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Abstract. A characteristic feature of cancer cells is the activa-
tion of de novo fatty acid synthesis. Acetyl‑CoA carboxylase 
(ACC) is a key enzyme in fatty acid synthesis, accelerating 
the reaction that carboxylates cytosolic acetyl‑CoA to form 
malonyl‑CoA. ACC is highly expressed in several types of 
human cancer and is important in breast and prostate cancer 
cell growth. The aim of the present study was to investigate the 
effects of 5‑tetradecyloxy‑2‑furoic acid (TOFA), an allosteric 
inhibitor of ACC, on the proliferation and cell cycle progres-
sion of the ovarian cancer cell lines COC1 and COC1/DDP. 
TOFA was found to be cytotoxic to COC1 and COC1/DDP 
cells with a 50% inhibitory concentration (IC50) of ~26.1 and 
11.6 µg/ml, respectively. TOFA inhibited the proliferation 
of the cancer cells examined in a time‑ and dose‑dependent 
manner, arrested the cells in the G0/G1 cell cycle phase and 
induced apoptosis. The expression of the cell cycle regulating 
proteins cyclin D1 and cyclin-dependent kinase (CDK) 4, 
as well as the expression of the apoptosis‑related proteins 
caspase‑3 and Bcl‑2, were detected by western blot analysis. 
Cyclin D1, CDK4 and Bcl‑2 protein expression was inhibited 
by TOFA, while caspase‑3 was cleaved and activated. To the 
best of our knowledge, the present study demonstrated for 
the first time that TOFA inhibits COC1/DDP cell growth in 
ovarian tumor mouse xenografts. By inhibiting ACC, TOFA 
may be a promising small molecule agent for ovarian cancer 
therapy.

Introduction

Ovarian cancer is the most malignant type of gynecological 
cancer. There are 225,000 new cases worldwide every year, 
and 140,000 females succumb to this disease each year (1). 

Most patients are diagnosed in advanced stages, since the 
anatomical position of the ovary is deep within the abdomen. 
Treatment of ovarian cancer includes cytoreductive surgery 
and chemotherapy based on a combination of paclitaxel and 
cisplatin. More than 80% of patients respond to initial therapy, 
although some patients with advanced stages develop recru-
descent ovarian cancer that is resistant to platinum‑based 
chemotherapies (2,3). Therefore, it is important to develop 
more effective therapies for treating ovarian cancer.

Acetyl‑CoA carboxylase (ACC) is a rate‑limiting, 
biotin‑dependent enzyme involved in fatty acid synthesis. 
ACC catalyzes the carboxylation of cytosolic acetyl‑CoA to 
malonyl‑CoA. This is the first step in the fatty acid synthesis 
pathway that is controlled by a balance between active and 
less active forms of ACC. Malonyl‑CoA is a dual‑functioning 
compound that donates two‑carbon units to fatty acid 
synthesis and controls fatty acid oxidation in the cytoplasm by 
inhibiting acylcarnitine transfer to mitochondria. Adjustment 
of malonyl‑CoA levels ensures that these two processes do 
not occur simultaneously. Eukaryotic ACC contains biotin 
carboxylase (BC), biotin carboxyl carrier protein (BCCP) and 
carboxyltransferase (CT) (4‑6).

ACC has two isoforms, ACCA (ACC‑α) and ACCB 
(ACC‑β), which are encoded by different genes. In mammals, 
ACCA is enriched in the liver, adipose tissue and mammary 
glands, since they are abundant in fatty acids. ACCA is located 
at the 17q21 locus, while ACCB is located at the 12q24 locus. 
ACCB is expressed in skeletal muscles and the heart. ACCA 
catalyzes fatty acid synthesis, while ACCB controls fatty acid 
oxidation progression (7,8). ACC activity is tightly regulated 
by reversible phosphorylation, modulation of gene expres-
sion, and metabolite‑mediated allosteric mechanisms. Several 
critical ACCA phosphorylation sites have been identified (Ser79, 
Ser1200 and Ser1215) and they are phosphorylated by adenosine 
monophosphate‑activated protein kinase (AMPK)  (9,10). 
Notably, ACCA is overexpressed in many types of human 
cancer, such as liver and breast tumors in which lipogenesis 
is highly activated (10‑12). To date, there have been no studies 
on ACCA expression in ovarian cancer tissues. However, an 
increasing body of evidence has shown that fatty acid synthesis 
is required for cancer cell proliferation and survival (13). When 
ACCA expression is downregulated by small interfering RNA 
(siRNA), prostate, breast and colon cancer cell proliferation and 
fatty acid synthesis are immediately inhibited, and apoptosis is 
induced (13‑15). These findings suggest that the regulation of 
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ACCA plays an important role in cell growth and apoptosis, 
and that ACCA may be a potential target in cancer therapy.

5‑Tetradecyloxy‑2‑furoic acid (TOFA) is a cell‑permeable 
small molecule that is an allosteric inhibitor of ACCA. TOFA 
reduces the availability of endogenous fatty acids required for 
the generation of phosphatidylcholine, the major phospholipid 
of cell membranes (16‑19). TOFA has been reported to be 
cytotoxic and to induce apoptosis in the lung cancer cell line 
NCI‑460, the colon cancer cell lines HCT‑8 and HCT‑15, and 
the prostate cancer cell line LNCaP. However, the effect of 
TOFA on ovarian cancer cells has yet to be elucidated (15,20). 
Therefore, the aim of the present study was to investigate the 
effects of TOFA on the proliferation and cell cycle progression 
of the ovarian cancer cell lines COC1 and COC1/DDP.

Materials and methods

Cell culture. The human ovarian cancer cell lines COC1 
and COC1/DDP were purchased from the China Center for 
Type Culture Collection (CCTCC; Wuhan, China) and were 
cultured in RPMI‑1640 medium (Hyclone, Logan, UT, USA) 
supplemented with 10% fetal calf serum (FCS; Hyclone) 
and penicillin/streptomycin (1:100, Hyclone) in a 5% CO2 
air‑humidified atmosphere at 37˚C. Cis‑platinum (CDDP, 
0.5 µg/ml dissolved in RPMI‑1640; Qilu, Inc., Shandong, 
China) was added to the culture medium of COC1/DDP cells.

Cell proliferation assay. TOFA (Sigma, St.  Louis, MO, 
USA) was dissolved in dimethylsulphoxide (DMSO) to 
make a 50 mg/ml stock solution. The cells (1x104 cells/well) 
were seeded in 96‑well plates and incubated with TOFA at 
various concentrations (0, 1, 5, 10, 20 and 50 µg/ml). Cell 
proliferation was assessed 24, 48 and 72 h following TOFA 
treatment by measuring the reduction of the tetrazolium salt 
WST‑8 to formazan using the Cell Counting kit‑8 (CCK‑8) 
purchased from Dojindo (Kumamoto, Japan) according to 
the manufacturer's instructions. At each time point, 10 µl 
of the CCK‑8 solution was added to each well and cultured 
at 37˚C for 2  h. The supernatant from each plate was 
collected and the absorbance was measured at 450 nm. The 
inhibition rate of cell proliferation and the 50% inhibitory 
concentration (IC50; calculated by nonlinear regression) was 
determined according to the following equation: Inhibition  
rate (%) = [(Ac‑Ae) / (Ac‑Ab)] x 100%, where Ae, absorbance 
of the culture media in experimental wells; Ac, absorbance of 
the culture medium in control wells and Ab, absorbance of the 
culture medium in blank wells (21).

Cell cycle analysis. COC1 and COC1/DDP cells were seeded 
in 6‑well plates at a density of 2x105 cells/well and treated 
with or without TOFA (5 or 10 µg/ml) for 24, 48 and 72 h. 
For cell cycle analysis, the cells were centrifuged at 466 x g 
for 5 min and washed twice with cold phosphate‑buffered 
saline (PBS). The cells were fixed with 70% ice‑cold ethanol 
and stored at ‑20˚C. The cells were washed with PBS 24 h 
later, treated with RNase A and incubated at 37˚C for 30 min 
according to the manufacturer's protocol. Propidium iodide 
(PI) was added (400 µl of a 20‑µg/ml solution), the cells were 
incubated in the dark for 30 min and the absorbance was 
measured at 488 nm.

Apoptosis assay. Ovarian cancer cells COC1 and COC1/DDP 
(2x105 cells/well) were treated with TOFA (0, 1, 5, 10, 20 and 
50 µg/ml) for 24, 48 and 72 h. Subsequently, an apoptosis 
detection kit (Becton‑Dickinson, San Diego, CA, USA) was 
used according to the manufacturer's instructions. The cells 
were collected by centrifugation at 466 x g for 5 min, washed 
twice with cold PBS and suspended in 100 µl binding buffer. 
Annexin V‑FITC (5 µl) and PI (5 µl) were added to the culture 
media of cells and the cells were incubated for 15 min at room 
temperature in the dark. Binding buffer (400 µl) was added 
and fluorescent intensities were determined by flow cytometry 
at 488 nm (FACSCalibur; Becton‑Dickinson).

Western blot analysis. The cells were washed with cold PBS 
and harvested by scraping into 50 µl cell lysis solution (Merck, 
Darmstadt, Germany). The cell lysates were incubated on ice 
for 5 min. After centrifugation at 15,000 x g for 5 min at 4˚C, 
supernatants were collected and protein concentration was 
determined using the Bradford assay (Roche, Indianapolis, 
IN, USA). The proteins were subjected to electrophoresis 
on SDS‑polyacrylamide gels and then transferred to nitro-
cellulose membranes. The membranes were blocked in 5% 
(w/v) bovine serum albumin (BSA) containing 0.1% (v/v) 
Tween‑20 (TBST). The membranes were then probed with 
primary antibodies in TBST containing 5% BSA overnight 
at 4˚C. Subsequently, the membranes were incubated with 
horseradish peroxidase (HRP)‑linked secondary antibodies 
at room temperature for 1 h and washed with TBST thrice. 
The signals were detected by a chemiluminescence photo-
tope‑HRP kit according to the manufacturer's instructions 
(Millipore, Boston, MA, USA).

COC1/DDP tumor xenografts in mice. Female athymic 
BALB/c nude mice, 4‑5 weeks old, weighing 17‑20 g were 
purchased from the Chinese Academy of Sciences (Beijing, 
China). The study was approved by the ethics committee of 
School of Medicine, Shanghai Jiao Tong University Shanghai, 
China. COC1/DDP cells were collected by centrifugation at 
300 x g for 5 min and suspended in RPMI‑1640 medium at a 
density of 2x106 cells/100 µl. The cells were subcutaneously 
injected into both right and left flanks of each mouse. Twenty 
days later, mice were randomly allocated into one of the 
2 groups (n=5 mice/group): i) mice treated with 50 µl DMSO 
(control group) or ii) mice treated with TOFA (50 mg/kg). The 
drugs were injected intraperitoneally daily for two weeks. 
Tumor volumes were recorded every two days by measuring 
dimensions (length and width) with Vernier calipers. The 
mice were sacrificed four weeks after the final treatment. 
Tumor weights were measured by a scale. The formula used 
to determine tumor sizes was A x B2 x 0.5236 (A, length; 
B, width; all measured in mm) (22). For histopathological 
examination, tumors and multiple organs were fixed in 10% 
neutral‑buffered formalin and wax embedded. The tissues 
were cut into 4‑mm sections and stained with hematoxylin 
and eosin (H&E).

Statistical analysis. SPSS 18.0 software was used for statistical 
analysis. Statistical analyses between the control and treatment 
groups were performed using t‑tests. P≤0.05 was considered to 
indicate a statistically significant difference.
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Results

TOFA suppresses ovarian cancer cell proliferation. To inves-
tigate the effect of TOFA on ovarian cancer cells, COC1 and 
COC1/DDP cell lines were treated with various concentra-
tions of TOFA (1-50 µg/ml) for 24‑72 h, and cell proliferation 
was assessed. The various concentrations of TOFA used 
were found to inhibit COC1 and COC1/DDP cell growth in 
a concentration‑ and time‑dependent manner (Fig. 1). TOFA 
was also shown to be highly cytotoxic to ovarian cancer cells. 
The IC50 values of COC1 and COC1/DDP cells for TOFA were 
~26.1 and ~11.2 µg/ml, respectively, after 48 h of treatment. 
These data indicate that fatty acid synthesis plays an important 
role in the proliferation of the ovarian cancer cell lines COC1 
and COC1/DDP.

TOFA induces cell cycle arrest. To investigate whether TOFA 
induced cell cycle arrest in ovarian cancer cells, COC1 and 
COC1/DDP cells were cultured with TOFA for 24, 48 and 
72 h, followed by cell counting using FACScan analysis. COC1 
cells treated with TOFA were arrested in the G0/G1 phase. 
Particularly, treatment with 5 µg/ml TOFA for 48 and 72 h 
increased the percentage of COC1 cells in this phase to 50.2 
and 51.1%, compared with the percentage of the untreated 
control groups, 28.1 and 34.4% (P<0.01), respectively 
(Fig. 2B and C). The treatment of COC1/DDP cells with TOFA 
(10 µg/ml) for 72 h increased the percentage of cells in the 
G0/G1 phase from 38.3 (control) to 43.0% (P<0.05; Fig. 2G). 
These results indicate that cell cycle progression from the G1 
to the S phase is associated with fatty acid synthesis. To inves-
tigate the mechanism underlying cell cycle arrest, the protein 
levels of cyclin D1 and cyclin-dependent kinase (CDK) 4, two 
proteins that regulate progression from the G1 to the S phase, 
were examined using western blot analysis (Fig. 2D and H). 
TOFA treatment of COC1 and COC1/DDP cells decreased 
cyclin D1 protein levels in a dose‑dependent manner. However, 
CDK4 protein levels were increased in TOFA‑treated COC1 
cells (1‑20 µg/ml), followed by a subsequent decrease when 
50 µg/ml TOFA was used (Fig. 2D).

TOFA induces apoptosis. TOFA induces apoptosis in human 
lung and colon cancer cells by inhibiting fatty acid synthesis 
and inducing poly(ADP-ribose) polymerase (PARP) cleavage 
and DNA fragmentation (15). To investigate the underlying 
mechanism of the cytotoxic effect of TOFA on ovarian cancer 
cells, the ovarian cancer cell lines COC1 and COC1/DDP 
were treated with TOFA as previously described. Apoptosis 
was detected by Annexin V staining and FACScan analysis. 
Western blot analysis was also used to investigate the expres-
sion of the apoptosis‑related proteins caspase‑3 and Bcl‑2. 
Low concentrations of TOFA were found to induce apoptosis 
in COC1 and COC1/DDP cells. The ratio of apoptosis to cell 
proliferation was 12.4, 42.6 and 43.9% in COC1 cells treated 
with 10 µg/ml TOFA for 24, 48 and 72 h, respectively (Fig. 3A). 
The ratio of apoptosis to cell proliferation was 32.2 and 
42.1% for COC1/DDP cells treated with 5 µg/ml TOFA for 
48 and 72 h, respectively (Fig. 3C). Caspase‑3 was cleaved 
and activated while Bcl‑2 expression decreased following 
treatment with TOFA of both COC1 and COC1/DDP cells 
(Fig. 3B and D).

TOFA inhibits growth of ovarian cancer xenografts in mice. 
To investigate whether TOFA suppresses tumor growth 
in vivo, the effects of TOFA were investigated using a human 
ovarian cancer mouse xenograft model. COC1/DDP cells were 
injected into female nude mice, and tumor sizes were measured 
following TOFA treatment. The tumor growth rate was signifi-
cantly inhibited by TOFA compared with the DMSO‑treated 
control mice (1649±356.3 vs. 5128±390.4 mm3; Fig. 4A). To 
test for TOFA toxicity, the effect of TOFA was examined 
on multiple mouse organs with H&E staining (Fig. 4B). No 
toxicity was observed in the heart, liver, spleen, lung, kidney 
and intestinal tissues (data not shown).

Discussion

Several studies have suggested that fatty acid synthesis is 
important in the cellular proliferation of many types of cancer. 
Long‑chain fatty acids are the building blocks of biomem-
branes, and ~95% of saturated and monosaturated fatty acids 
constitute nutrients for cancer cell growth. Thus, fatty acid 
synthesis plays an important role in carcinogenesis (23). ACCA 
is a key enzyme in fatty acid synthesis. ACCA RNAi reduces 
the pool of palmitic acid, and ACCA gene expression is upregu-
lated in many cancer tissues. High ACCA expression has been 
associated with poor prognoses in patients (13‑15). Therefore, 
fatty acid synthesis may be a potential target for cancer therapy.

TOFA is a specific ACCA inhibitor and it increases fatty 
acid oxidation and ketogenesis by exerting allosteric inhibition 
on ACCA (17,18). According to Wang et al (15), TOFA was 
shown to be cytotoxic to human lung and colon cancer cells 
via inhibition of the fatty acid synthesis pathway. The present 

Figure 1. TOFA induces growth inhibition of ovarian cancer cells. (A) COC1 
and (B)  COC1/DDP cells were treated with TOFA (0, 1, 5, 10, 20 and 
50 µg/ml) for 24, 48 and 72 h. All data represent mean values and error bars 
represent the SD of three samples in independent experiments repeated three 
times. TOFA, 5‑tetradecyloxy‑2‑furoic acid.
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Figure 3. TOFA induces apoptosis in ovarian cancer cells. (A and C) FACScan analysis. COC1 and COC1/DDP cells were treated with TOFA (0, 1, 5, 10, 
20 and 50 µg/ml) for 24, 48 and 72 h. The cells were collected and subjected to FACScan analysis as described in Materials and methods. All data represent 
mean values and error bars represent the SD of three samples in independent experiments repeated three times; *P<0.05 compared with control groups. 
(B and D) Caspase‑3 and Bcl‑2 were detected by western blot analysis. COC1 and COC1/DDP cells were treated with TOFA for 24 h and cell lysates were 
harvested for immunoblotting. β‑actin was used as a loading control. TOFA, 5‑tetradecyloxy‑2‑furoic acid.

  A   B

  C   D

Figure 2. Cells treated with TOFA arrest in the G0/G1 phase. The cells were plated in 6‑well plates (2x105/well) with or without TOFA for 24, 48 and 72 h. 
The numbers of cells in the G0/G1, S and G2/M phase were detected by FACScan analysis. The experiments were repeated three times; *P<0.05 and **P<0.01 
compared with control cells. (A‑C) COC1 cells were arrested in the G0/G1 phase when treated with TOFA (5 µg/ml) for 24, 48 and 72 h. (E‑G) COC1/DDP cells 
were arrested in the G0/G1 phase when treated with TOFA (10 µg/ml) for 24, 48 and 72 h. (D and H) Cyclin D1 and CDK4 protein expression was assessed by 
western blot analysis. COC1 and COC1/DDP cells were treated with various concentrations of TOFA as indicated for 24 h, and cell lysates were harvested for 
immunoblotting. β‑actin served as a loading control. TOFA, 5‑tetradecyloxy‑2‑furoic acid; CDK4, cyclin-dependent kinase 4.
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  G   H
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study showed that TOFA exerts a highly cytotoxic effect on 
ovarian cancer COC1 and COC1/DDP cell proliferation in a 
dose‑ and time‑dependent manner. TOFA was also shown to 
arrest cancer cells in the G1 phase as well as to induce apop-
tosis. These results are in agreement with similar findings in 
the lung cancer cell line NCI‑H460 and the colon cancer cell 
lines HCT‑8 and HCT‑15.

To investigate whether TOFA suppresses tumor prolifera-
tion in vivo, we examined the effect of TOFA using a human 
ovarian cancer mouse xenograft model  (24). The results 
showed that the tumor growth rate was significantly inhib-
ited by TOFA when compared with the control mice, and no 
toxicity was observed in the histological samples of several 
important organs.

The present study showed that ovarian cancer cell growth 
was effectively inhibited in vitro when TOFA was used at 
concentrations of 1‑50 µg/ml (Fig. 1). The number of cells in 
the cell cycle phases was counted using FACScan analysis. 
When the cells were treated with 10 µg/ml TOFA for 72 h, the 
percentage of cells arrested in the G0/G1 phase was higher 
compared with that of the control cells (Fig. 2). Therefore, 
we hypothesized that TOFA suppresses ovarian cancer cell 
proliferation by arresting cells in the G0/G1 phase. Cyclin D1 
is an integral regulator of the G1 phase and is overexpressed 
in several types of cancer, such as ovarian, lung and breast 
cancer (25). Cyclin 1 may be closely associated with invasive 
ovarian cancer, although no impact on clinical outcomes has 
been observed. CDK proteins, a family of serine/threonine 
kinases, tightly regulate the cell cycle at multiple points. 
Activation of the CDK protein by binding to its cyclin partner 
controls cell cycle progression. Overexpression of CDK4 is 
often associated with increased cyclin D1 expression (25). 
Growth stimulators induce cyclin D1 expression and the forma-
tion of a cyclin D1‑CDK4 complex, leading to G1 to S phase 
transition. Cyclin  D1/CDK4 complex plays an important 
role in maintaining normal cell division (26). Ray et al (27) 
confirmed that the BRCA1/ACC complex regulates the cell 
cycle by phosphorylating the Ser1263 residue of ACC  (27). 
In the present study, cyclin D1 expression was shown to be 
decreased by exposure to TOFA and the cells were found to be 
arrested in the G1 phase. Therefore, the inhibition or regula-
tion of ACCA activity constitutes a potential mechanism that 
could suppress cancer cell proliferation.

According to a previous study (24), TOFA was shown to 
have no cytotoxic effect on the ovarian cancer cell line SKOV‑3, 
after a 24‑h treatment. Moreover, TOFA treatment did not lead 
to AMPK phosphorylation (24). However, according to the 
results of the present study, TOFA induced apoptosis in the 
ovarian cancer cell lines COC1 and COC1/DDP, as measured 
by FACScan analysis. The cells were exposed to TOFA 
(10 µg/ml) for 72 h, and the percentage of apoptotic cells was 
higher compared with that of the untreated cells. Moreover, 
we observed that caspase‑3 was cleaved and activated, and 
that Bcl‑2 protein levels were slightly decreased after TOFA 
treatment of both COC1 and COC1/DDP cells. Consequently, 
the apoptosis pathway is suggested to constitute one of the 
mechanisms underlying TOFA action in inducing cell death.

To the best of our knowledge, this is the first study indi-
cating that the ACCA inhibitor TOFA is a suppressor of 
ovarian cancer cell proliferation in vitro and in vivo. TOFA 
was shown to arrest the cells in the G0/G1 phase as well as to 
induce apoptosis. Therefore, the inhibition of ACCA activity 
is suggested to be a potential target of future cancer therapies.
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