








Figure 2.

CPT1A upregulation in suspension cells protects against anoikis. A, OVCAR3 cells cultured in suspension for 48 hours were embedded in histogel and utilized for
immunofluorescence against CPT1A (green) and CC3 (red). White arrow¼ low CPT1A and high CC3 Asterisk¼ high CPT1A cell. Scale bar, 50 mm. B, Same as A, but
with OVCAR4 cells. C, OVCAR3 cells cultured in suspension for 48 hours fixed and stained for CPT1A-488 and CC3-700. Cells analyzed via flow cytometry. The
frequency of CPT1A- and CC3-positive cells (gray circles) were calculated. D, Same as C, but with OVCAR4 cells. E,OVCAR3, OVCAR4, and OVCAR8 cells cultured in
suspension for 48 hours andwere plated in adherent condition. After 24 hours, cells were fixed and used for a crystal violet colony formation assay. F, The integrated
density of crystal violet measured. G, OVCAR3 cells were transduced with shControl (shCtrl) and three independent shCPT1A (#1–3) constructs. CPT1A knockdown
confirmed via RT-qPCR and immunoblot. H, Same as E, but with OVCAR4 cells. I, OVCAR3 shCtrl and shCPT1A cells were cultured in adherent (ADH) or suspension
(SUS) for 48 hours. Caspase 3/7 activities were measured via CaspaseGlo assay. J, Same as G, but with OVCAR4 cells. K, OVCAR3 shCtrl and shCPT1A cultured in
adherent (ADH) or suspension (SUS) for 48 hours, plated into adherent conditions, and incubated for 5 days. Cells were stained with crystal violet. L, Same as
K, integrated density measured (ImageJ). Error bars, SEM; statistical analysis, ANOVA. � , P < 0.05; �� , P < 0.01; and ��� , P < 0.001.
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(Fig. 2B). Usingflow cytometry, wemeasured theCPT1A/CC3mutual
exclusivity on OVCAR3 and OVCAR4 cells grown in suspension for
48 hours. The sensitivity of the flow cytometry assay is superior to IF.
The CPT1A antibody clone was knockout validated (Abcam), and we
further confirmed the specificity of the CPT1A antibody was using
CPT1A knockdown cells (Supplementary Fig. S2C). In OVCAR3 and
OVCAR4 cells after 48 hours in suspension culture, 40% and 80% of
cells were positive for CPT1A expression, and 6% and 2% were CC3
positive, respectively (Fig. 2C and D). However, in OVCAR3 and
OVCAR4 cells, 0.7% and 0.3% were double CPT1A/CC3 positive,
respectively. In OVCAR3, OVCAR4, and OVCAR8 cells, we assessed
cell viability of cells following being cultured in suspension for 48hours
with a crystal violet clonogenic assay. The loss of viability was
consistent with CPT1A expression (Figs. 1F, 2E and F). These data
suggest that elevated CPT1A is correlated to the attenuation of
suspension-induced apoptosis.

To elucidate the direct role of CPT1A-mediated HGSOC anoikis
resistance, we evaluated the impact of CPT1A knockdown in HGSOC
cell lines grown in both adherent and suspension conditions. Three
independent shRNA specific for CPT1A or a control (shControl) were
transduced into OVCAR3 or OVCAR4 cells. We observed a 70% to
90%knockdown ofCPT1A and confirmedCPT1Aprotein knockdown
(Fig. 2G andH). OVCAR3 (CPT1A-low) or OVCAR4 (CPT1A-high)
shControl and shCPT1A cells were cultured for 48 hours in adherent
or forced suspension. As a readout of apoptosis, caspase 3/7 activities
were measured using a luminescence-based assay, which gives a
broader indication of caspase activity compared with CC3 flow
cytometry. In CPT1A-low OVCAR3 shControl cells, forced suspen-
sion resulted in a significant increase in apoptosis compared with
adherent cells (Fig. 2I). Moreover, as shCPT1A OVCAR3 cells
cultured in suspension, apoptosis was further induced compared with
suspension culture shControl cells. In contrast, in CPT1A-high
OVCAR4 shControl cells, forced suspension failed to induce caspase
3/7 activity and measurable apoptosis, but caspase 3/7 activity was
significantly elevated in shCPT1A OVCAR4 cells cultured in suspen-
sion (Fig. 2J). In OVCAR3 and OVCAR4 cells, CPT1A knockdown
did not significantly increase caspase 3/7 activities in adherent con-
ditions. Subsequently, cell viability was assessed in OVCAR3 shCon-
trol and shCPT1A cells following 48 hours in forced suspension
culture. Cell viability was significantly reduced in OVCAR3 shCPT1A
compared with shControl cells (Fig. 2K and L). These data highlight
that knockdown of CPT1A potentiated apoptosis and reduced cell
viability of cells cultured in suspension.

Metabolic reprogramming of HGSOC related to anoikis
resistance

Based on previously published RNA sequencing and metabolomics
data (16), we hypothesized that elevated CPT1A expression promotes
FAO to generate ATP as HGSOC cells are disseminating and resisting
anoikis. To further evaluate suspension-induced metabolic repro-
gramming and the role of FAO, we evaluated lipid accumulation via
a fluorescently tagged lipid stain, bodipy of OVCAR3, and OVCAR8
cells cultured in adherent and suspension conditions. Forcing cells into
suspension culture significantly reduced bodipy fluorescence signal
(Fig. 3A andB; Supplementary Fig. S3A and S3B), suggesting that cells
in suspension utilize lipid stores. Consistently, Oil RedO accumulation
was also diminished in OVCAR3 cells cultured in forced suspension
(Supplementary Fig. S3C and S3D). During dissemination, HGSOC
cells have a predilection for colonizing the fat-rich omentum; thus, we
wanted tomodulate themicroenvironment to recapitulate the omental
niche. Previous metabolic analysis of the FA composition omentum

identified the monounsaturated FA (MUFA) account for 33.5% of
omental-associated adipocyte FA species (26). More specifically, oleic
acid (18:1) accounts for 27.2%. We, therefore, wanted to determine if
the addition of increasing concentrations of exogenous oleic acid could
rescue suspension-induced lipid depletion. Exogenous oleic acid pre-
vented lipid depletion of OVCAR3 and OVCAR8 cells cultured in
suspension (Fig. 3A andB; Supplementary Fig. S3A and S3B). Possible
FA utilization is through CPT1A and FAO; thus, we next wanted to
assess mitochondrial function.

To directly evaluate the mitochondrial activity, the Seahorse Extra-
cellular Flux Analyzer was used to evaluate the OCR through the
mitochondrial stress test assay. Both the percentage spare capacity and
maximal respiration were significantly reduced in OVCAR3 cells
cultured in suspension for 48 hours (Fig. 3C and D; Supplementary
Fig. S3E). Loss of CPT1A significantly exacerbated the reduced
maximal respiration compared with shControl cultured in suspension
(Fig. 3E), suggesting that although respiration is reduced in suspen-
sion conditions, CPT1A contributes to maintaining some degree of
respiration. The addition of oleic acid significantly rescued maximal
respiration in a dose-dependent manner (Fig. 3F). Exogenous oleic
acid rescued lipid depletion and respiration rate, so next assessed
apoptosis. Exogenous oleic acid significantly reduced caspase 3/7
activity in suspension-cultured OVCAR3 and OVCAR8 cells
(Fig. 3G; Supplementary Fig. S3F). These data demonstrate HGSOC
cells in suspension partially maintain mitochondrial respiration
through CPT1A, utilize oleic acid for respiration, and resist apoptosis.

Through pharmacologic and genetic approaches, we assessed
whether CPT1A is required for the oleic acid–dependent rescue of
anoikis resistance andmaximal respiration. Etomoxir is an irreversible
pharmacologic inhibitor of CPT1A (27). In suspension cells, etomoxir
abrogated the oleic acid–dependent rescue of maximal respiration
(Fig. 3H). Also, etomoxir further reduced viability in a dose-
dependent fashion in cells cultured in forced suspension (Supplemen-
tary Fig. S3I). In shCPT1A cells, we examined whether oleic acid could
rescue the maximal respiration. Consistent with etomoxir treatment,
the addition of exogenous oleic acid failed to rescue maximal respi-
ration OCR in shCPT1A cells, highlighting the dependency of CPT1A
to utilize MUFA (Fig. 3I and J). In shControl and shCPT1A cells
cultured in charcoal-stripped media in suspension, we added increas-
ing concentrations of exogenous oleic acid and evaluated caspase 3/7
activity. In shControl cells, we observed that lower concentrations of
oleic acid significantly reduced caspase 3/7 activities (Fig. 3K); how-
ever, consistent with previous reports, higher concentrations of free
fatty acid promoted apoptosis (28, 29). In contrast, oleic acid at any
concentration failed to decrease caspase 3/7 activities in shCPT1A cells
cultured in suspension (Fig. 3K). Taken together, in suspension-
cultured HGSOC cells, CPT1A utilizes MUFAs to maintain mito-
chondrial respiration and to promote anoikis resistance.

Pharmacologic inhibition of CPT1A reduced tumor growth rate,
ascites production, and altered dissemination patterns

Prior translational studies found the CPT1A pharmacologic inhib-
itor, etomoxir, attenuates tumor growth in colorectal and prostate
cancer animal models (13, 14). We observed a significant increase in
CPT1A expression between adherent and suspension HGSOC cells
in vitro, which suggests a potential therapeutic opportunity. Platinum-
based chemotherapy (i.e., carboplatin/cisplatin) in combination with
paclitaxel is standard of care for HGSOC; therefore, we also wanted to
assess whether targeting CPT1A was comparable with cisplatin.

To determine the effects of CPT1A inhibition in vivo, we established
an HGSOC PDX model from sample GTFB 1016 (PDX-GTFB1016).
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This patient was diagnosed with stage IIIC HGSOC with associated
large volume ascites, somatic TP53, and BRCA2 mutations, and was
chemona€�ve. GTFB1016 tumor cells were isolated from patient ascites,
and tumors were propagated through NSG mice. Passaged PDX-
GTFB1016 cells were tagged with GFP/luciferase (21). PDX-
GTFB1016 progresses similarly to clinical manifestations of HGSOC
evidenced by both solid tumors and ascites, making it a suitable model
to examine CPT1A inhibition (Supplementary Fig. S4B).

We inoculated luciferase-expressing PDX-GTFB1016 cells into
NSG mice via i.p. injection and allowed 3 weeks for tumor establish-
ment. Mice were randomized into four treatment groups based on
luminescence intensity and were treated with vehicle control (n ¼ 7),
cisplatin-only (n ¼ 7), etomoxir-only (n ¼ 7), or cisplatin/etomoxir
combination (n¼ 7; Supplementary Fig. S4A). Representative images
of control and treated mice on days 0 and 21 are shown in Fig. 4A.
Measured by the percent change in total flux (photons/second), we
observed all treatments resulted in a significant reduction in tumor
growth at the end of the study compared with control (Fig. 4B).
Notably, we observed a significant reduction in tumor growth in the

etomoxir-only treatment growth, although to a lesser extent than the
cisplatin-treated groups. No significant change was observed between
the cisplatin-only and cisplatin/etomoxir combination group.

With respect to toxicity, the cisplatin-only–treated mice had a
significant decrease in weight over the course of treatment (Supple-
mentary Fig. S4B). In contrast, etomoxir-only and combination-
treatedmice did not have a significant weight loss. These data highlight
that although cisplatin was superior at reducing tumor burden,
etomoxir managed to reduce to tumor burden without inducing
weight loss. Furthermore, although not significant (P ¼ 0.131),
combining etomoxir with cisplatin partially rescued the observed
weight loss (Supplementary Fig. S4B). Future studies will examine if
the combination would allow a dose reduction in cisplatin, while still
giving an equivalent reduction in tumor burden.

At the time of necropsy, visible GFP-positive ascites were collected,
followed by a collection of abdominal washings. Ascites cell volume
wasmeasured, and we observed a significant reduction in all treatment
groups compared with vehicle control (Fig. 4C). Ascites and tumor
collection were accomplished using a GFP luminescence filter at the

Figure 3.

HGSOC cells in forced suspension demonstrate a dependency of FA metabolism to promote anoikis resistance. A, OVCAR3 cells cultured with or without
BSA-conjugated oleic acid in adherent or suspension for 48 hours were incubated with fluorescent bodipy, and cells were analyzed via flow cytometry.
B, Quantification of bodipy-positive cells. C, OVCAR3 cells cultured in adherent and suspension for 48 hours were utilized for mitochondrial stress test analysis
with an Agilent Seahorse XF96 Analyzer. Percentage of spare capacity OCR calculated with the Wave program. D, Same as C, but examined maximal respiration.
E, OVCAR3 shCtrl and shCPT1A #3 cells were cultured in adherent and suspension for 48 hours and utilized for mitochondrial stress test analysis with an Agilent
Seahorse XF96 Analyzer. Maximal respiration is graphed. F,OVCAR3 cells cultured in adherent and suspension for 48 hours with increasing doses of oleic acid (þ 5,
þþ 25, andþþþ 50 mmol/L). Maximal respirationwasmeasured.G,OVCAR3 cells were cultured in adherent or suspension for 48 hourswith oleic acid. Caspase 3/7
activities were measured via CaspaseGlo. H, OVCAR3 cells cultured in adherent and suspension for 48 hours. The mitochondrial stress test analysis was performed
with oleic acid and/or etomoxir. Maximal respiration was measured. I, OCR measured in OVCAR3 shControl (shCtrl) and shCPT1A with oleic acid (25 mmol/L).
J, Maximal respiration of OVCAR3 shControl and shCPT1A cultured in adherent and suspension-cultured supplemented with or without oleic acid. K, Caspase 3/7
activities measured in OVCAR3 shControl (shCtrl) and shCPT1A with increasing concentrations of oleic acid (5–100 mmol/L). Error bars, SEM; statistical analysis,
ANOVA. � , P < 0.05; �� , P < 0.01; and ��� , P < 0.001.
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time of necropsy (Fig. 4D). We noted that the tumor distribution was
different across all treatment groups. In both the vehicle control and
cisplatin mice, 100% of mice within these groups were positive for
omental tumors (Fig. 4E). In contrast, we observed that 71% (5 of 7) of
etomoxir and 57% (4 of 7) of etomoxir/cisplatin-treated mice were
positive for omental tumors (Fig. 4E). Notably, although cisplatin-
treatedmice had reduced tumor burden, the tumors that did growwere
more likely to grow on the pelvic fat pad (yellow dot), suggesting that
cisplatin could potentially be driving dissemination to a fat-rich niche.

Because the in vitro data found an increase in CPT1A expression in
cells grown in suspension compared with adherent cells, we compared
CPT1A protein expression in matched tumor cells collected in ascites
(A) versus solid tumor (ST) within the same animal. It should be noted
that not all mice had both GFP-positive ascites-associated cells and
solid tumors. In mice that had both ascites and solid tumors, CPT1A

protein expression was compared via immunoblot. Consistent with
our in vitro findings, we observed an increase in CPT1A protein in
ascites-associated tumor cells (Fig. 4F and G). We did note that
CPT1A in ascites-associated tumor cells from etomoxir-treated mice
was elevated compared with the other treatment groups suggesting a
compensatory upregulation in tumor cells that persist following
treatment (Fig. 4F), which was observed in other etomoxir-treated
models (30).

Conversely, treatment with cisplatin-only or cisplatin/etomoxir
resulted in reduced CPT1A expression (Fig. 4F). We next utilized
IHC against Ki67 (a marker of proliferation) and CC3 (a marker of
apoptosis) on solid tumors (Fig. 4H). IHC tumor staining was blindly
scored, and a histology score (H-score) was calculated for each tumor
section by assigning tissue staining percentage and staining intensi-
ty (3). Compared with vehicle control–treated mice, all of the

Figure 4.

Inhibition of CPT1A inhibits tumor progression.A,PDX-GTFB1016 cells taggedwithGFP/luciferasewere implanted inNSGmice. Tumor-bearingmicewere treated for
21 dayswith vehicle control (n¼ 7), cisplatin (n¼ 7), etomoxir (n¼ 7), or cisplatin/etomoxir combination (n¼ 7). Representative luminescence images ofmice at day
0 of treatment and after cessation of treatment, day 22. B, Percent change in total flux over the course of treatment. C, The volume of ascites-associated tumor cells
on day 22. D, Representative images of GFP signal on day 22. E, Compilation of tumor dissemination in all of the groups. Color represents the absolute number of
tumors observed at the indicated location. F, Expression of CPT1A in ascites-associated tumor cells (A) versusmatched solid tumors (T).G, Same as F, densitometric
analysis of CPT1A expression. H, IHC of hematoxylin and eosin (H&E), Ki67, and CC3. Scale bar, 200microns. I, Histologic score of Ki67 expression blindly calculated
based on the percentage and intensity of the positive stain. J, Histologic score of CC3 expression blindly calculated based on the percentage and intensity of the
positive stain. Error bars, SEM; statistical analysis, ANOVA. � , P < 0.05; �� , P < 0.01; and ��� , P < 0.001.
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treatment groups had a significant decrease in Ki67 H-score, with the
combination group having the smallest average H-score (Fig. 4I).
Concerning apoptosis, we observed that the single agents (cisplatin or
etomoxir) failed to induce a significant increase in CC3. Only the
combination-treated tumors compared with the vehicle, etomoxir
alone, or cisplatin alone had significantly increased CC3 (Fig. 4J).
Notably, the low observed CC3 signal, even in the cisplatin-only
treatment, highlights the limitation of only performing IHC analysis
at the study endpoint. Overall, etomoxir effectively inhibited HGSOC
tumor progression in vivo.

Discussion
In this study, we observed, CPT1A is highly expressed in models

of HGSOC cell dissemination. Also, ECM detachment and anoikis
resistance drive a metabolic reprogramming toward a predilection
for FAO potentially to maintain cellular energy demands and drive
tumor redistribution to fat-rich tissues within the abdominopelvic
cavity. We observed that CPT1A contributes to anoikis resist-
ance, and targeting CPT1A significantly inhibited HGSOC tumor
progression.

Altered energy metabolism is a hallmark of cancer, and there is
compelling evidence for both alterations of glucose metabolism and
lipid metabolism (8, 31). A recent study suggests that mitochondrial
FAO is an important metabolic adaptation of cancer cells in response
to energy-deprived environments and may be a required adaptation
for cancer cell proliferation and survival (3, 9, 15, 32–34). HGSOC cells
frequently disseminate and colonize the adipocyte-enriched omen-
tum. Notably, the coculture of adipocytes and HGSOC cells promotes
the upregulation of CPT1A, anoikis resistance, and the transfer of free
fatty acids from adipocytes to HGSOC cells via fatty acid–binding
protein 4 (7). Our data found that the addition of an FA enriched in
the omentum, oleic acid, promoted CPT1A-dependent anoikis resis-
tance and attenuated metabolic stress. In contrast to cells in suspen-
sion, cells cultured in suspension could potentially be utilizing the
oleic acid differently, such lipid droplet formation. Notably, high
concentrations of oleic acid promoted increased apoptosis, highlight-
ing an equilibrium of oleic acid's protumorigenic and antitumorigenic
properties (35–37). Furthermore, prolonged utilization of FAO
leads to elevated levels of reactive oxygen species (ROS), which in the
case of disseminating HGSOC could further promote disease progres-
sion and mutagenesis (reviewed in ref. 38). Future work will assess the
interplay between oleic acid, CPT1A, and ROS production in ovarian
cancer progression.

In the context of HGSOC, there is still a significant need to
describe both transcriptional and posttranslational regulation of
CPT1A to understand the underlying metabolic adaptation of
ECM detachment further. CPT1 is reported to be overexpressed
in several different solid tumor types, including HGSOC (15, 33).
Shao and colleagues found that CPT1A overexpression contrib-
uted to cell-cycle deregulation and poor survival of patients with
ovarian cancer. Although the primary cell lines used in this study,
OVCAR3, OVCAR4, and OVCAR8, are all considered HGSOC,
each cell line has a unique mutational profile (39), which could
contribute to differential CPT1A regulation. Little is known
regarding the posttranslational regulation of CPT1A, but one
study found that phosphorylation of CPT1A led to increased
catalytic activity (40). Interestingly, we observed cell lines without
increased CPT1A mRNA had an upregulation at the protein level
suggesting posttranslational regulation such as ubiquitination or
phosphorylation.

CPT1A transcription has been established to be regulated through
several factors, including androgen receptor (41), PPAR (42), PPAR
gamma coactivator (43), and CCAAT/enhancer-binding protein
beta (44). CPT1A mRNA expression is also regulated via epigenetic
mechanisms, such as promoter methylation and histone modifica-
tions (45, 46). In our study, etomoxir also increased CPT1A expres-
sion, which is likely a compensatory mechanism in response to the
block in enzymatic activity (30). The possibility that an inactive
CPT1A in themitochondria promotes apoptosis by sequestering BCL2
is intriguing (47). The robust growth inhibition observed with the
etomoxir þ cisplatin combination could be explained by the inter-
section of orthogonal pathways that, when optimized, could more
effectively signal apoptosis. Caveats to this work are the potential
confounding factor of etomoxir-induced ROS, which has been shown
to promote oncogenic signaling (48). Also, independent of CPT1A and
FAO, excess etomoxir can promote macrophage polarization and
inhibit T-cell differentiation (49, 50). Etomoxir's off-target effects
related to antitumor immunity, although important, did not likely
contribute to the antitumor response observed in the immune-
compromised mice, but future studies will assess the intersections of
CPT1A inhibition and antitumor immunity.

With respect to the relationship between FAO/CPT1A and anoikis
resistance, several recent studies in colorectal, prostate, and ovarian
cancers have demonstrated the need for metabolic reprogramming to
promote metastasis and survival in anchorage-independent
environments (13–15). Our findings corroborate these studies and
provide further rationale for targeting CPT1A and FAO in multiple
tumor types. Consistently, we found in an HGSOC PDX model that
etomoxir significantly reduced tumor growth rate and promoted a
differential dissemination pattern. Notably, this only represents a
single PDX model, and future preclinical work will evaluate a panel
of PDX models, with an emphasis on carboplatin-resistant models.
Etomoxir was well tolerated with minimal weight loss over the course
of treatment. Also, combining etomoxir with platinum-based chemo-
therapy did not antagonize therapeutic response, suggesting a com-
binatorial approach is possible and may provide a more durable
antitumor response. Etomoxir has been investigated in clinical trials
but not in the oncology setting, where its antitumor properties
potentially outweigh its off-target cytotoxic effects. Overall, FAO and
CPT1A contribute to HGOSC anoikis resistance, suggesting that
future clinical trials evaluating CPT1A inhibition in patients with
HGSOC are warranted.
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