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Abstract. We previously demonstrated that overexpression 
of peroxisome proliferator-activated receptor γ coactivator-1α 
(PGC-1α) promotes increased cell proliferation and tumori-
genic potential through upregulation of specificity protein 1 
(Sp1) and acyl-CoA-binding protein (ACBP). Fatty acid 
synthase (FASN) is a key enzyme in fatty acid biosynthesis, 
and its expression in various cancers is associated with 
survival, poor prognosis and cancer recurrence. In the present 
study, we evaluated whether PGC-1α regulated FASN expres-
sion in human colorectal cancer (SNU-C4 and HT-29) cells. 
We also examined whether cell proliferation was inhibited by 
shRNA‑induced FASN knockdown in SNU-C4 and HT-29 
cells. In all tested cell lines, FASN-shRNA knockdown 
inhibited cell proliferation, decreased antioxidant enzyme 
expression, and increased apoptosis and production of 
H2O2‑induced reactive oxygen species (ROS). These findings 
indicated that FASN expression may enhance cell proliferation 
by regulating antioxidant enzyme production and resistance 
to ROS-induced apoptosis. We further provided evidence that 
FASN expression was regulated indirectly through upregula-
tion of Sp1 and SREBP-1c by PGC-1α. Overall, our results 
revealed that FASN expression, mediated by PGC-1α, may 
play a positive role in cancer cell proliferation.

Introduction

Fatty acid synthase (FASN) is a multifunctional enzyme 
involved in the synthesis of palmitate from acetyl-CoA and 
malonyl-CoA (1). While FASN is minimally expressed in 
normal human tissues  (2), it exhibits markedly increased 
expression in several human cancers, and its overexpression in 

tumors is associated with poor prognosis (3-6). FASN overex-
pression induced invasive adenocarcinomas in human prostate 
epithelial cells. It also protected cells from apoptosis, with 
FASN expression being inversely associated with the apoptotic 
rate in human prostate cancer specimens (7). Increased FASN 
expression was also linked to short-term survival in cases of 
colorectal and ovarian cancer (3). Increased FASN expres-
sion and activity was an early event in the development and 
progression of lung squamous cell (8) and prostate cancer (9), 
and melanoma (10). Furthermore, high FASN expression was 
associated with an overall high proliferative index in prostate 
cancer (9), and FASN expression intensity was related to prog-
nosis in melanoma (10).

Cerulenin, a natural antibiotic product of the fungus 
Cephalosporium caerulens (11), inhibited FASN activity and 
caused apoptotic death of cancer cells in vitro (12,13). The 
synthetic cerulenin analog C75, a potent FASN inhibitor (14), 
was also cytotoxic to cancer cells in  vitro, and exhibited 
substantial in vivo antitumor activity against some human 
cancer xenografts  (15,16). Pharmacological inhibition of 
fatty acid synthesis reportedly caused selective toxicity to 
cancer cells, and delayed tumor growth induction in vivo and 
in vitro  (17-19). Moreover, specific inhibition of the FASN 
gene by siRNA led to apoptosis of prostate tumor cells (20). 
Collectively, these data strongly indicated that de novo lipo-
genesis plays a substantial role in tumor pathogenesis (21). 
However, the molecular mechanism underlying the increased 
FASN expression in cancer is not fully understood.

Peroxisome proliferator-activated receptor γ coactivator 
(PGC)-1α is a coactivator that regulates multiple metabolic 
processes through interactions with various transcription 
factors (22). Recent studies of the PGC-1α roles in cancer and 
in metabolic regulation have produced controversial results. 
Various studies have reported decreased PGC-1α expression 
in breast and colon cancer  (23-25). Another investigation 
demonstrated that PGC-1α overexpression induced apoptosis 
in ovarian cancer (26). Although PGC-1α reportedly acts as 
a tumor suppressor, it can also promote cell growth in pros-
tate cancer (27). Thus, there remains a need for additional 
studies of PGC-1α. We previously demonstrated that PGC-1α 
enhanced cell proliferation and tumorigenesis by upregula-
tion of specificity protein 1  (Sp1) and acyl-CoA‑binding 
protein  (ACBP)  (28). We further found that PGC-1α may 
promote increased production of antioxidant enzymes, 
including catalase and superoxide dismutase, contributing to 
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apoptosis resistance (28). Vock et al reported that FASN is 
a target molecule of ACBP, based on the downregulation of 
FASN in ACBP-knockdown cells (29).

Although both FASN and PGC-1α play roles in several 
types of cancer cells, the precise molecular mechanism for the 
interaction between FASN and PGC-1α has not been clearly 
elucidated. In the present study, we investigated whether 
FASN expression was regulated by PGC-1α and contributed to 
increased cell proliferation.

Materials and methods

Cell preparations. We obtained human colorectal cancer 
(HT-29 and SNU-C4) cells from the Korean Cell Line Bank 
(Seoul National University, Seoul, Korea). These cell lines were 
cultured in Dulbecco's modified Eagle's medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS), 100 U/ml 
penicillin and 100 µg/ml streptomycin (Gibco, Carlsbad, CA, 
USA). Cultures were maintained at 37̊C in a humidified atmo-
sphere of 95% air/5% CO2.

Materials. We purchased 2',7'-dichlorofluorescein diace-
tate (DCFDA) and carboxyfluorescein succinimidyl ester 
(CFSE) from Molecular Probes (Carlsbad, CA, USA). The 
Annexin  V-fluorescein isothiocyanate (FITC) apoptosis 
detection kit was obtained from BD Biosciences (San Jose, 
CA, USA). We purchased the following primary antibodies: 
anti‑PGC-1α (sc-13067), anti-ACBP (sc-30190), anti-super-
oxide dismutase (SOD)-2 (sc-30080), anti-Sp1 (sc-59) (all from 
Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti‑catalase 
(ab1877) (Abcam, Cambridge, UK) and anti-FASN (6910962) 
(BD Biosciences). The anti-β-actin (A1978), anti-rabbit IgG 
(A0545) and anti‑mouse IgG secondary antibodies (A9044) 
were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Unless otherwise stated, all other chemicals were purchased 
from Sigma (St. Louis, MO, USA).

Western blot analysis. Cell lysis and western blot analysis 
were performed as previously described (28). We used 30 µg 
protein for the immunoblotting, and β-actin was used as the 
loading control.

Immunofluorescence staining. Cells were cultured on a 
Lab-Tek® Chamber Slide™ (Nalge Nunc, Inc., Rochester, NY, 
USA), and then fixed with 3% formaldehyde, permeabilized 
using 0.01% Triton X-100 and blocked for 30 min with 3% 
FBS. Next, the cells were incubated with a primary antibody 
for 1 h, and then with a fluorescence-labeled secondary anti-
body (Sigma) for 30 min. The cells were subsequently washed, 
mounted using glycerol, and analyzed using a Zeiss LSM 510 
confocal microscope (Carl Zeiss Co., Ltd., Jena, Germany) 
with a 40x C-Apochromat objective. Negative control staining 
was performed with only secondary antibodies.

Promoter reporter constructs and luciferase assays. The 
FASN promoter construct  (30) was provided by Professor 
Kim Kyung-Sup (Department of Biochemistry and Molecular 
Biology, Yonsei University, Seoul, Republic of Korea). For the 
luciferase assay, SNU-C4, HT-29 and FASN shRNA‑silenced 
cells were seeded into a 6-well plate (1x106  cells/well) in 

DMEM containing 10% FBS. After two days, the cells were 
co-transfected with 1 µg FASN promoter-driven luciferase 
reporter vector and 0.1 µg Renilla luciferase control vector, 
with or without pcDNA3.1 or PGC-1α expression vector, 
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) 
following the manufacturer's instructions. After a 6-h incu-
bation, the cell medium was replaced with fresh DMEM 
containing 10% FBS. After a 24-h incubation, the cells were 
washed with phosphate-buffered saline (PBS) and harvested 
in 200  µl reporter lysis buffer (Promega, Madison, WI, 
USA). The cells were vigorously mixed for 15 min, and then 
centrifuged at 12,000 x g for 10 min at 4̊C. The supernatants 
were transferred into fresh tubes, and 10 µg/ml aliquots of the 
cleared whole cell lysate were assayed for luciferase activity. 
Luciferase assays were performed using a Dual-Luciferase 
Assay kit (Promega) and quantitation was performed with a 
Lumat LB9501 luminometer. Luciferase activity was normal-
ized by quantitating the protein and adjusting the amount of 
extract to a fixed amount of protein.

For the siRNA transfection experiment, the cells were 
seeded into 6-well culture plates and cultured overnight. The 
cells were first transfected with non-silencing control (NC) 
siRNA, PGC-1α siRNA, Sp1 siRNA, SREBP-1c siRNA or both 
Sp1 siRNA and SREBP-1c siRNA using Lipofectamine 2000. 
After a 24-h incubation, the cells were co-transfected with 
FASN promoter-driven reporter constructs and Renilla lucif-
erase vector, with or without pcDNA3.1 or PGC-1α expression 
vector, for 24 h. Finally, these cells were collected for use in 
luciferase assays. All transfections were performed in tripli-
cate, and repeated at least thrice in independent experiments.

siRNA transfection. The siRNA sequence used for targeted 
silencing of PGC-1α was designed by Qiagen (GS10891; 
Valencia, CA, USA). The Sp1 siRNA (SC-29487) and 
SREBP-1c siRNA (SC-36557) were purchased from Santa Cruz 
Biotechnology. The cells were resuspended in PBS at a density 
of 1.3x107 cells/0.5 ml, and transfected with 4 nM PGC-1α 
(4 nM Sp1 or 4 nM SREBP-1c, both Sp1 and SREBP-1c) or 
NC siRNA using Lipofectamine 2000 following the manufac-
turer's procedure. After transfection, the cells were cultured in 
DMEM with 10% FBS for 48 h. These cells were then used for 
luciferase assays, immunofluorescence staining, and western 
blot analysis.

Cell counting. SNU-C4 and HT-29 cells, transfected with 
shRNA for FASN or with NC shRNA, were seeded into a 6-well 
plate (1x105 cells/well). After 24, 48 or 72 h of incubation, the 
cells were harvested by trypsinization using trypsin/EDTA, 
and stained with trypan blue. The vital cells (those not stained 
with trypan blue) were counted under a Nikon Eclipse TS100 
microscope (Nikon, Tokyo, Japan). Three independent experi-
ments were conducted.

Cell proliferation assay. Cell proliferation was assessed using 
the CFSE labeling assay as previously described (31). Briefly, 
the cells were washed three times with PBS, and incubated for 
15 min with 1 µM CFSE dye (Molecular Probes). The cells were 
then washed again, incubated with fresh medium containing 
10% FBS, and seeded in 6-well plates (1x105 cells/well). Cells 
were incubated for 24, 48 or 72 h, and then analyzed using flow 
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cytometry (FACSCalibur; BD Biosciences). Each condition 
was tested in triplicate.

Generation of a FASN-silenced cell line. An shRNA construct 
containing FASN shRNA (MISSION® shRNA plasmid DNA; 
FASN-pLKO.1-puro) and a non-targeting control construct 
(NC-pLKO.1-puro) were provided by Sigma. The sequences 
were as follows: FASN shRNA, 5'-CCGGCATGGAGCGTAT 
CTGTGAGAACTCGAGTTCTCACAGATACGCTCCATGT 
TTTT-3'; NC  shRNA, 5'-GCGCGATAGCGCTAATAAT 
TT-3'. SNU-C4, and HT-29 cells (1x106) were transfected with 
2  µg of FASN-pLKO.1-puro or NC-pLKO.1-puro using 
Lipofectamine 2000, following the manufacturer's procedure. 
At 48 h post-transfection, the cells were incubated with 2 µg/ml 
puromycin for 14 days to select stable clones. Positive clones 
were chosen for identification, and cultured in DMEM supple-
mented with 10% FBS, 2 µg/ml puromycin, 100 U/ml penicillin 
and 100 µg/ml streptomycin (Gibco). Cultures were main-
tained at 37̊C in a humidified atmosphere of 95% air/5% CO2.

Annexin V-PI staining assay. The extent of apoptosis was 
evaluated using Annexin V-FITC and flow cytometry as previ-
ously described (32).

Assessment of ROS production. ROS production was 
monitored by flow cytometry using carboxy-H2DCFDA 
(Molecular  Probes). FASN-silenced SNU-C4 and HT-29 
cells were washed twice with PBS to remove extracellular 
compounds. FASN-silenced SNU-C4 and HT-29 cells were 
transfected with pReceiver-M13 (EX-M13) or FASN expres-
sion vector (pReceiver-M13-FASN; EX-T3050-M13) (both 
from GeneCopoeia, Rockville, MD, USA) and treated with 
PBS or H2O2 and then washed twice with PBS to remove 
extracellular compounds. Next, the cells were incubated for an 
hour with H2DCFDA (100 µmol/l). Finally, for flow cytometric 
analysis, green fluorescence was excited using an argon laser 
and detected using a 525-nm band-pass filter.

Statistical analysis. Statistical analyses were performed using 
the SPSS 22.0 statistical package for Windows (SPSS, Inc., 
Chicago, IL, USA). Data are expressed as mean ± standard 
deviation (SD). One-way analysis of variance (ANOVA) was 
used to evaluate whether cell viability significantly differed 
between FASN-silenced and control cells. Statistical signifi-
cance was defined as P<0.05.

Results

FASN is upregulated in colorectal cancer cell lines that 
overexpress PGC-1α. Prior studies have demonstrated an 
association between FASN overexpression in tumors and 
proliferation (33-35), and we previously revealed that PGC-1α 
overexpression enhanced cell proliferation (28). To investigate 
the relationship between FASN and PGC-1α expression, we 
used western blotting and immunofluorescence staining to 
examine FASN and PGC-1α expression in HT-29 and SNU-C4 
cells. The FASN and PGC-1α proteins were expressed at 
slightly lower levels in HT-29 cells compared to SNU-C4 
cells (Fig. 1A and C). We previously reported that knockdown 
of PGC-1α expression in human colorectal cancer cells led to 

decreased cell proliferation (28). To determine whether FASN 
contributed to the PGC-1α role in cell proliferation, we used 
western blotting and immunofluorescence staining to observe 
FASN expression in PGC-1α siRNA-transfected cells. We 
found that PGC-1α siRNA-transfected SNU-C4 and HT-29 
cells showed decreased FASN expression (Fig. 1B and D), 
suggesting that FASN expression was related to PGC-1α 
expression.

FASN expression is regulated through upregulation of Sp1 and 
SREBP-1c by PGC-1α. To investigate whether FASN expres-
sion was regulated by PGC-1α, we performed a luciferase assay 
in SNU-C4 and HT-29 cells that were co-transfected with the 
PGC-1α expression vector and a FASN promoter-driven lucif-
erase plasmid. As shown in Fig. 2A, FASN promoter activity 
was significantly increased by PGC-1α expression in SNU-C4 
and HT-29 cells, by 3.03- and 2.72-fold, respectively (Fig. 2A). 
We further confirmed that PGC-1α-siRNA transfection 
reduced the PGC-1α-induced increase in FASN promoter 
activity (Fig. 2B).

Previous studies revealed that the promoter activity of 
FASN was regulated by binding of Sp1 and SREBP-1c to 
the FASN promoter (36). We previously have shown that the 
expression of Sp1 was enhanced by PGC-1α expression (28). 
In the present study we observed that PGC-1α expression 
increased Sp1 and SREBP-1c expression (Fig. 2C). We also 
observed that PGC-1α-siRNA transfection decreased the Sp-1 
and SREBP-1c expression (Fig. 2C). We evaluated whether the 
enhanced FASN promoter activity by PGC-1α was mediated 
through Sp1 and SREBP-1c using siRNA transfection with 
Sp1 siRNA, SREBP-1c siRNA or both Sp1 and SREBP-1c 
siRNA. As shown in Fig. 2D, the increased FASN promoter 
activity was decreased by Sp1 siRNA, SREBP-1c siRNA or 
both Sp1 siRNA and SREBP-1c siRNA even with the presence 
of PGC-1α. These data revealed that the promoter activity of 
FASN may be regulated indirectly through upregulation of 
Sp1 and SREBP-1c.

FASN knockdown reduces cell proliferation in SNU-C4 and 
HT-29 cells. We next evaluated the functional significance of 
FASN expression in the growth of SNU-C4 and HT-29 cells. 
These cell lines were transfected with FASN shRNA or with 
NC shRNA, and then cultured with G418 for 14 days. Next, 
several colonies were chosen and amplified. FASN knock-
down was detected by western blot analysis with an antibody 
against FASN. Compared to the corresponding control cells, 
FASN protein levels were, respectively, ~72 and 78% (SNU-
C4) lower in the SNU-C4-FASN shRNA-1 and -3 cells, and 78 
and 80% (HT-29) lower in the HT-29-FASN shRNA-2 and -3 
cells, respectively (Fig. 3A).

To investigate whether FASN knockdown affected cell 
growth in human SNU-C4 and HT-29 cells, we assessed cell 
proliferation by cell counting and CFSE labeling assays. At 
72 h, the SNU-C4-FASN shRNA-1 and -3 cells exhibited cell 
numbers that were, respectively, 32 and 34% lower than that of the 
SNU-C4-control cells (Fig. 3B; P<0.001), and the HT-29‑FASN 
shRNA-2 and -3 cell numbers were, respectively, 34 and 37% 
lower than that of the HT-29-control cells (Fig. 3B; P<0.001). As 
aforementioned, CFSE labeling analysis confirmed that FASN 
knockdown also decreased cell proliferation in SNU-C4 and 
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HT-29 cells (Fig. 3C). However, the protein levels of PGC-1α 
were not downregulated in FASN shRNA-transfected SNU-C4 

and HT-29 cells (Fig. 3A). These data indicated that FASN acts 
downstream of PGC-1α in the regulation of cell proliferation.

Figure 1. FASN expression is regulated by PGC-1α. (A and B) Western blot analysis of FASN and PGC‑1α in SNU-C4 and HT-29 cells (A). (B) SNU-C4 and 
HT-29 cells were transfected with non-specific control (NC) or PGC-1α-specific siRNAs. At 72 h post-transfection, the protein levels of PGC-1α and FASN 
were analyzed by western blotting using anti-PGC-1α or anti-FASN antibodies. Anti-FASN and anti-PGC‑1α antibodies were used, and β-actin was probed for 
equal protein loading. Densitometry results are expressed above the bands. (C and D) SNU-C4 and HT-29 cells were transfected with non-specific control (NC) 
or PGC-1α-specific siRNAs. At 72 h post-transfection, immunofluorescence staining was performed using (C) anti-PGC-1α and (D) anti-FASN antibodies 
(green) in control, NC siRNA and PGC-1α siRNA-transfected SNU-C4 and HT-29 cells. Nuclei were stained with PI.
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Figure 2. FASN promoter activity is regulated through Sp1 and SREBP-1c by PGC-1α. (A) PGC-1α enhanced FASN promoter activity in SNU-C4 and HT-29 
cells. All cell lines were co-transfected for 24 h with the FASN promoter-driven luciferase reporter plasmid and Renilla luciferase control vector, as well as 
the pcDNA3.1 or PGC-1α expression vector. Results are presented as normalized relative luciferase activity (n=3). (B) Enhanced FASN promoter activity 
was reversed by PGC-1α siRNA transfection. SNU-C4 and HT-29 cells were transfected for 24 h with NC siRNA or PGC-1α siRNA. Next, the cells were 
co-transfected for 24 h with the FASN promoter-driven luciferase reporter plasmid and Renilla luciferase control vector, as well as the pcDNA3.1 or PGC-1α 
expression vector. Results are presented as normalized relative luciferase activity (n=3). Results are the average of three independent experiments, with 
statistical significance measured using a t-test (***P<0.001). (C, left panel) SNU-C4 and HT-29 cells were transfected with the empty vector (pcDNA 3.1) or 
PGC-1α expression vector. (C, right panel) SNU-C4 and HT-29 cells were transfected with non-specific control (NC) or PGC-1α-specific siRNAs. At 72 h 
post-transfection, Sp1 and SREBP-1c protein levels were analyzed by western blotting using anti-Sp1 or anti-SREBP-1c antibodies. β-actin was probed for 
equal protein loading. Densitometry results are expressed above the bands. (D) Enhanced FASN promoter activity was reversed by Sp1, SREBP-1c or both Sp1 
and SREBP-1c siRNA transfection. SNU-C4 and HT-29 cells were transfected for 24 h with NC siRNA, Sp1, SREBP-1c or both Sp1 and SREBP-1c siRNA. 
Next, the cells were co-transfected for 24 h with the FASN promoter-driven luciferase reporter plasmid and Renilla luciferase control vector, as well as the 
pcDNA3.1 or PGC-1α expression vector. Results are presented as normalized relative luciferase activity (n=3). Results are the average of three independent 
experiments, with statistical significance measured using a t-test (***P<0.001).
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FASN downregulation increases sensitivity to H2O2-induced 
apoptosis. We previously demonstrated that PGC-1α induced 
catalase and SOD, and decreased ROS production, resulting in 
decreased sensitivity to H2O2-induced apoptosis and enhanced 
cell proliferation (28). In the present study, we evaluated the 
role of FASN in regulating sensitivity to H2O2-induced apop-
tosis, by assessing the extent of H2O2-induced apoptosis and 
ROS levels in SNU-C4 and HT-29 cells transfected with FASN 
shRNA or NC control shRNA. The FASN shRNA-transfected 
SNU-C4 and HT-29 cells exhibited a significantly greater 

extent of H2O2-induced apoptosis and ROS level compared to 
control SNU-C4 and HT-29 cells (Fig. 4B and C). Moreover, 
the expressions of SOD and catalase (except PGC-1α, Sp1 
and ACBP) were decreased by FASN shRNA knockdown in 
SNU-C4 and HT-29 cells (Fig. 4A).

These data revealed that FASN acts downstream of 
PGC-1α, Sp1 and ACBP in the regulation of ROS-induced 
apoptosis and ROS production. Additionally, our results 
indicated that FASN protected SNU-C4 and HT-29 cells from 
oxidative stress, such as H2O2. Increased susceptibility to 

Figure 3. FASN knockdown significantly decreases the proliferation of SNU-C4 and HT-29 cells. Using Lipofectamine, SNU-C4 and HT-29 cells were stably 
transfected with no shRNA (control), non‑specific control (NC) shRNA, or shRNA for FASN. (A) Whole-cell lysates were prepared from SNU-C4 and HT-29 
cells, and used for western blot analysis to determine FASN, Sp1, PGC‑1α, catalase, SOD and ACBP protein expression. Band densities were assessed by 
densitometric analysis. Data are expressed as the fold change in protein expression normalized to β-actin expression, with respect to the control and NC shRNA. 
(B) SNU-C4 and HT-29 cells were stably transfected with FASN shRNA or NC shRNA, and then studied at 24-h intervals for 72 h after replating. Cell prolifera-
tion was determined by cell counting. **P<0.01 and ***P<0.001, vs. the control or NC shRNA-transfected cells. (C) CFSE-labeled cells (1x105 cells/well) were 
incubated with fresh medium containing 10% FBS for the indicated times. The samples were analyzed by flow cytometry using a FACScan flow cytometer. Data 
were analyzed using CellQuest software (BD Biosciences).
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ROS-induced apoptosis may contribute to the decreased cell 
proliferation observed following FASN shRNA knockdown 
in SNU-C4 and HT-29 cells. To confirm whether FASN 
expression regulate the expression of catalase and SOD and 
ROS-induced apoptosis, FASN shRNA-silenced SNU-C4 
and HT-29 cells were transfected with pReceiver-M13 or 
pReceiver-M13-FASN expression vector, and then treated 
with H2O2. The results revealed the decreased expression 
of catalase and SOD by FASN knockdown was reversed by 
FASN expression (Fig. 4D). Increased ROS production and 
H2O2‑induced apoptosis by FASN knockdown were also 
reversed by FASN expression (Fig. 4E and F). Overall, these 
results revealed that FASN enhanced cell proliferation and 
decreased H2O2-induced apoptosis through upregulation of 
catalase and SOD in SNU-C4 and HT-29 cells.

Discussion

In the present study, we found that FASN expression and 
promoter activity were increased by PGC-1α expression in 
SNU-C4 and HT-29 cells. To confirm that this increased FASN 
promoter activity was caused by PGC-1α itself, we performed 
a knockdown experiment using PGC-1α siRNA. FASN 
promoter activity was significantly decreased by PGC-1α 
knockdown experiments in SNU-C4 and HT-29 cells. These 

results provide the first evidence that FASN promoter activity 
was enhanced by PGC-1α expression in colorectal cancer cells. 
To evaluate the molecular mechanism for increased FASN 
promoter activity by PGC-1α, the Sp1 siRNA, SREBP-1c 
siRNA or both Sp1 and SREBP-1c siRNA knockdown experi-
ments were performed. The results revealed that the increased 
FASN promoter activity by PGC-1α was decreased by Sp1 
siRNA, SREBP-1c siRNA or both Sp1 siRNA and SREBP-1c 
siRNA. These data indicated that the enhanced FASN promoter 
activity by PGC-1α may be regulated indirectly through Sp1 
and SREBP-1c. Despite differences in the utilized cell lines, 
our data were similar to previous results demonstrating that 
PGC-1α enhances lipogenesis in skeletal muscle through 
liver X receptor α (LXRα)-dependent activation of the FASN 
promoter and by increasing FASN activity (37). However, we 
did not examine whether LXRα was involved in the PGC-1α-
mediated regulation of the FASN promoter. Further studies 
are required to evaluate the possible involvement of LXRα in 
the PGC-1α-mediated regulation of FASN promoter activity in 
colorectal cancer cells.

PGC-1α overexpression enhanced cell proliferation and 
tumorigenesis through the increased expression of Sp1 and 
ACBP in HEK293 cells, and FASN overexpression reportedly 
promoted cancer growth and metastasis (38-41). Increased 
FASN may confer a cell survival advantage due to apoptosis 

Figure 4. FASN knockdown increases sensitivity to H2O2-induced apoptosis. (A) SNU-C4 and HT-29 cells were stably transfected with no shRNA (control), 
non‑specific control (NC) shRNA, or FASN shRNA. Whole-cell lysates were prepared from SNU-C4 and HT-29 cells, and used for western blot analysis 
to determine FASN, catalase and SOD expression. Band densities were assessed by densitometric analysis. Data are expressed as the fold change in protein 
expression normalized to β-actin expression, with respect to the control and NC shRNA. (B, left panel) Control, NC shRNA-silenced and FASN shRNA-
silenced SNU-C4 cells and control, NC shRNA-silenced, and FASN shRNA-silenced HT-29 cells were treated for 24 h with 0.5 mM H2O2, stained with 
FITC-Annexin V/PI, and analyzed by flow cytometry. Annexin V-positive cells were considered apoptotic. (B, right panel) Representative flow cytometric 
data of three independent experiments. (C) Control, NC shRNA-silenced, and FASN shRNA-silenced SNU-C4 cells and control, NC shRNA-silenced, and 
FASN shRNA-silenced HT-29 cells were treated for 24 h with 0.5 mM H2O2, and labeled with carboxy-H2DCFDA. Then, ROS levels were quantified by flow 
cytometry. Data represent the mean ± SD of three independent experiments; **P<0.01, vs. the control or NC shRNA-transfected cells.
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resistance, with associated tumor aggressiveness, increased 
metastasis and poor prognosis (7). Previous data revealed that 
specific knockdown of either acetyl-CoA carboxylase α (a 
key enzyme in fatty acid synthesis) or FASN genes in cancer 
cells led to substantially decreased palmitic acid synthesis. 
Palmitic acid depletion was associated with apoptosis induc-
tion concomitant with ROS formation and mitochondrial 
impairment (42). Our present results demonstrated that FASN 
expression was decreased by PGC-1α siRNA transfection, and 
that FASN knockdown significantly inhibited cell proliferation 
and decreased the expression of catalase and SOD, resulting in 

increased ROS and H2O2-induced apoptosis in SNU-C4 and 
HT-29 cells. These findings revealed that PGC-1α loss was 
protective against carcinogenesis, and that PGC-1α coordi-
nately regulated mitochondrial and fatty acid metabolism to 
promote tumor growth (43).

In conclusion, the present study revealed that FASN expres-
sion was indirectly regulated through upregulation of Sp1 and 
SREBP-1c by PGC-1α, and may contribute to enhanced cell 
proliferation due to increased antioxidant enzyme expres-
sion and resistance to ROS-induced apoptosis. Based on 
our results, we suggest hypothetical molecular mechanisms 

Figure 4. Continued. (D-F) SNU-C4 and HT-29 cells were stably transfected with no shRNA (control), non‑specific control (NC) shRNA, or FASN shRNA, and 
transfected with pcDNA or FASN cDNA expression vector. (D) Whole-cell lysates were used for western blot analysis to determine FASN, catalase and SOD 
expression. Band densities were assessed by densitometric analysis. Data are expressed as the fold change in protein expression normalized to β-actin expression, 
with respect to the control and NC shRNA. (E, left panel) Control, NC shRNA-silenced and FASN shRNA-silenced cells (SNU-C4 and HT-29) and pcDNA-
transfected control, FASN cDNA-transfected and FASN cDNA-transfected FASN shRNA-silenced cells (SNU-C4 and HT-29) were treated for 24 h with 
0.5 mM H2O2, stained with FITC-Annexin V/PI, and analyzed by flow cytometry. Annexin V-positive cells were considered apoptotic. **P<0.01 and ***P<0.001, 
vs. the control or NC shRNA-transfected cells. (E, right panel) Representative flow cytometric data of three independent experiments. (F) Control, NC shRNA-
silenced, and FASN shRNA-silenced cells (SNU-C4 and HT-29) and pcDNA-transfected control, FASN cDNA-transfected and FASN cDNA-transfected FASN 
shRNA-silenced cells (SNU-C4 and HT-29) were treated for 24 h with 0.5 mM H2O2, and labeled with carboxy-H2DCFDA. Then, the ROS levels were quantified 
by flow cytometry. Data represent the mean ± SD of three independent experiments; ***P<0.001, vs. the control or NC shRNA-transfected cells.
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behind the enhancement of cell proliferation by FASN and 
PGC-1α (Fig. 5). However, further studies, in greater detail are 
needed to clarify the mechanisms involved in the regulation 
of cell proliferation and tumorigenesis. Our results revealed 
that PGC-1α and FASN may be useful targets for colorectal 
cancer treatment. To determine the clinical relevance of the 
PGC-1α‑mediated regulation of FASN expression in these cell 
lines, it is necessary to investigate the correlation between 
PGC-1α and FASN expression in specimens from human 
colorectal cancer patients.
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