11.005
http://doi.org/10.1093/nar/gky310
http://doi.org/10.1038/nmeth.4072
http://doi.org/10.1021/ac051495j
http://www.ncbi.nlm.nih.gov/pubmed/16408941
http://doi.org/10.1371/journal.pone.0121495
http://www.ncbi.nlm.nih.gov/pubmed/25823017
http://doi.org/10.1245/s10434-015-4459-6
http://www.ncbi.nlm.nih.gov/pubmed/25752890
http://doi.org/10.3390/cancers13081764
http://www.ncbi.nlm.nih.gov/pubmed/33917079
http://doi.org/10.1016/j.cub.2020.07.059
http://www.ncbi.nlm.nih.gov/pubmed/32857977
http://doi.org/10.3233/CBM-130377
http://doi.org/10.18632/oncotarget.22076
http://doi.org/10.1186/1471-2105-13-S16-S11
http://doi.org/10.4161/cbt.11.2.14624
http://doi.org/10.18632/oncotarget.11603
http://www.ncbi.nlm.nih.gov/pubmed/27564116
http://doi.org/10.1093/nar/28.1.27
http://www.ncbi.nlm.nih.gov/pubmed/10592173
http://doi.org/10.1093/bioinformatics/btq418
http://www.ncbi.nlm.nih.gov/pubmed/20628077
http://doi.org/10.1101/274969
http://doi.org/10.1038/nrc3398

Cancers 2022, 14, 2262 21 of 21

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Law, S.-H.; Chan, M.-L.; Marathe, G.K,; Parveen, F,; Chen, C.-H.; Ke, L.-Y. An Updated Review of Lysophosphatidylcholine
Metabolism in Human Diseases. Int. J. Mol. Sci. 2019, 20, 1149. [CrossRef]

Sutphen, R.; Xu, Y.; Wilbanks, G.D.; Fiorica, J.; Grendys, E.C.; Lapolla, J.P.; Arango, H.; Hoffman, M.S.; Martino, M.; Wakeley, K,;
et al. Lysophospholipids are potential biomarkers of ovarian cancer. Cancer Epidemiol. Biomark. Prev. 2004, 13, 1185-1191.

Iorio, E.; Ricci, A.; Bagnoli, M.; Pisanu, M.E.; Castellano, G.; Di Vito, M.; Venturini, E.; Glunde, K.; Bhujwalla, Z.M,;
Mezzanzanica, D.; et al. Activation of phosphatidylcholine cycle enzymes in human epithelial ovarian cancer cells. Cancer Res.
2010, 70, 2126-2135. [CrossRef]

Berry, K.A.Z.; Hankin, J.A.; Barkley, R.M.; Spraggins, ].M.; Caprioli, RM.; Murphy, R.C. MALDI imaging of lipid biochemistry in
tissues by mass spectrometry. Chem. Rev. 2011, 111, 6491-6512. [CrossRef]

Ke, C.; Hou, Y,; Zhang, H.; Fan, L.; Ge, T.; Guo, B.; Zhang, F.; Yang, K.; Wang, J.; Lou, G.; et al. Large-scale profiling of metabolic
dysregulation in ovarian cancer. Int. . Cancer 2015, 136, 516-526. [CrossRef]

Koundouros, N.; Poulogiannis, G. Reprogramming of fatty acid metabolism in cancer. Br. |. Cancer 2020, 122, 4-22. [CrossRef]
[PubMed]

Nagarajan, S.R.; Butler, L.M.; Hoy, A.]. The diversity and breadth of cancer cell fatty acid metabolism. Cancer Metab. 2021, 9, 2.
[CrossRef] [PubMed]

Kim, J.-A. Peroxisome Metabolism in Cancer. Cells 2020, 9, 1692. [CrossRef] [PubMed]

Dean, ].M.; Lodhi, L]. Structural and functional roles of ether lipids. Protein Cell 2018, 9, 196-206. [CrossRef] [PubMed]

RiZzner, T.L.; Penning, T.M. Role of aldo-keto reductase family 1 (AKR1) enzymes in human steroid metabolism. Steroids 2014, 79,
49-63. [CrossRef] [PubMed]

Ji, Q.; Aoyama, C.; Chen, PK,; Stolz, A.; Liu, P. Localization and altered expression of AKR1C family members in human ovarian
tissues. Mol. Cell. Probes. 2005, 19, 261-266. [CrossRef] [PubMed]

Lewis, M.].; Wiebe, ].P.; Heathcote, ].G. Expression of progesterone metabolizing enzyme genes (AKR1C1, AKR1C2, AKR1C3,
SRD5A1, SRD5A?2) is altered in human breast carcinoma. BMC Cancer 2004, 4, 27. [CrossRef]

Li, AJ.; Baldwin, R.L.; Karlan, B.Y. Estrogen and progesterone receptor subtype expression in normal and malignant ovarian
epithelial cell cultures. Am. J. Obs. Gynecol. 2003, 189, 22-27. [CrossRef]

Kim, O,; Park, E.Y.; Kwon, S.Y.; Shin, S.; Emerson, R.E.; Shin, Y.-H.; DeMayo, E].; Lydon, J.P,; Coffey, D.M.; Hawkins, S.M.; et al.
Targeting progesterone signaling prevents metastatic ovarian cancer. Proc. Natl. Acad. Sci. USA 2020, 117, 31993-32004. [CrossRef]
Wang, B.; Wu, L.; Chen, ].; Dong, L.; Chen, C.; Wen, Z.; Hu, J.; Fleming, I.; Wang, D.W. Metabolism pathways of arachidonic acids:
Mechanisms and potential therapeutic targets. Signal Transduct. Target. Ther. 2021, 6, 94. [CrossRef]

Ose, J.; Schock, H.; Tjenneland, A.; Hansen, L.; Overvad, K.; Dossus, L.; Clavel-Chapelon, E; Baglietto, L.; Boeing, H.; Trichopolou,
A.; et al. Inflammatory Markers and Risk of Epithelial Ovarian Cancer by Tumor Subtypes: The EPIC Cohort. Cancer Epidemiol.
Biomark. Amp Prev. 2015, 24, 951-961. [CrossRef] [PubMed]

Tworoger, S.S.; Fairfield, K.M.; Colditz, G.A.; Rosner, B.A.; Hankinson, S.E. Association of oral contraceptive use, other contracep-
tive methods, and infertility with ovarian cancer risk. Am. J. Epidemiol. 2007, 166, 894-901. [CrossRef] [PubMed]

Trabert, B.; Ness, R.B.; Lo-Ciganic, W.-H.; Murphy, M.A_; Goode, E.L.; Poole, E.M.; Brinton, L.A.; Webb, PM.; Nagle, C.M.;
Jordan, S.J.; et al. Aspirin, Nonaspirin Nonsteroidal Anti-inflammatory Drug, and Acetaminophen Use and Risk of Invasive
Epithelial Ovarian Cancer: A Pooled Analysis in the Ovarian Cancer Association Consortium. [NCI: J. Natl. Cancer Inst. 2014, 106.
[CrossRef] [PubMed]

Jia, D.; Nagaoka, Y.; Katsumata, M.; Orsulic, S. Inflammation is a key contributor to ovarian cancer cell seeding. Sci. Rep. 2018,
8,12394. [CrossRef] [PubMed]

Eniafe, ].; Jiang, S. The functional roles of TCA cycle metabolites in cancer. Oncogene 2021, 40, 3351-3363. [CrossRef]

Lieu, E.L.; Nguyen, T.; Rhyne, S.; Kim, ]. Amino acids in cancer. Exp. Mol. Med. 2020, 52, 15-30. [CrossRef]

Tedeschi, PM.; Markert, E.K.; Gounder, M.; Lin, H.; Dvorzhinski, D.; Dolfi, S.C.; Chan, L.L.-Y.; Qiu, J.; DiPaola, R.S.;
Hirshfield, K.M.; et al. Contribution of serine, folate and glycine metabolism to the ATP, NADPH and purine requirements of
cancer cells. Cell Death Dis. 2013, 4, €877. [CrossRef]

Fahy, E.; Sud, M.; Cotter, D.; Subramaniam, S. LIPID MAPS online tools for lipid research. Nucleic Acids Res. 2007, 35 (Web Server
issue), W606-W612. [CrossRef]

Mistrik, R. mzCLOUD: A spectral tree library for the Identification of "unknown unknowns". Abstr. Pap. Am. Chem. Soc. 2018, 255.
Guijas, C.; Montenegro-Burke, ].R.; Domingo-Almenara, X.; Palermo, A.; Warth, B.; Hermann, G.; Koellensperger, G.; Huan, T.;
Uritboonthai, W.; Aisporna, A.E.; et al. METLIN: A Technology Platform for Identifying Knowns and Unknowns. Anal. Chem.
2018, 90, 3156-3164. [CrossRef]

Wishart, D.S.; Feunang, Y.D.; Marcu, A.; Guo, A.C.; Liang, K.; Vazquez-Fresno, R ; Sajed, T.; Johnson, D.; Li, C.; Karu, N.; et al.
HMDB 4.0: The human metabolome database for 2018. Nucleic Acids Res. 2018, 46, D608-D617. [CrossRef] [PubMed]

Horai, H.; Arita, M.; Kanaya, S.; Nihei, Y; Ikeda, T.; Suwa, K.; Ojima, Y.; Tanaka, K.; Tanaka, S.; Aoshima, K.; et al. MassBank: A
public repository for sharing mass spectral data for life sciences. J. Mass Spectrom. 2010, 45, 703-714. [CrossRef] [PubMed]


http://doi.org/10.3390/ijms20051149
http://doi.org/10.1158/0008-5472.CAN-09-3833
http://doi.org/10.1021/cr200280p
http://doi.org/10.1002/ijc.29010
http://doi.org/10.1038/s41416-019-0650-z
http://www.ncbi.nlm.nih.gov/pubmed/31819192
http://doi.org/10.1186/s40170-020-00237-2
http://www.ncbi.nlm.nih.gov/pubmed/33413672
http://doi.org/10.3390/cells9071692
http://www.ncbi.nlm.nih.gov/pubmed/32674458
http://doi.org/10.1007/s13238-017-0423-5
http://www.ncbi.nlm.nih.gov/pubmed/28523433
http://doi.org/10.1016/j.steroids.2013.10.012
http://www.ncbi.nlm.nih.gov/pubmed/24189185
http://doi.org/10.1016/j.mcp.2005.03.003
http://www.ncbi.nlm.nih.gov/pubmed/15979276
http://doi.org/10.1186/1471-2407-4-27
http://doi.org/10.1067/mob.2003.328
http://doi.org/10.1073/pnas.2013595117
http://doi.org/10.1038/s41392-020-00443-w
http://doi.org/10.1158/1055-9965.EPI-14-1279-T
http://www.ncbi.nlm.nih.gov/pubmed/25855626
http://doi.org/10.1093/aje/kwm157
http://www.ncbi.nlm.nih.gov/pubmed/17656616
http://doi.org/10.1093/jnci/djt431
http://www.ncbi.nlm.nih.gov/pubmed/24503200
http://doi.org/10.1038/s41598-018-30261-8
http://www.ncbi.nlm.nih.gov/pubmed/30120290
http://doi.org/10.1038/s41388-020-01639-8
http://doi.org/10.1038/s12276-020-0375-3
http://doi.org/10.1038/cddis.2013.393
http://doi.org/10.1093/nar/gkm324
http://doi.org/10.1021/acs.analchem.7b04424
http://doi.org/10.1093/nar/gkx1089
http://www.ncbi.nlm.nih.gov/pubmed/29140435
http://doi.org/10.1002/jms.1777
http://www.ncbi.nlm.nih.gov/pubmed/20623627

	Introduction 
	Materials and Methods 
	Triple Mutant (TKO) Mice 
	Sequential Blood Sampling 
	Chemicals 
	UHPLC-MS Serum Metabolomics 
	Data Processing and Statistical Analysis of LC-MS Datasets 
	Genetic Algorithms Variable Selection 
	Lipid Ratio Biomarkers 
	Tissue Spatial Lipidomics 
	Time Course Data Alignment 

	Results 
	HGSC Lipidome Alterations 
	Alterations in the Abundances of Polar Metabolites 
	HGSC Discriminant Metabolite Panels 
	Discriminant Lipid Ratios 
	MALDI-MSI Spatial Lipidomics 

	Discussion 
	Dysregulation of Lipid and Fatty Acid Metabolism 
	Progesterone Metabolism and Signaling in HGSC Development 
	Inflammatory Metabolites Involved in HGSC Development 
	Dysregulation of Biosynthetic Metabolism in HGSC Development and Progression 

	Conclusions 
	References

