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ARTICLE INFO ABSTRACT

Keywords: Background: Carnitine palmitoyltransferase 2 (CPT2) is a rate-limiting enzyme involved in fatty acid f-oxidation
Carnitine palmitoyltransferase 2 (FAO) regulation. Recently, it has been increasingly recognized that lipid metabolism dysregulation is closely im-
Growth

plicated in tumorigenesis. However, the involvement of CPT2 in the progression of cancer is still largely unclear,
especially in ovarian cancer (OC).

Methods: In the present study, CPT2 expression and its clinical significance were determined in OC tissues and
cells. The biological functions and molecular mechanisms of CPT2 in OC growth and metastasis were determined
by in vitro and in vivo assays.

Findings: We found that CPT2 was frequently down-regulated in primary ovarian serous carcinomas, which is
significantly correlated with poor survival of ovarian cancer patients. Functional experiments revealed that CPT2
inhibited OC cell growth and metastasis via suppression of G1/S cell cycle transition and epithelial to mesenchy-
mal transition (EMT), as well as induction of cell apoptosis. Mechanistically, suppression of ROS/NFxB signaling
pathway by increasing fatty acid oxidation-derived NADPH production was involved in the anti-tumorigenic
functions of CPT2 in OC cells.

Interpretation: Altogether, our findings demonstrate that CPT2 functions as a potential tumor suppressor in OC
progression. CPT2 may serve as a novel prognostic marker and therapeutic target in OC.

Metastasis
Glycolysis
Ovarian cancer

Research in context

cer patients. Functional experiments revealed that CPT2 inhibited
OC cell growth and metastasis via suppression of G1/S cell cy-
cle transition and epithelial to mesenchymal transition (EMT), as
well as induction of cell apoptosis. Mechanistically, suppression of
ROS/NF«B signaling pathway by increasing fatty acid oxidation-
derived NADPH production was involved in the anti-tumorigenic
functions of CPT2 in OC cells.

Implications of all the available evidence CPT2 functions as
a potential tumor suppressor in OC progression and may serve as
a novel prognostic marker and therapeutic target in OC.

Evidence before this study Carnitine palmitoyltransferase 2
(CPT2) is a rate-limiting enzyme in fatty acid p-oxidation
(FAO). Recently, it has been increasingly recognized that lipid
metabolism dysregulation is closely implicated in tumorigenesis.
However, the involvement of CPT2 in the progression of cancer is
still largely unclear, especially in ovarian cancer (OC).

Added value of this study We demonstrated that CPT2 was
frequently down-regulated in primary ovarian serous carcinomas,
which is significantly correlated with poor survival of ovarian can-
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1. Introduction

Alteration of lipid metabolism has emerged as a phenotype common
to most human carcinomas [1,2]. Cancer cells show continuous de novo
lipogenesis to provide membrane building blocks and substrates, as well
as lipid signaling molecules required for rapid proliferation of cancer
cells [3,4]. With most studies focusing on fatty acid synthesis (FAS),
the relevance of fatty acid oxidation (FAO) to cancer has received less
attention [3,5]. During recent years, the critical role of FAO in cancer
development and progression has being increasingly recognized [6-8].
FAO can provide tumor cells with required ATP, NADPH and metabolic
intermediates for cell survival and growth [9].

Carnitine palmitoyltransferase system (CPTs) are mitochondrial lo-
cated enzymes involved in FAO regulation through mediating the first
step of fatty acid transport from cytoplasm into mitochondria for oxida-
tion [10,11]. CPT family is made up of two separate proteins, including
CPT1 located in the outer membrane and CPT2 located in the inner
membrane of mitochondrial. To date, three tissue-specific isoforms of
CPT1 have been identified, including the liver isoform CPT1A, muscle
isoform CPT1B and brain isoform CPT1C. Nevertheless, CPT2 is an ubiq-
uitous protein [11]. A large number of studies have reported the over-
expression of CPT1 and its tight association with tumor progression in
many types of human cancers [12,13]. In addition, two recent studies
also have demonstrated a critical role of CPT2 in the tumorigenesis of
hepatocellular carcinoma [14,15]. However, the expression and biolog-
ical effect of CPT2 in other types of cancer remains largely unknown,
including ovarian cancer.

In the present study, we analyzed the expression profile, clinical sig-
nificance, biological effects and the underlying molecular mechanisms
of CPT2 in ovarian cancer (OC).

2. Materials and methods
2.1. Ovarian cancer cell lines and tissue samples

Four OC cell lines (A2780, ES2, SKOV3 and HEY) and one immor-
talized ovarian cell line IOSE80 were purchased from the Cell Bank of
the Chinese Academy of Sciences (Shanghai, China) and maintained in
DMEM cell culture medium containing 10% fetal bovine serum (Hy-
clone) at 37 °C under 5% carbon dioxide. All cell lines have been au-
thenticated using STR profiling within the last three years.

In addition, fresh ovarian malignant tissues and matched adjacent
non-tumor tissues were collected from 121 patients who underwent
surgery at the First Affiliated Hospital of Fourth Military Medical Uni-
versity. The Ethics Committee of the Fourth Military Medical University
approved the study documents and the use of archived cancer tissues
and written informed consent was also obtained from each patient.

2.2. Knockdown and forced expression of target genes

CPT2 was knocked-down in ovarian cancer cells by two
small interference RNAs (siRNAs) with following sequences:
siCPT2#1: 5’-CCAGTGAGAACCGAGACAT-3’; siCPT2#2: 5
TCTTGAATGATGGCCAGTT-3’. A scramble form (siCtrl) was used
as a negative control: 5-GCACTACCAGAGCTAACTCAGATAGTACT-3'.
For CPT2 over-expression in ovarian cancer cells, CPT2 were amplified
by PCR reaction and cloned into expression vector. All transfections
were applied with lipofectamine 2000 (Life Technologies) according to
the manufacturer’s protocols.

2.3. RNA extraction and real-time PCR analyses

Trizol reagent was added to extract total RNA from ovarian can-
cer cells. Then, random primers were used for reverse transcription of
RNA into cDNA. A SYBR Green master mixture (Applied Biosystems)
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was used for PCR analysis. The primer sequences were provided in the
supplementary Table 2.

2.4. Western blot

Ovarian cancer cells were lysed with RIPA buffer and equal amount
of the protein extracts were resolved through SDS-polyacrylamide gel
electrophoresis. Then, protein was transferred to PVDF membranes. Af-
ter blocked with 5% milk, the membranes were probed with primary
antibodies directed against human CPT2 or fg-actin and then with a
peroxidase-conjugated secondary antibody (Proteintech). The reactions
were finally visualized by an enhanced chemiluminescence (GE, Fair-
field, CT, USA). The primary antibodies used are provided in supple-
mentary Table 3.

2.5. Immunohistochemistry staining

An THC detection kit was used for immunohistochemistry staining.
Firstly, paraffin-embedded tissue slides were deparaffinized, rehydrated
and treated with H,O, and hot citrate buffer. Then, primary antibodies
were added to the slides and incubated at 4 °C for 10 h followed by
secondary antibody incubation at 28 °C for 2 h. Hematoxylin was used
for counterstaining of the nuclei. Finally, the results were scored based
on the percentage of positive staining and their intensities.

CPT2 staining was scored (0-12 points) based on the percentage and
intensity of positive staining. The median IHC staining score was chosen
as the cutoff for distinguishing CPT2 low and CPT2 high OC patients.

2.6. MTS and colony formation assays

Cell proliferation was evaluated using the MTS assay (Promega,
G3581). OC cells were plated into 96-well cell culture plates (#020096,
Xinyou Biotech, Hangzhou, China) at a density of 2000 cells/well.
Twenty ul of MTS (0.2%)-PMS solution was added into each well at 0,
24, 48, 72, 96 and 120 h and the absorbance at 490 nm was measured
after 2 h incubation.

To evaluate the ability of cell colony formation, 1,000 ovarian can-
cer cells were plated into 6-well plates. After culture for two weeks,
colonies were stained with crystal violet for 15 min and their numbers
were counted.

2.7. Flow cytometry analysis for cell cycle and apoptosis

For determination of cell cycle distribution, cold phosphate buffered
saline was used for washing ovarian cancer cells. After fixed in cold
ethanol (70%), ovarian cancer cells were incubated in RNase and pro-
pidium iodide (PI) solutions. Then, the population of cells in each phase
was evaluated by flow cytometry.

Ovarian cancer cell apoptosis was also evaluated by flow cytometry
using a double staining apoptosis kit (F6012, US Everbright Inc). An in
situ cell death detection kits (Roche) was used for TUNEL staining assay.
Results were evaluated with a fluorescence microscope.

2.8. Wound-healing and matrigel invasion assays

For a microscope wound-healing migration assay, ovarian cancer
cells were plated into 6-well plates and cultured to about 95% conflu-
ency. Then, a scratch was placed in the monolayer cells with a sterile
pipette tip. The cells were observed at 0 and 48 h after the scraping. The
average percentage of the gap closure in each group was compared.

The invasion of ovarian cancer cells was evaluated by matrigel in-
vasion assay. Briefly, the transwell chamber was coated with matrigel
basement membrane matrix on the upper surface (BD Biosciences).
Then, a total of 1x10° ovarian cancer cells were seeded into the top
chamber wells and cultured in a serum-free medium for 48 h. The
penetrated cells on the lower side of the filter were then fixed with
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Fig. 1. CPT2 expression was frequently down-regulated in OC cells and contributes to worse survival in OC patients. (A and B) CPT2 expression evaluation
by qRT-PCR and western blot analysis in tumor and peritumor tissues from 20 OC patients. (T, tumor; P, peritumor). (C and D) CPT2 expression was determined
in four OC cell lines A2780, ES2, SKOV3 and HEY, and one nonmalignant ovarian cell line IOSE80. (E) IHC staining of CPT2 in OC tumor and peritumor tissues
from 121 OC patients. Scale bar, 20 ym. (F) Analysis for overall survival of OC patients according to the IHC staining results of CPT2. (G) Bioinformatic prognostic
significance analysis of CPT2 expression level based on the online web Kaplan-Meier Plotter. “*P < 0.05.

paraformaldehyde and stained with crystal violet. At last, the results
were evaluated with a microscope.

2.9. In vivo tumor growth and metastasis assays

Ovarian cancer cells (1 x 107 cells per mice) with stable knockdown
of CPT2 in 100 ul PBS were injected subcutaneously into the flanks of
5-week-old male Balb/c nude mice (six mice per group). Tumor size
was measured every week for five weeks. At the end of the experi-
ment, the mice were sacrificed and the primary tumors were carefully
removed and their weights were measured. For in vivo metastasis anal-
ysis, ovarian cancer cells were injected into the tail vein of 5-week-old
male Balb/c nude mice (six mice per group) to allow metastatic colo-
nization in the lungs. The mice were sacrificed 45 days post injection
and metastasis nodules formed in lungs were counted. All animal exper-
imental procedures were approved in accordance with the Institutional
Animal Care and Use Committee of the Fourth Military Medical Univer-
sity.

2.10. Detection of cellular reactive oxygen species (ROS)

A fluorescent probe DCFH-DA (Beyotime Biotechnology, S0033) was
used for ROS level detection following to the manufacturer’s protocols.
Briefly, 10 mM fluorescent probe DCFH-DA in serum free medium was
added to OC cells in each group. Flow cytometry was used for fluores-
cence determination after culture for 20 min at 37 C.

2.11. Fatty Acid p-Oxidation detection

Ovarian cancer cells (1.5x10° cells/well) with different levels of
CPT2 were cultured in 6-well plate. Then, 1 ml of HBSS containing
2 uCi [9, 10(n)-3H] oleic acid (Amersham Pharmacia Biotech, Italy)
and 0.5 mg fatty acid-free BSA was added to the cells and cultured for
12 h. The 3H,0 in aqueous phase was collected and extracted. After that,
scintillation solution was added and radioactivity was detected usinng
a L6500 scintillation counter (Beckman Coulter, Brea, CA).
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Annexin V

Fig. 2. Over-expression of CPT2 suppressed OC growth by inducing arrest of G1-S cell cycle and cell apoptosis. (A and B) Expressions of CPT2 at mRNA
and protein levels were determined in SKOV3 and HEY cells (EV, empty vector; CPT2, expression vector encoding CPT2). (C) Cell proliferation was determined by
MTS assay in SKOV3 and HEY cells transfected with CPT2 expression (CPT2) or empty (EV) vectors. (D) Colony formation was determined in SKOV3 and HEY cells
transfected with CPT2 expression (CPT2) or empty (EV) vectors. (E) Cell cycle distribution was analyzed in SKOV3 and HEY cells transfected with CPT2 expression
(CPT2) or empty (EV) vectors. (F) Cell apoptosis analysis in SKOV3 and HEY cells transfected with CPT2 expression (CPT2) or empty (EV) vectors. *P < 0.05.

2.12. Statistical analysis

All data were shown as the means + SEM. Student’s t-tests was used
for comparisons between two groups, while one-way ANOVA was used
for comparisons between multiple groups. For the measurement of the
association between variables, Spearman correlation was performed.
Additionally, Kaplan-Meier overall and recurrence-free survival curves
were used for prognostic analysis.

3. Results

3.1. CPT2 expression was frequently down-regulated in OC and contributes
to worse prognosis for patients with OC

To determine the expression pattern of CPT2 in ovarian cancer (OC),
quantitative real-time PCR (qRT-PCR) and western blot analyses were
applied in tumor and peritumor tissues for 20 OC patients. Results show
that CPT2 expression level is significantly decreased in OC tumor tis-
sues compared with peritumor tissues (Fig. 1A, 1B and S1). A consistent
expression pattern of CPT2 was also observed in OC cell lines, showing
that CPT2 expression is significantly lower in four OC cell lines than in
nonmalignant ovarian cell (Fig. 1C and 1D).

To further evaluate the expression pattern and clinical significance
of CPT2 in OC, immunohistochemical staining (IHC) was applied in tis-
sues from 121 OC patients. CPT2 expression was significantly down-
regulated in tumor tissues of OC as compared with their adjacent nor-
mal tissues (Fig. 1E). Although no significant association between CPT2
expression and the FIGO stage was observed (Supplementary table 1),
patients with low CPT2 expression level had significantly poorer overall
survival (OS) than those with high CPT2 expression level (Fig. 1F) as re-
vealed by Kaplan Meier-plotter analysis, which was further supported by
the bioinformatic prognostic significance analysis based on the online
web Kaplan-Meier Plotter [16] (Fig. 1G).

3.2. Over-expression of CPT2 suppressed OC growth by inducing GI1-S cell
cycle arrest and cell apoptosis

The significantly down-regulation of CPT2 in OC tissues prompted
us to explore its potential tumor-suppressive function in OC cells. CPT2
expression was firstly over-expressed in SKOV3 and HEY cells that ex-
pressed low CPT2 (shown in Fig. 1C and 1D). The successful over-
expression of CPT2 was confirmed by qRT-PCR and western blot anal-
yses (Fig. 2A and 2B). The results of MTS cell viability and colony for-
mation assays indicated that CPT2 over-expression obviously decreased
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Fig. 3. Over-expression of CPT2 suppressed OC cell migration and invasion through inhibition of epithelial-mesenchymal transition (EMT). (A) Cell
migration was determined by wound healing assay in SKOV3 and HEY cells transfected with CPT2 expression (CPT2) or empty (EV) vectors. (B) Cell invasion was
determined by transwell matrigel invasion assay in SKOV3 and HEY cells transfected with CPT2 expression (CPT2) or empty (EV) vectors. (C and D) The levels of
EMT markers in SKOV3 and HEY cells transfected with CPT2 expression (CPT2) or empty (EV) vectors were determined. *P < 0.05.

the growth abilities of SKOV3 and HEY cells when compared with con-
trol cells (Fig. 2C and 2D). Both suppressed cell cycle progression and
increased apoptosis could contribute to decreased OC cell growth. We
thus explored the role of CPT2 in cell cycle progression and apoptosis
in OC cells. CPT2 over-expression resulted in a significant cell cycle ar-
rest at G1/GO phase in SKOV3 and HEY cells (Fig. 2E). Cell apoptosis
analysis showed significantly more apoptotic cells in SKOV3 and HEY
cells with CPT2 over-expressed than those in control cells (Fig. 2F). Col-
lectively, these results indicate that CPT2 inhibited OC growth through
inducing G1-S cell cycle arrest and cell apoptosis.

3.3. Over-expression of CPT2 suppressed OC cell migration and invasion
through inhibition of epithelial-mesenchymal transition (EMT)

We continued to evaluate the effects of CPT2 on the migration and in-
vasion of OC cells. Wound healing assay revealed that cell migration was
significantly suppressed in SKOV3 and HEY cells when CPT2 was over-
expressed compared with control cells (Fig. 3A). Matrigel invasion assay
also showed significantly impaired invasiveness in SKOV3 and HEY cells
when CPT2 was over-expressed compared with control cells (Fig. 3B). To
explore the potential underlying mechanisms of the suppressive-role of
CPT2 in OC cell migration and invasion, the expression levels of molec-
ular markers involved in Epithelial-mesenchymal transition (EMT), a
crucial program for the metastasis of epithelial tumors through reduced
cell-cell contact and increased cell motility [17], were determined by
qRT-PCR and western blot analyses. CPT2 over-expression significantly

up-regulated the epithelial markers of E-cadherin and ZO-1, while down-
regulated the mesenchymal markers of N-cadherin and Vimentin in
SKOV3 and HEY cells (Fig. 3C and 3D). Together, these findings in-
dicate that CPT2 inhibited OC migration and invasive mainly through
inhibition of EMT.

3.4. Over-expression of CPT2 attenuates tumor growth and metastasis in
vivo

We further investigated the effect of CPT2 over-expression on OC
tumor growth in vivo. Stable CPT2 over-expression or control SKOV3
cells (Figure S2A and S2B) were subcutaneously injected into the right
flanks of nude mice. As shown in Fig. 4A, the growth of tumors in CPT2
over-expression group was significantly slower as compared with those
in the control group. Consistently, the size and weight of tumors from
CPT2 over-expression group were significantly reduced when compared
with the control group (Fig. 4B). In addition, IHC analysis indicated sig-
nificantly increased CPT2 level in CPT2 over-expression group as com-
pared with the control group (Fig. 4C), indicating that the tumor growth
suppressive-role was exerted by forced expression of CPT2 (Fig. 4C).
Consistent with the in vitro results, significantly fewer proliferating and
more apoptotic cells were observed in CPT2 over-expressed xenografts
when compared with the controls, while apoptotic cells (Fig. 4D and
4E). Moreover, the in vivo tail vein metastasis assay indicated signifi-
cantly fewer metastatic nodules in the lungs from CPT2 over-expression
group than those from control group (Fig. 4F).
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Fig. 4. Over-expression of CPT2 attenuates OC growth and metastasis in vivo. (A) The growth rates of xenografts developed from SKOV3 cells with CPT2
stablely over-expressed or control cells. (B) Tumor size and weight were evaluated. (C) IHC staining for CPT2 expression in xenografts established from SKOV3 cells
with CPT2 stablely over-expressed or control cells. Scale bars, 20 ym. (D) IHC analysis of Ki-67 expression in xenografts developed from SKOV3 cells with CPT2
stablely over-expressed or control cells. Scale bars, 20 ym. (E) TUNEL assay for cell apoptosis analysis in xenografts established from SKOV3 cells with CPT2 stablely
over-expressed or control cells. Scale bars, 5 ym. (F) Lung metastatic foci and incidence in each group were shown. Scale bars, 10 ym. *P < 0.05.

3.5. Knockdown of CPT2 increased OC growth and metastasis

To provide further evidence for the suppressive-role of CPT2 in OC
cell growth and metastasis, CPT2 expression was down-regulated by
RNA interference in A2780 and ES2 cells with relatively high CPT2
expression. The successful down-regulation of CPT2 was confirmed in
Fig. 5A and 5B. As shown in Fig. 5C and 5D, CPT2 knockdown markedly
enhanced cell viability and clonogenicity in A2780 and ES2 cells Expect-
edly, CPT2 knockdown also markedly increased migration and invasion
of A2780 and ES2 cells (Fig. 5E and 5F).

3.6. CPT2 repressed ROS/NFkB signaling pathway in OC cells through
increasing fatty acid oxidation-medicated NADPH production

Reactive oxygen species (ROS) has been well established as a central
player in tumor progression by activating several oncogenic pathways,
mainly including AKT, NFxB, ERK1/2 and Hif-1«. Considering that fatty
acid oxidation (FAO) is a major source of NADPH, which provides redox
power to counteract ROS, We thus hypothesized that increased NADPH
production by CPT2-regulated FAO could contribute to decreased ROS
and subsequent repression of oncogenic signaling and tumor growth and
metastasis. To test that, relative FAO rate was firstly accessed using 3H-
labeled oleic acid as a tracer. As shown in Fig. 6A, CPT2 over-expression
significantly promoted FAO in SKOV3 cells, while knockdown of CPT2
markedly decreased FAO in A2780 cells. In addition, the level of NADPH
was evaluated in OC cells when CPT2 was over-expressed or knocked-

down. Our results showed that forced expression of CPT2 significantly
increased NADPH level in SKOV3 cells, while CPT2 knockdown resulted
in a remarkable decrease of NADPH level in A2780 cells (Fig. 6B). Ex-
pectedly, flow cytometry analysis indicated a significantly decrease of
ROS level when CPT2 was over-expressed in SKOV3 cells, while knock-
down of CPT2 exhibited an opposite effect on ROS level in A2780 cells
(Fig. 6C). In addition, forced expression of CPT2 suppressed NF-xB sig-
naling in SKOV3 cells, while had no significant effect on AKT and Hif-1a.
By contrast, CPT2 knockdown in A2780 cells activated NF-«B signaling
(Fig. 6D), indicating that CPT2 repressed ROS/NF«B signaling pathway
in OC cells.

3.7. CPT2 suppressed OC growth and metastasis possibly through
suppression of ROS/NFkB signaling pathway

To further test whether the tumor suppressive role of CPT2 is medi-
ated by decreased ROS in OC cells, H,O, or NAC were added to regulate
the ROS level in SKOV3 and A2780 cells. Treatment with H,O, reversed
the growth and metastasis of SKOV3 cells repressed by CPT2 over-
expression (Fig. 7A-7D). By contrast, treatment with NAC in A2780 cells
significantly inhibited the growth and metastasis of A2780 cells pro-
moted by CPT2 knockdown (Fig. 7A-7D). These results collectively in-
dicate that decreased ROS production may account for CPT2-promoted
OC growth and metastasis.

A previous study reported that down-regulation of CPT2 promoted
tumorigenic activity and metastatic potential of hepatoma cells through



X. Zhang, Z. Zhang, S. Liu et al.

Translational Oncology 14 (2021) 101023

A §N20 A2780 < B A2780 ES2
ks = = N N
%%m ::Tﬁ %% §¢W5& Q@W&&
2% 10 2% &L L& L
0.0
N 9L p-actin B-actin
N\
T
c
A2780 ES2
2207~ siCtrl ~ ~ siCPT2-1
§1_5 ~ siCPT2-2 ] =
%10 j :
805
0.0 -
01 2 3 4 5 6 b
Time(Days) E
220, ES2 o
§1 5 - siCtrl -~ siCPT2-1 )
® V1= sicPT2:2
S10 F 3
305 &
[8)
0.0 Q
0 1 @
E ES2
siCtrl SICPT2-2

siCtrl

F A2780 ES2

siCtrl siCPT2-1 siCPT2-2 siCtrl siCPT2-1 siCPT2-2 o

Y 7 = 'S £ 3 P o= © © 30
"o f - 8
52 25

297 ED20

EQ 2 ., 2 €10

22 Av ¥ = 0

ROV
) é\o? é\c)?

Fig. 5. Knockdown of CPT2 increased OC growth and metastasis. (A) CPT2 expression was detected by qRT-PCR analysis in A2780 and ES2 cells (siCPT2, siRNA
against CPT2; siCtrl, control siRNA). (B) CPT2 expression was detected by western blot analysis in A2780 and ES2 cells. (C) Cell proliferation was determined by
MTS assay in A2780 and ES2 cells. (D) Colony formation was determined in A2780 and ES2 cells. (E) Cell migration was determined by wound healing assay in
A2780 and ES2 cells. (F) Cell invasion was determined by ranswell matrigel invasion assay in A2780 and ES2 cells. *P < 0.05.

enhancing stearoyl-CoA desaturase-1 (SCD1)-mediated lipogenesis [15].
We thus analyzed the expressions of SCD1 when CPT2 was over-
expressed or knocked-down in OC cells. As shown in Figure S3A and
S3B, no significantly change of SCD1 expression was observed when
CPT2 was over-expressed or knocked-down, indicating that CPT2 sup-
pressed OC growth and metastasis may not through SCD1-regulated li-
pogenesis.

4. Discussion

Lipid metabolism dysregulation is closely implicated in tumorigene-
sis. In this study, we found that the expression of CPT2, a rate-limiting
enzyme in FAO, was frequently down-regulated at both mRNA and pro-
tein levels in ovarian cancer (OC) cell lines and primary tumor tissues,
which suggests that CPT2 down-regulation in OC cells may occurs at
genetic or transcriptional levels. However, another group has recently
reported that CPT2 was epigenetically suppressed by nkx2-8 [18]. Ac-
cordingly, nkx2-8 and several other post-translational factors may also
contribute to CPT2 down-regulation in OC cells, which still needs fur-
ther confirmation. Down-regulation of CPT2 was significantly associated

with poor survival for patients with OC. Consistently, previous studies
in HCC also have reported that CPT2 was down-regulated in tumor tis-
sues of HCC, which was significantly associated with tumor histological
differentiation [14,15]. In contrast, the expressions of CPT1 subunits
CPT1A and CPT1C were shown to be over-expressed and function as
potential oncogenes in several types of human malignancies, including
colorectal [19], papillary thyroid [20] and lung [21] cancers. These con-
tradictions may be explained by the fact that different localization of
CPT (CPT1 in the outer and CPT2 in the inner membranes of mitochon-
drial) may play distinct roles in different tumor types, which still needs
further investigations.

Significantly down-regulation of CPT2 in OC cells suggests that CPT2
may play a potential tumor suppressor role against ovarian carcino-
genesis. Accordingly, biological functions of CPT2 in human OC cell
lines were investigated by gain- and loss-of-function in vitro and in
vivo studies. Forced expression CPT2 decreased cell growth in SKOV3
and HEY cell lines, while CPT2 silencing enhanced OC cell growth in
A2780 and ES2 cells. In addition, we found that CPT2 over-expression
also suppressed OC cell migration and invasion, while CPT2 knockdown
markedly enhanced OC cell migration and invasion. Consistent with
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Fig. 6. CPT2 repressed ROS/NFxB signaling pathway in OC cells through increasing fatty acid oxidation-medicated NADPH production. (A) *H-labeled
oleic acid for determination of fatty acid oxidation in SKOV3 with CPT2 over-expressed or A2780 cells with CPT2 knocked-down. (B) Determination of intracellular
NADPH level in SKOV3 and A2780 cells. (C) Determination of ROS level by flow cytometry in SKOV3 and A2780 cells. (D) The effects of CPT2 over-expression or
knockdown on the activations of AKT, NF«B, Erk1/2 and Hif-1a were determined by western blot analysis.

our results from OC cells, a previous study in hepatocelluar carcinoma
(HCC) also reported that CPT2 silencing enhanced the tumor growth
and metastatic capacities of hepatoma cells [15]. Besides, it also has
shown that CPT2 silencing induced chemoresistance to cisplatinin HCC
cells, indicating that CPT2 may contribute to stress-induced cell death
[15]. However, the effect of CPT2 on tumor cell apoptosis remains un-
explored. Here, we demonstrated that CPT2 significantly promoted cell
apoptosis in OC. In contrast to CPT2, both CPT1A and CPT1C have been
shown to play promotive-role in tumor growth and metastasis in col-
orectal cancer cell and papillary thyroid carcinomas [19,20]. Targeting
CPT1A improved the therapeutic effects of radiotherapy in nasopharyn-
geal carcinoma [22]. Collectively, these findings indicate that CPTs dys-
function of CPTs play crucial promotive-roles in tumor progression.
Reactive oxygen species (ROS) has been well established as a cen-
tral player in the promotion of tumor growth and metastasis by acti-
vating several key oncogenic signaling pathways. Considering that fatty
acid oxidation (FAQ) is a major source of NADPH, which provides redox
power to counteract ROS, we thus hypothesized that increased NADPH

production by CPT2-regulated FAO could contribute to decreased ROS
and subsequent suppression of OC growth and metastasis. Our results
showed that CPT2-regulated FAO significantly increased NADPH pro-
duction and subsequently decreased ROS level in OC cells. Further-
more, we found that decreased ROS level possibly contributed to the
suppression of OC progression by CPT2. A previous study in hepatocel-
luar carcinoma have revealed that CPT2 suppressed tumor cell growth
and metastasis through enhancing stearoyl-CoA desaturase-1 (SCD1)-
mediated lipogenesis [15]. However, no significant influence of CPT2
down-regulation on the expression of SCD1 was found in our present
study, implying that CPT2 promoted OC growth and metastasis may
not through enhancing SCD1-mediated lipogenesis. However, we still
cannot rule out the possibility that other important factors such as
STATS3 activation, which was shown to be activated by CPT2 in obesity-
driven and NASH-driven HCC, [14] could also be involve in the tumor-
suppressive property of CPT2 in OC, which still needs further study.
Together, we demonstrate that CPT2 is commonly decreased and
plays an important tumor suppressive-role in ovarian carcinogenesis
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Fig. 7. CPT2 suppressed OC growth and metastasis possibly through suppression of ROS/NFxB signaling pathway. (A) Cell proliferation was determined by
MTS assay in SKOV3 and A2780 cells treated with 90 M H,0, or 30 mM NAC (12 h). (B) Colony formation assay was applied in SKOV3 and A2780 cells treated
with 90 uM H,0, or 30 mM NAC (12 h), respectively. (C) Cell migration ability was determined by wound healing assay in SKOV3 and A2780 cells treated with
90 uM H,0, or 30 mM NAC (12 h), respectively. (D) Cell invasion ability was determined by transwell matrigel invasion assay in SKOV3 and A2780 cells treated

with 90 uM H,0, or 30 mM NAC (12 h), respectively.

mainly through suppression of ROS/NFkB signaling by increasing fatty
acid oxidation-derived NADPH production. CPT2 may serve as a novel
prognosis biomarker and intervention target for the treatment of OC.
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