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Abstract
Tumor cells often exhibit an altered metabolic phenotype. However, it is unclear as to when this
switch takes place in ovarian cancer, and the potential for these changes to serve as therapeutic
targets in clinical prevention and intervention trials. We used our recently developed and
characterized mouse ovarian surface epithelial (MOSE) cancer progression model to study
metabolic changes in distinct disease stages. As ovarian cancer progresses, complete oxidation of
glucose and fatty acids were significantly decreased, concurrent with increases in lactate excretion
and 3H-deoxyglucose uptake by the late-stage cancer cells, shifting the cells towards a more
glycolytic phenotype. These changes were accompanied by decreases in TCA flux but an increase
in citrate synthase activity, providing substrates for de novo fatty acid and cholesterol synthesis.
Also, uncoupled maximal respiration rates in mitochondria decreased as cancer progressed.
Treatment of the MOSE cells with 1.5μM sphingosine, a bioactive sphingolipid metabolite,
decreased citrate synthase activity, increased TCA flux, decreased cholesterol synthesis and
glycolysis. Together, our data confirm metabolic changes during ovarian cancer progression,
indicate a stage specificity of these changes, and suggest that multiple events in cellular
metabolism are targeted by exogenous sphingosine which may be critical for future prevention
trials.
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INTRODUCTION
Ovarian cancer is the leading cause of gynecological cancer deaths and the fifth leading
cause of cancer deaths in women. While the origins of ovarian cancer are still debated, most
ovarian cancers are thought to originate in the layer of epithelial cells surrounding the ovary
or the fimbriae of the fallopian tubes. While early diagnosis leads to a 92% rate of survival

© 2013 Elsevier Inc. All rights reserved.
*to whom correspondence should be addressed: Dr. Eva M. Schmelz (eschmelz@vt.edu) Virginia Tech, 1981 Kraft Drive [0913],
ILSB 1011, Blacksburg, VA24060 Tel: 001-540-231-3649 FAX: 001-540-231-5522 and Dr. Matthew W. Hulver (hulvermw@vt.edu)
Virginia Tech, 1981 Kraft Drive [0913], Blacksburg, VA24060.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

DISCLOSURE STATEMENT The authors have no conflict of interest to disclose.

NIH Public Access
Author Manuscript
Exp Cell Res. Author manuscript; available in PMC 2014 June 10.

Published in final edited form as:
Exp Cell Res. 2013 June 10; 319(10): 1431–1442. doi:10.1016/j.yexcr.2013.02.017.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



[1], the cancer is most commonly diagnosed when has progressed to stage III or IV,
drastically reducing the chance of survival. Understanding the etiology of ovarian cancer
and identifying early events in ovarian cancer for diagnostic and prevention purposes is
critical to increase the survival rates of women afflicted with this disease.1

The observation that cancer cells have an altered metabolic phenotype, allowing them to
adapt to and survive dynamic microenvironmental conditions, was first made by Otto
Warburg and has been subsequently been labeled the “Warburg Effect” [2, 3]. Warburg
observed a higher uptake of glucose and elevated lactate production and secretion, and
concluded that cancer cells primarily use aerobic glycolysis rather than oxidative
phosphorylation as the primary source for ATP synthesis, due to impaired mitochondria.
Although this glycolytic shift takes place under normoxic conditions, anaerobic metabolism
is also critical for tumor development where the hypoxic core of growing tumors limits
access to oxygen. To avoid acid-induced apoptosis, monocarboxylate transporters must
export excess lactic acid [4, 5]. The resulting acidic microenvironment generated by the
secreted lactate, carbon dioxide production, bicarbonate depletion and other mechanisms has
been shown to promote progression and metastasis [6, 7].

Since Warburg’s first communication of the glycolytic nature of cancer cell metabolism,
there has been a debate as to whether this hypothesis encompasses all changes pertaining to
cancer cell metabolism. It is now clear that mitochondrial dysfunction is not apparent in all
cancer cells [8], and that the aberrant metabolic phenotype is the consequence of mutations
or epigenetic silencing modulating the expression of metabolic enzymes or their regulators
such as p53, MYC, AMP-activated kinase (AMPK) or Hypoxia-inducible factor 1 alpha
(HIF1 α)[9] rather than their cause. The glycolytic shift now is understood as a survival
mechanism to produce the macromolecules and reducing equivalents required to meet the
cancer cells need of proteins, nucleic acids and lipids to support rapid cell growth. This
confers a distinct growth advantage even in normoxic conditions with functional
mitochondria [10]. Since these glycolytic cells mostly have a more aggressive and metastatic
phenotype [11], it has been suggested that aerobic glycolysis is a hallmark for invasive
cancers [12]. Therefore, chemopreventive and chemotherapeutic strategies that modify these
metabolic pathways could successfully remove the cancer cells’ growth advantage and
prevent cancer growth.

Sphingolipids are a class of structurally diverse bioactive lipids involved in a variety of
cellular processes including the regulation of growth, apoptosis, autophagy, motility and
many more in a metabolite-specific manner [13, 14]. Sphingolipid metabolites are also
involved in cellular metabolism, inhibiting (sphingosine, So) or activating (sphingosine-1-
posphate, S1P) glucose uptake, inhibiting (So) or activating (S1P) insulin signaling
pathways and mediating AKT (protein kinase B) inhibition (So) or activation (S1P). The
endogenous sphingolipid metabolites S1P and ceramide have been implicated in reduced
pancreatic ß-cell function, insulin resistance, atherosclerotic plaque formation, and other
factors associated with obesity and metabolic syndrome (see recent comprehensive review
[15]). In contrast, our previous studies have shown that the administration of complex
sphingolipids via the diet suppressed carcinogen-induced [16-19], mutant Adenomatous
Polyposis Coli-mediated [20, 21] or inflammation-driven colon cancer [22], and suppressed
breast xenograft progression [23] in mice without any apparent side effects. The
sphingolipid bases that are generated from the dietary complex sphingolipids are likely the
effective metabolites in the observed suppression of tumor growth and progression [20, 24].

1Abbreviations: So, sphingosine; TCA, tricarboxylic acid cycle; FASN, fatty acid synthase; ß-HAD, ß-hydroxyl-CoA dehydrogenase;
PDH, pyruvate dehydrogenase; OCR, oxygen consumption rate; ECAR, extracellular acidification rate;
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The effects of exogenous sphingolipid metabolites on the altered metabolism in ovarian
cancer cells and their impact on tumor growth and progression are not known.

We have recently developed and characterized a mouse ovarian surface epithelial (MOSE)
cell model of progressive ovarian cancer [25, 26] to identify and delineate events involved in
ovarian cancer progression. Serial passaging of primary MOSE cells induced spontaneous
immortalization and transformation and allowed for the capturing of genetically and
phenotypically distinct early (benign), intermediate and late (highly aggressive and invasive)
stages of ovarian cancer. This model is unique in its ability to compare syngeneic stages of
cancer progression, a model that does not exist for the human disease. As cells progress,
they increase their growth rate, acquire the ability to grow as spheroids, invade collagen and
form tumors in vivo [25]. The progression of MOSE cells is accompanied by changes in
their gene expression levels and a successive dysregulation of their cellular architecture also
reported in the human disease [26]. In the present studies, this ovarian cancer model was
used to determine when during cancer progression metabolic changes are taking place and
identify potential targets for exogenous So in the prevention of ovarian cancer. We
investigated shifts in cellular metabolism and substrate utilization during ovarian cancer
cells progression, determined changes in mitochondrial function, and investigated how
exogenous So affects the observed changes. Together, our results suggest that alterations in
the metabolic phenotype of the progressive MOSE cells are targets for a cancer prevention
regimen with exogenous So.

METHODS AND MATERIALS
Cell Culture

MOSE cells were cultured in DMEM (Sigma) supplemented with 4% FBS (Atlanta
Biologicals) and 100ug/ml each of penicillin and streptomycin (Gibco). Classification into
early-benign (MOSE-E), intermediate (MOSE-I), and late–aggressive (MOSE-L)
phenotypes was established as previously described [25]. So-treated cells were cultured in
medium containing 1.5 μmol/L So (Avanti Lipids) as BSA complex (60 μM fatty acid-free
fraction V, Calbiochem) for at least 3 passages to mimic long-term exposure to diet-derived
sphingolipid metabolites. This treatment regimen has been shown to be necessary to induce
significant changes in gene and protein expression level and cytoskeleton organization (data
not shown). This concentration was not toxic for any cell line. Cells were cultured at 37°C in
a humidified incubator with 5% CO2.

Real-time PCR (qPCR)
Cells were seeded in 100mm culture dishes and harvested 24 hours later. Total RNA was
extracted using the RNeasy Mini Kit (Qiagen). cDNA synthesis was performed on 500ng of
RNA using the ImProm-II Reverse Transcription System (Promega). qPCR was performed
using 50ng of cDNA with SensiMix Plus SYBR Mastermix (Quantace) in the ABI 7900HT
(Applied Biosystems) with the following parameters: 42 cycles at 95°C for 10 minutes,
95°C for 15 seconds, 58°C for 30 seconds and 72°C for 15 seconds, followed by a
dissociation curve segment. Data was quantified using the ΔΔCT method and expressed
relative to RPL19 as the housekeeping gene [26]. Primer pairs were designed with the
Beacon Design software and were as followed: pyruvate dehydrogenase (PDHb) Fwd: CAT
TCG GCA GCT AGT AGA G; PDHb Rev: CTT CAC GAA CTG TCA ACT G; pyruvate
dehydrogenase kinase 1 (PDK1) Fwd: CTG GGC GAG GAG GAT CTG ACT G; PDK1
Rev: ACA GCA CGG GAC GTT TCA ACA C; ribosomal protein L19 (RPL19) Fwd: GCA
AGC CTG TGA CTG TCC ATT CC; RPL19 Rev: GCA TTG GCA GTA CCC TTC CTC
TTC. Data expressed are the mean of two independent experiments performed in duplicate
with three biological replicates. Data are presented as Mean ± SEM.
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Western Blotting
Cells were treated as indicated, harvested by scraping into Ripa lysis buffer [26],
supplemented with Complete Mini Protease Inhibitor Cocktail (Roche), homogenized with a
22-gauge needle, and centrifuged at 15,000g for 15 min. Equal amounts of proteins were
separated using 8g/100g or 12g/100g gels, transferred to PVDF membrane (Bio-Rad), and
blocked with blocking buffer (Rockland). Blots were probed with primary antibodies against
FASN, p-AKT, pyruvate dehydrogenase kinase 1 (PDK1) (Cell Signaling) or -Tubulin
(Abcam), followed by incubation with the appropriate secondary antibodies. Proteins were
visualized and quantitated using the Odyssey Infrared Imaging System (Licor). Data
presented are the mean infrared units ± SEM from at least two independent experiments
performed on six biological replicates (FASN and PDK1), normalized to –tubulin.

Glucose and Fatty Acid Oxidation
MOSE cells were seeded at 2.5 × 105 cells/ well in 6-well cell culture plates, incubated for 3
h, and washed with PBS. Following 2 h of incubation in serum-free medium, glucose and
fatty acid oxidation were assessed via co-incubation with U-14C glucose and 3H-palmitic
acid. Glucose oxidation was measured via 14CO2 production as previously described [27].
Incorporation of 14CO2 derived from U-14C glucose into NaOH was measured using a LS
6500 scintillation counter (Beckman Coulter). Concomitantly, fatty acid oxidation was
assessed by measuring 3H2O from 3H-palmitate (Perkin Elmer) as previously described [28].
Data presented as the mean from two independent experiments performed in replicates of
six, corrected for protein content. Data are presented as mean ± SEM.

Lactate Assay
MOSE cells were seeded at a density of 2.5 × 105 cells/well in 6-well cell culture plates.
After 3 h, cells were washed with PBS and incubated in phenol red-free, serum-free DMEM
(Gibco). The medium was collected after 8 h and assayed for lactate concentration using a
colorimetric kit according to the manufacturer’s instructions (BRSC, University of Buffalo).
Data presented are the mean from three independent experiments performed in replicates of
six biological replicates, corrected for cell number. Data are presented as mean ± SEM.

Glucose Uptake
MOSE cells were seeded at 2.5 × 105 cells/well in 6-well cell culture plates. After 3 h, cells
were washed with PBS and incubated in serum-free medium for 2 h. Glucose uptake was
assessed by measuring 3H-2-Deoxy-glucose as previously described [29]. Data presented are
the mean from two independent experiments performed in replicates of six biological
replicates, normalized to protein content. Data are presented as mean ± SEM.

Enzyme Activity Assays
MOSE cells were seeded at a density of 5 × 105 cells/well in 6-well cell culture plates. After
3 h, cells were washed with PBS and scraped in 200μl of PK buffer (0.1M di-potassium
phosphate). Citrate synthase, and ß-HAD activities were determined spectrophotometrically
as previously described [30]. Data presented are the mean from two independent
experiments performed in replicates of six biological replicates, corrected for protein
content. Data are presented as mean ± SEM.

2-Carbon Labeled Pyruvate Metabolism for Pyruvate Dehydrogenase (PDH) Activity and
TCA flux determination

The 14C-label on the number 1 carbon of pyruvate will result in 14C-labeled CO2 produced
through the PDH reaction, where [1-14C]-pyruvate indicates PDH activity. The 14C-label on
the number 2 carbon of pyruvate will result in 14C-labled acetyl-CoA production as a result
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of pyruvate oxidation by PDH. As such, any production of 14CO2 using [2-14C]-pyruvate as
a substrate is a result of oxidation of acetyl-CoA in the TCA cycle. MOSE cells were seeded
at a density of 5 × 105 cells/well in 6-well cell culture plates. After 3 h, cells were washed
with PBS and serum-free medium was added for two hours. Oxidation was assessed by
measuring 14CO2 production as described above, substituting labeled pyruvate for U-14C
glucose. Data presented are the mean from two independent experiments performed in
replicates of six, corrected for protein content. Data are presented as mean ± SEM.

De Novo Fatty Acid Synthesis
MOSE cells were seeded at a density of 5 × 105 cells/well in 6-well cell culture plates. After
3 h, cells were washed with PBS and serum-free medium was added for two hours. De Novo
fatty acid synthesis was assessed by measuring the quantity of 14C-2-pyruvate (Perkin
Elmer) partitioned into fatty acids as previously described [30, 31]. Data presented are the
mean from replicates of six, corrected for protein content. Data are presented as mean ±
SEM.

Cholesterol Biosynthesis
MOSE cells were grown for 48 h, harvested in 1ml ice-cold PBS, and lipids were extracted
with methanol:chloroform (2:1) and centrifuged at 4000 rpm for 5 min. To the supernatant,
1ml of citric acid, 2ml of water and 1ml chloroform were added. After centrifugation, the
chloroform layer was transferred to a glass tube and evaporated with nitrogen gas. The
cholesterol assay was performed according to manufacturer’s instructions using the Amplex
Red Cholesterol Assay Kit (Invitrogen). Data expressed are the mean of four independent
experiments performed in duplicate, corrected for cell number and presented as mean ±
SEM. An increase in fold change was calculated as treated cells/ control cells. For a fold
decrease, the negative inverse of the fold change was calculated; statistical significance was
calculated from the original data.

Mitochondrial Respiration
Mitochondrial respiration of MOSE cells was determined using an XF24 extracellular flux
analyzer (Seahorse Bioscience) as described by Gerencser et al. with some modifications
[32]. Cells were seeded into XF24 V7 cell culture microplates at a density of 35,000 cells
per well for MOSE-I and MOSE-L and 50,000 cells per well for MOSE-E and incubated for
48 h in replicates of five. Then the medium was changed and the experiments were
conducted in serum-free, bicarbonate-free medium after 1 h incubation. Cells were loaded
into the XF24 and experiments consisted of 3-minute mixing, 2-minute wait, and 3-minute
measurement cycle. Oxygen consumption was measured under basal conditions in the
presence of the mitochondrial inhibitors 0.5 mol/L oligomycin (Calbiochem) or 0.25 mol/L
rotenone (Sigma), or in the presence of the mitochondrial uncoupler, 0.3 mol/L
carbonylcyanide-p-trifluoromethoxyphenylhydrazone FCCP (Sigma) to assess maximal
oxidative capacity. All experiments were performed at 37°C. Oxygen consumption rate
(OCR), ATP synthesis rate and extracellular acidification rate (ECAR) were calculated by
the oligomycin or FCCP-induced change compared with the basal rates. Data presented are
the mean from three independent experiments performed in replicates of five and corrected
for protein. Data are presented as Mean ± SEM.

Statistics
Data are presented as mean ± SEM. When comparing more than one cell type, results were
analyzed with a one-way ANOVA followed by Tukey’s post ad hoc test. When comparing
treated versus non-treated cells of the same cancer stage, data were analyzed using a
student’s two-tailed t-test. Results were considered significant at p<0.05.
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RESULTS
The MOSE ovarian cancer progression model presents a unique opportunity to study cellular
and molecular changes as cancer progresses. Our previous studies have shown that among
other functional categories, genes involved in cellular metabolism are changing during the
progression of the MOSE cells [26]. These included genes involved in mitochondrial
morphology and energy production, and glucose and fatty acid metabolism. Thus, we
assessed whether the MOSE cells develop a glycolytic phenotype indicative of an aggressive
cancer phenotype by assaying quantitative changes in the cellular metabolism during ovarian
cancer progression.

Glucose and fatty acid oxidation in MOSE cells
As shown in Figure 1A-B, glucose oxidation is higher than fatty acid oxidation in all cell
types, demonstrating a choice of all MOSE cells for glucose over fatty acids as the preferred
substrate. As cells progress, there was a significant decrease in glucose oxidation in both the
MOSE-I (p<0.01) and MOSE-L cells (p<0.001), indicating a successive loss of glucose
oxidation through the TCA cycle (Figure 1A). A significant decrease in fatty acid oxidation
was detected in the MOSE-L cells (p<0.001); however, the level of fatty oxidation was
already modest in the MOSE-E (Figure 1B). In comparison, glucose oxidation in MOSE-E
cells is higher (~12nmol/mg-protein/h) and fatty acid oxidation is lower than average C2C12
skeletal muscle metabolism (~14nmol/mg-protein/h) [29], confirming the MOSE cells
utilization of glucose as energy source.

Lactate secretion and glucose uptake
Warburg observed that cancer cells preferably convert glucose to lactate even under
normoxic conditions [2, 3]. To further investigate this glycolytic shift during progression of
the MOSE cells, we assayed cellular glucose uptake and lactate secretion. As expected,
glucose uptake was moderately, but significantly elevated in the MOSE-L cells compared to
the MOSE-E (p<0.05) and the MOSE-I (p<0.001) (Figure 1C). In addition to an increase in
glucose uptake, lactate secretion was elevated compared to MOSE-E (p<0.001) and MOSE-I
cells (p<0.001) (Figure 1D). Interestingly, MOSE-I cells representing an intermediate
pheno- and genotype showed a significant decrease in both lactate secretion (p<0.001) and
glucose uptake compared to MOSE-E (p<0.05) and MOSE-L cells (p<0.001), suggesting
that transitional stages during cancer progression may have differing energy requirements
and substrate utilization.

Changes in citrate synthase activity and TCA flux
Given the increasingly glycolytic phenotype and the decrease of carbon flux away from
oxidative phosphorylation of the MOSE cells, we next sought to further define the metabolic
changes during MOSE cell progression. By measuring enzymatic changes in the TCA cycle,
we determine changes in carbon flux through the TCA. We measured citrate synthase
activity (Figure 2A), indicative of TCA activity and - HAD activity, indicative of beta-
oxidation activity. Citrate synthase activity did not change in MOSE-I but showed a
significant increase in the MOSE-L cells (p<0.001) over MOSE-E (Figure 2A), which was
somewhat surprising given the decrease in total oxidation. However, there was no difference
in -HAD activity (Figure 2B), suggesting that acetyl CoA does not fully complete oxidation
in the TCA cycle but may be shuttled out of the mitochondria as citrate, accounting for the
decrease in fatty acid oxidation but no change in -HAD activity. Therefore, we further
investigated the activity of the TCA cycle by determining the flux of carbon skeletons from
pyruvate through the TCA cycle using carbon-1 and carbon-2 labeled radioisotopes,
respectively. Carbon-1 labeled pyruvate is cleaved in the PDH reaction producing
radiolabeled acetyl CoA while carbon-2 is an indication of a complete carbon flux through
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the TCA cycle, producing radiolabeled CO2. As shown in Figure 3A, there were no
significant differences in PDH activity but the TCA flux with the carbon-2 labeled pyruvate
was significantly decreased in the MOSE-L cells (p<0.001) (Figure 3B), confirming the
decrease in total oxidation. qPCR data show a decrease in expression of PDHb (p<0.05), one
of the key enzymes in the PDH complex (Figure 3C). In addition, mRNA and protein levels
show an increase in pyruvate dehydrogenase kinase 1 (PDK1) (p<0.05 mRNA and p<0.001
protein), the kinase that negatively regulates PDH activity (Figure 3D, E, and F).

de novo fatty acid and cholesterol synthesis
Next, we investigated if citrate leaves the TCA cycle and serves as substrate for fatty acid
and cholesterol biosynthesis. Rather than determining the many potential key enzymes in
these processes, we determined two key endpoints: de novo synthesis of fatty acids and
cholesterol. As shown in Figure 4A, de novo fatty acid synthesis is significantly elevated in
MOSE-L cells (p<0.001). This was associated with a significant increase in FASN protein
levels of (p<0.001) (Figure 4B, C). In addition, cholesterol levels were also significantly
increased in MOSE-L cells (p<0.001), (Figure 4D), suggesting that citrate generated by
increased citrate synthase activity is utilized for lipid synthesis. Whether other pathways
such as nucleotide synthesis are also fueled by this substrate will be investigated in future
studies.

Mitochondrial oxygen consumption rate
To further explore the mechanisms driving this glycolytic shift in the presence of ample
oxygen, we assessed changes in mitochondrial capacity during MOSE cell progression. A
decrease in mitochondrial capacity could allow for citrate to be shuttled out of the
mitochondria, which would correspond to the observed decrease in TCA cycle flux. As
cancer progresses towards a more aggressive phenotype, we observed a significant decline
in the respiration, expressed as basal OCR from MOSE-E (14.0 ± 1.01 pmoles/min) to
MOSE-I (10.44 ± 0.6 pmoles/min; p<0.05) to MOSE-L (6.20 ± 1.1 pmoles/min; p<0.001 vs
MOSE-E; p<0.01 vs MOSE-I), indicating a reduction in oxidative metabolism. The
increased FCCP-stimulated maximal oxygen consumption over basal OCR also declines as
cancer progresses (Figure 5A). MOSE-E cells strongly responded to FCCP stimulation with
an increase OCR; this response significantly declined from MOSE-I to MOSE-L (p<0.001)
(Figure 5B). MOSE-L cells also showed a significantly reduced ATP synthesis rate as
compared to MOSE-E (p<0.001) and MOSE-I (p<0.05) (Figure 5C), indirectly measured by
reduced OCR when ATP synthase was inhibited, indicating a reliance on oxidative
metabolism for ATP production.

Glycolysis rate
To confirm that the increase in glucose uptake in the MOSE-L cells correspond with an
increased rate of glycolysis, we measured the extracellular acidification rate (ECAR), a
marker for glycolysis. Cells with an increase in anaerobic glycolysis have an increase in
proton production leading to an increase in acidification of the medium or ECAR. As shown
in Figure 6C, the basal ECAR significantly increased in MOSE-L cells when compared to
MOSE-E (p<0.05), indicating that the more aggressive cells are indeed more glycolytic.
This appears to be close to the maximum rate for these cells since the ECAR change after
oligomycin treatment increased significantly less than MOSE-E and MOSE-I cells (p<0.01)
(Figure 6A-B). This suggests that glycolysis in the MOSE-L cells has been activated to a
maximum rate that cannot be increased when ATP synthesis from oxidative metabolism is
inhibited.
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Metabolic changes during MOSE progression as targets for chemopreventive efforts with
exogenous sphingosine

After establishing the altered cellular metabolism during MOSE cell progression, we next
determined if So treatment could reverse the glycolytic phenotype. Our previous studies
show that So is generated in the intestinal tract from complex sphingolipids in the diet and
resulted in a significant suppression of colon and breast cancer growth and progression in
vivo. Importantly, this effect is not a result of induction of apoptosis but a reduction of
proliferation [18, 19, 23]. Therefore, for the present studies, exogenous So concentrations
were used that reduced cell growth and reduced the tumorigenic potential of the MOSE-L
cells (data not shown).

There was no statistically significant decrease of So treatment on glucose uptake (28.2 ±
0.58 pmol/mg prot/min vs 25.0 ± 1.83 pmol/mg prot/min in So-treated MOSE-L) (p=0.098)
or lactate secretion in the MOSE-L cells (2.80 ± 0.14 μM v. 2.57 ± 0.17 μM in So-treated
MOSE-L) (p=0.307). However, So decreased ECAR in MOSE-L cells from 0.12 mPH/min
in the MOSE-L to 0.05 mPH/min in MOSE-L cells (p<0.05), a −2.53-fold reduction
compared to untreated cells (Figure 7A) while it did not affect their basal ECAR (Figure
6C). This indicates that So further reduced the capacity of the MOSE-L cells to respond to
the increased demand on glycolysis for ATP production.

So significantly decreased citrate synthase activity in MOSE-L cells from 45.8 mol/mg
protein/min in the MOSE-L to 25.2 mol/mg protein/min (p<0.001), a −1.82-fold decrease
while there was no significant change in MOSE-E or –I cells (Figure 7B). So treatment did
not alter ß-HAD activity but the reduction of citrate synthase activity coincides with a
significantly increased TCA flux of pyruvate carbons in all MOSE cells (Figure 7C). This
effect was modest in the MOSE-E (from 7.1 nmol/mg protein/h to 9.4 nmol/mg protein/h,
p<0.01, a 1.33 fold increase), but more robust in the MOSE-I (from 6.9 nmol/mg protein/h
to 10.6 nmol/mg protein/h, p<0.01, a 1.53-fold increase) and MOSE-L cells (from 4.4 nmol/
mg protein/h to 6.5 nmol/mg protein/h, p<0.001, a 1.49-fold increase) compared to their
untreated counterparts (see also Figure 3B). We also observed a significant decrease in PDH
activity (Figure 7D) in MOSE-L cells treated with So (from 12.75 nmol/mg protein/h to 9.82
nmol/mg protein/hr, a −1.3-fold decrease, p< 0.05); there was no difference in MOSE-E or
MOSE-I. While we did not detect a reversal of the elevated fatty acid synthesis or the
expression of FASN in the MOSE-L cells after treatment with So (not shown), cellular
cholesterol levels were significantly reduced in So-treated cells (from 4.4 pg cholesterol/cell
to 2.6 pg cholesterol/cell) (p<0.05), by −1.70-fold in MOSE-E cells, and by −1.41-fold in
MOSE-L cells (from 9.9 pg cholesterol/cell to 7.0 pg cholesterol/cell) (p=0.055) (Figure
7E). Finally, to direct our future mechanistic studies we determined the impact of So on
activity of AKT that is critically involved in the regulation of metabolism. As shown in
Figure 7 (F, G), AKT phosphorylation was significantly decreased after So treatment by
−1.62-fold (p<0.05).

DISCUSSION
The early detection of ovarian cancer significantly increases the survival of women with
ovarian cancer. Since an aberrant metabolism has been described in many cancers, our
present studies investigated the time course of the metabolic switch and the altered use of
intermediate substrates in a mouse cell model for progressive ovarian cancer and identified
targets for sphingosine, the bioactive sphingolipid metabolite critically involved in the
suppression of colon and breast cancer. Here we demonstrate the increasingly glycolytic
nature of MOSE cells as an early event during progression, and significant changes in
ECAR, glucose uptake and lactate secretion that occur only in late stages. Furthermore, we
show an aberrant TCA cycle flux that results in substrates leaving the TCA cycle, associated
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with an elevated fatty acid and cholesterol biosynthesis in the more aggressive MOSE-L.
Treatment with exogenous So in concentrations that did not induce cell death but decreased
the tumorigenic potential of the MOSE-L cells did not alter glucose uptake and lactate
secretion at any stage of the disease. However, the rate of glycolysis, citrate synthase
activity, and the carbon flux through the TCA cycle were shifted towards levels seen in the
benign MOSE-E, which was accompanied by a significant reduction of cholesterol levels.
These results demonstrate that So –while not inducing cell death-can partially reverse
metabolic changes that occur even during late stages of ovarian cancer.

Although the MOSE cells are cultured in an oxygen abundant environment, they make the
same glycolytic shift observed with in vivo ovarian cancers, characterized by decrease in
glucose and fatty acid oxidation, an increase in glucose uptake and lactate production and
secretion, confirming the events that constitute the Warburg effect. This is in contrast to the
hypothesis that the glycolytic shift occurs only as response to hypoxia [8], but confirms that
detectable changes of glucose uptake are a late event in carcinogenesis, coinciding with the
progression from a pre-malignant to an invasive phenotype as has been described in colon
cancer [33] and aligns with the increased demand for macromolecule synthesis, necessary
for the fast growing MOSE-L cells [25]. Consequently, increased glucose uptake is not
indicative of early stages of ovarian cancer.

The secretion of lactate by tumor cells has been shown to generate a microenvironment
permissive for progression of cancers and metastasis [6, 7, 34]. Secreted lactate can be taken
up by tumor and other neighboring cells and recycled to pyruvate as an energy source [35]
while the lactate-induced low pH favors the expansion of transformed cells; normal cells are
more sensitive to the acidic environment. Furthermore, lactate contributes to an immune
suppressive microenvironment by modulation of monocyte proliferation, differentiation and
activation (see recent review [36]). This identifies lactate production and secretion as a
promising target for prevention efforts; lactate secretion is, however, not a target of
exogenous So in cells growing under normoxic conditions.

Although there was no difference in PDH activity during the progression of the MOSE cells,
it is possible that with the increase in glucose uptake, MOSE-L cells actually have reduced
PDH activity, but an increase in flux compared to MOSE-E, leading to no statistical
difference. The increase in PDK mRNA and protein support this hypothesis with the
concomitant decrease in PDH mRNA and protein. The progression of the MOSE cells was
also accompanied by a decrease in carbon flux through the TCA cycle, but an increase in
citrate synthase activity. With a decrease in carbon flux, but an increase in citrate synthase
activity in the MOSE-L cells, we hypothesized that not only is pyruvate being converted to
lactate and secreted by the cells, but a significant portion is being converted to acetyl CoA
and entering the TCA cycle. Instead of completing the TCA cycle, the acetyl CoA is
converted to citrate and is shuttled out of the mitochondria as citrate. In the cytoplasm the
citrate is converted to acetyl CoA and used as a precursor for de novo fatty acid and
cholesterol biosynthesis. Both are elevated in MOSE-L cells that proliferate twice as fast as
MOSE-E cells [25]; to support their increased growth rate, an increase in phospholipid, fatty
acid and cholesterol synthesis would be crucial. Thus, increasing TCA flux by So may
reduce the available substrate for cholesterol biosynthesis, impairing membrane assembly,
and, potentially, cell growth. If this is independent of modulating the expression or activity
of critical enzymes in cholesterol biosynthesis, or affect fatty acid synthesis in cells grown in
fatty acid-depleted medium needs to be investigated in more detail. This is especially
important since the reduction of cholesterol has been associated with a decrease in cancer
incidence in patients using statins [37], potentially via modulating processes involving
membranes such as migration [38].
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The changes in cellular metabolism and the increasingly glycolytic nature were
accompanied by a reduction in oxidative capacity of the mitochondria. FCCP uncouples
mitochondrial respiration from ATP synthesis thus requiring the mitochondria to drastically
increase oxygen consumption to keep up with the flow of protons back into the matrix. This
reflects the capacity of a cell to meet an increased ATP demand. Our data indicate a
decrease in FCCP-stimulated respiration in the MOSE-L cells in conjunction with a
decreased ATP synthesis rate and a lower basal OCR (Figure 6A), suggesting that during
neoplastic progression, MOSE cells have lost the capacity to up-regulate their oxygen
consumption upon energy demand. The reduced FCCP-stimulated respiration could result
either from dysfunction in the electron transport chain, decreased number of mitochondria or
mitochondria that are already uncoupled and therefore cannot respond to further uncoupling.
Similar results have been reported for highly aggressive lung cancer cells, compared to a
less aggressive lung cancer cell line and it was concluded that the aggressive cells have a
decreased capacity of switching from glycolysis to mitochondrial respiration [39].

Ovarian cancer cells are exfoliated and disseminate throughout the peritoneal cavity rather
than the blood or lymphatic systems. Up to 2uM S1P in ascites of ovarian cancer patients
have been reported [40, 41] that can support tumor growth and progression. The
concentrations of So in ascites are not known. Our in vivo studies have shown that the
induction of apoptosis is not involved as a mechanism of tumor suppression by orally
administered sphingolipids but rather a reduction of proliferation of the tumor cells [18, 20].
Thus, here we use non-toxic concentrations of So over time to identify potential targets of
So that reduced cancer cell growth but not their viability (data not shown). So treatment
completely inhibited the modest upregulation of glycolysis to meet ATP needs after FCCP
treatment of MOSE-L cells. This has also been observed by other anti-cancer treatments and
is thought to be associated with a toxic effect on cancer but not non-transformed cells [42].
This may be tissue specific since the suppression of respiration protects against apoptosis in
muscle [43]. While So treatment does not induce cell death, one could speculate that this
lack of response to energy demand puts the cell into a disadvantage and may be associated
with a suppression of tumor growth; this needs to be investigated in more detail.

Figure 8 illustrates possible mechanisms for the So-induced changes observed. So has been
shown to decrease phosphorylated AKT (p-AKT), thereby decreasing its activity [44], which
was confirmed in our experiments (Figure 7G,H). Activated AKT is known to increase
glycolysis through phosphorylation of hexokinase, securing it to the mitochondrial
membrane and through the phosphorylation of phosphofructokinase-2, which allosterically
increases the activity of phosphofructkinase-1 thereby increasing the flux of glycolysis [45,
46]. It is also known to phosphorylate ATP-citrate lyase, an integral enzyme in de novo fatty
acid synthesis, enhancing the activity of the enzyme [47, 48]. However, a direct effect of So
on key enzymes of the TCA cycle, glycolysis or cholesterol biosynthesis are also possible.
Furthermore, So treatment over time could affect the sphingolipid metabolite profile in the
MOSE cells which could be involved in the observed effects; detailed analyses are currently
conducted in our laboratories.

CONCLUSION
We demonstrate the development of an increasingly glycolytic and lipogenic phenotype, and
changes in the mitochondria respiration capacity during ovarian cancer progression
synthesis. These changes occur mostly in the tumorigenic MOSE-L cells and are therefore
not a marker for early stage ovarian cancer. Treatment with non-toxic concentrations of So
modulates cellular metabolism via several targets; while not detrimental to the cancer cells,
the observed changes in citrate synthase activity, TCA flux, mitochondrial respiration and
cholesterol biosynthesis by So treatment may be a disadvantage to the tumor cells and
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impair tumor growth. The MOSE model has proven to reflect metabolic changes that have
been associated with tumorigenesis and progression and is used to further explore the
beneficial effect of dietary sphingolipids in the prevention and treatment of ovarian cancer.
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Highlights

-During ovarian cancer progression, cells become more glycolytic

-Changes in the TCA flux generate substrates for fatty acid and cholesterol biosynthesis

-During progression, the mitochondria show a decreased maximum respiration rate

-Exogenous sphingosine targets citrate synthase, TCA flux, glycolysis and cholesterol
biosynthesis
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Figure 1. MOSE cancer cell progression results in a glycolytic phenotype
Cells were incubated in serum-free medium for 2h, the appropriate substrates added and
changes in (A) glucose oxidation at 3 h, (B) fatty acid oxidation at 3 h, (C) lactate secretion
at 8 h and (D) glucose uptake at 10 min in early (MOSE-E) intermediate (MOSE-I) and late
(MOSE-L) stages of ovarian cancer were measured as described under methods. Data are
presented as mean ± SEM. Different from MOSE-E, *p 0.01, **p 0.001.
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Figure 2. Changes in enzymatic activity during MOSE progression
(A) Citrate synthase and (B) β-hydroxyacyl-CoA dehydrogenase (ßHAD) activity in MOSE
cells measured at baseline and for 6 min after substrate administration. Data are presented as
mean ± SEM. **different from MOSE-E, p 0.001.
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Figure 3. MOSE cell progression leads to a decrease in substrate flux through the TCA
(A) Pyruvate dehydrogenase (PDH) activity after 3 h incubation with the substrate (B) and
substrate flux through TCA in MOSE cells representing progressive ovarian cancer at 3 h.
(C) qPCR determination of PDHb and (D) qPCR determination of pyruvate dehydrogenase
kinase 1 (PDK1), a negative regulator of PDH. (E-F) Protein levels of PDK1. Data are
presented as mean ± SEM. Different from MOSE-E, #p 0.05, *p 0.01, **p 0.001.
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Figure 4. Lipid de novo synthesis is increased during MOSE cell progression
(A) De novo fatty acid synthesis at 3 h; (B-C) Western Blot analysis of fatty acid synthase
(FASN) protein levels in MOSE cells; (D) Increased cellular cholesterol levels in MOSE-L
cells at basal conditions. Data are presented as mean ± SEM. Different from MOSE-E, *p
0.01, **p 0.001.
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Figure 5. Oxidative Capacity Rate is reduced in a step-wise manner during MOSE cell
progression
Oxidative capacity rate (OCR) was measured during an uncoupling challenge. Cellular
respiration was modified by oligomycin, an ATP synthase blocker, carbonylcyanide-p-
trifluoromethoxyphenyl hydrazone (FCCP), an electron transport chain uncoupler followed
by rotenone, a complex one inhibitor of the electron transport chain. (A) Image of
representative experiment where A is oligomycin treatment, B is FCCP treatment and C is
rotenone treatment, measured over 2 h; (B) Change over base-line in OCR after FCCP
treatment; (C) ATP synthesis rate as calculated by the difference between basal OCR and
oligomycin blocked OCR. Data are presented as mean ± SEM. Different from MOSE-E, **p
0.001.
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Figure 6. Extracellular Acidification Rate (ECAR) shows an increase in glycolysis during MOSE
cell progression
Extracellular acidification rate (ECAR), an indication of the rate of glycolysis was modified
by oligomycin, carbonylcyanide-p-trifluoromethoxyphenyl hydrazone (FCCP), and rotenone
(see Fig.5). (A) Image of representative experiment where A is oligomycin treatment, B is
FCCP treatment and C is rotenone treatment, measured over 2 h; (B) Change in ECAR over
baseline after olygomycin treatment, where So treatment for 3 passages decreased glycolysis
rate; (C) Basal ECAR levels in MOSE cells, where MOSE-L and MOSE-L w/ So treatment
have an increased rate of glycolysis at basal conditions. Data are presented as mean ± SEM.
Different from MOSE-E *p 0.01, **p 0.001.
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Figure 7. Sphingosine-induced changes restore a more oxidative phenotype
Changes in (A), extracellular acidification rate (ECAR), (B) citrate synthase activity, (C)
pyruvate flux through TCA, (D) pyruvate dehydrogenase activity, (E) cholesterol content,
(F, G) p-AKT protein content upon sphingosine (So) treatment in three replicates of MOXE-
L (first three bands) MOSE-L cells treated with sphingosine (So) (last three bands). Data are
presented as fold-differences from untreated controls. Different from untreated controls #p
0.05, *p 0.01, **p 0.001, ##p=0.055.
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Figure 8. Metabolic changes in aggressive MOSE-L cells, and targets for intervention with So
MOSE-L cells demonstrate an increased uptake of glucose, glycolysis, and lactate secretion
in addition to an altered TCA flux and citrate synthase activity, generating intermediates for
fatty acid and cholesterol synthesis. Boxes indicate So-induced changes in metabolic
parameters in MOSE-L cells. Activated AKT (p-AKT) stimulates glycolysis, and activates
ATP-citrate lyase, elevating lipid synthesis. In addition to a direct effect of So on cholesterol
biosynthesis, TCA cycle, and glycolysis, the inactivation of AKT by So could decrease the
activity of ATP-citrate lyase and indirectly lead to a decrease in cholesterol synthesis.
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