Cancer Investigation, 26:118–127, 2008
ISSN: 0735-7907 print / 1532-4192 online
c Informa Healthcare USA, Inc.
Copyright 
DOI: 10.1080/07357900701522612

ORIGINAL ARTICLE
Cellular and Molecular Biology

Cancer Invest Downloaded from informahealthcare.com by University of North Carolina on 05/20/11
For personal use only.

The Synthetic Triterpenoid CDDO-Im Inhibits Fatty
Acid Synthase Expression and Has Antiproliferative
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ABSTRACT
Liposarcomas constitute a rare group of tumors of mesenchymal origin that are often poorly
responsive to therapy. This study characterizes a novel human liposarcoma cell line (LiSa-2)
and defines the mechanism of its response to a synthetic triterpenoid. Fatty acid synthase
(FAS) is a key enzyme of de-novo fatty acid synthesis and is highly expressed in both human
liposarcoma tissue specimens and LiSa-2 cells. Treatment of the LiSa-2 cell line with the synthetic triterpenoid 2-cyano-3,12-dioxooleana-1,9-dien-28-oic imidazolide (CDDO-Im) markedly
inhibited FAS mRNA expression, FAS protein production and FAS gene promoter activity. As
expected, fatty acid synthesis was down regulated, but there was no effect on cellular fatty
acid uptake or glycerol-3-phosphate synthesis suggesting a selective inhibition of endogenous
fatty acid synthesis. Importantly, CDDO-Im produced a dose-dependent apoptotic effect in the
LiSa-2 cell line, and simultaneous treatment with CDDO-Im and the fatty acid synthase inhibitor
Cerulenin produced a synergistic cytotoxic effect. Thus, CDDO-Im and Cerulenin act at different
loci to inhibit long chain fatty acid synthesis in liposarcoma cells. This study’s demonstration
of CDDO-Im inhibition of FAS and Spot 14 (S14) expression is the first report of triterpenoid
compounds affecting the fatty acid synthesis pathway. The observed dependence of liposarcomas on lipogenesis to support their growth and survival provides a novel approach to the
treatment of liposarcomas with agents that target fatty acid production.
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Liposarcoma (LS) is a relatively rare tumor with an incidence
estimated at 5000 cases yearly in the United States (1). Large tumors, particularly in the retroperitoneum, have a high recurrence
rate and respond poorly to current therapies (2). The morphological and molecular resemblance of LS to mature adipocytes
is compatible with the theory that liposarcomas arise from an
adipogenic precursor cell. In fact, global gene expression array analysis of a panel of LS revealed that the majority of
up regulated genes in LS are related to fatty acid metabolism
(3). However, the lack of suitable in vitro models has limited
the elucidation of LS pathobiology and experimental therapeutic discovery. The immortalized LiSa-2 cell line was cloned
from a human pleomorphic LS and expresses several adipocytespecific genes associated with lipid metabolism (4). LiSa-2 cells
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differentiate in response to adipogenic stimuli including insulin,
thyroid hormone, and hydrocortisone, as is the case for normal
preadipocytes (4, 5). LiSa-2 cells therefore provide an excellent
in vitro model for further evaluation of LS pathobiology and
identification of the molecular changes induced by pharmacological intervention.
The apparent reliance of LS, a mesenchymal derived tumor,
on adipogenic genes may provide a unique therapeutic opportunity, as this malignancy is likely to conform to the defining
characteristics of a “lipogenic” tumor. Lipogenic tumors not
only exhibit high fatty acid synthase (FAS) expression, but also
demonstrate a dependence on fatty acid synthesis for proliferation and survival (6). Lipogenic characteristics have been described in several different tumor types including breast, lung,
colon, prostate and ovary (7, 8). FAS is a multifunctional enzyme, which plays a key role in the synthesis of palmitate from
malonyl-CoA. Spot 14 (S14) is a nuclear protein associated with
fatty acid synthesis that is highly expressed in lipogenic tumors
(6, 9). In our initial evaluation of the LiSa-2 cell line, we noted
high levels of FAS and S14 mRNAs, compatible with the lipogenic phenotype, and this prompted in-depth analysis of these
genes.
Synthetic triterpenoids are a novel class of drugs designed
from the naturally occurring triterpenoids oleanolic and ursolic
acid. These compounds have a variety of actions in various cell
lines, including anti-proliferative, anti-inflammatory and differentiating effects (10–13). Their exact mode of action has not
been entirely elucidated and may be cell type specific. Some of
these effects, particularly those of differentiation, are mediated
through the PPAR-γ receptor (peroxisome proliferator-activated
receptor-γ ) (14–16). Since PPAR-γ has relevance to the maintenance of the malignant phenotype, synthetic triterpenoids may
be useful in cancer therapy, and presently are in phase I clinical
testing (11, 13). Although previous attempts to promote differentiation of human LS met with only minimal success, we
hypothesized that the triterpenoid 2-cyano-3,12-dioxooleana1,9-dien-28-oic imidazolide (CDDO-Im) would produce more
potent effects (17, 18). We now report that CDDO-Im indeed exerts marked actions on adipocyte-specific gene expression, lipid
metabolism, apoptosis, proliferation, and sensitivity to pharmacological inhibition of fatty acid synthesis in liposarcoma cells.

MATERIALS AND METHODS
Reagents
CDDO-Im was manufactured under the NIH RAID Program.
Stock solutions were prepared in DMSO, and final concentrations of vehicle in cell culture media were < 0.05%. Sodium
acetate 1-14C (1.0 mCi/mL), Palmitic-[carboxy-14C] Acid (0.1
mCi/mL) and Cerulenin were obtained from Sigma (St. Louis,
Missouri, USA)

Cell lines and media
LiSa-2 cells were grown in DMEM/Ham’s F12 50:50 media supplemented with 10% FBS (Mediatech Inc, Herndon, Vir-

ginia, USA), 100 U/mL penicillin, 0.1 mg/mL streptomycin, and
2 mM L-glutamine. Adipogenic media contained 1 nM insulin,
20 pM triiodothyronine, and 1 µM hydrocortisone. Cells were
cultured at 37◦ C at 4.5% CO2 , and media was changed every
3 days.

Immunohistochemistry
LS surgical specimens cut from paraffin blocks were stained
with rabbit anti-human FAS (1:1000 dilution, Novus Biologicals, Littleton, Colorado, USA) or mouse anti-human S14 antibodies (1:1,000 dilution of hybridoma “KVB7,” an IG2a as
prepared by Martel et al (9)). Visualization was achieved with
horseradish peroxidase, and counterstaining was performed with
hematoxylin. Connective tissue and adipose tissue in the slides
served as internal negative and positive controls, respectively.
The 3 separate human LS that were stained included well differentiated LS, dedifferentiated pleomorphic LS, and dedifferentiated pleomorphic LS with myxoid degeneration.

Quantitative real-time reverse
transcription-PCR
RNA was extracted from LiSa-2 cells using Qiagen’s RNeasy
Kit (Valencia, California, USA). RNA was shown to be intact
by gel electrophoresis and to be free of contaminating DNA
by the failure of PCR using primers corresponding to the cyclophilin gene to yield a product. Random primers and reverse
transcriptase were from New England Biolabs (Ipswich, Massachusetts, USA). Quantitative real-time PCR was carried out
using the MyiQ Single Color Real-Time PCR Detection System
(Bio-Rad, Hercules, California, USA) with SYBR green fluorescence (Applied Biosystems, Warrington, UK). Expression of
specific mRNAs was expressed as a ratio to that of cyclophilin
mRNA to correct for the efficiency of the amplification. cDNA
from human preadipocytes and adipocytes was obtained from
Zen-bio (Research Triangle Park, North Carolina) and was used
as controls for stages of differentiation. Primers were created as
described previously (9).

Western blot
Promega Lysis Buffer (Madison, Wisconsin, USA) was
used to harvest cell protein and the Bio-Rad assay (Hercules,
California, USA) was used to determine protein concentrations. Blotting was performed with rabbit anti-human FAS or
mouse anti-human S14 antibodies as described in immunohistochemistry section, and protein A-alkaline phosphatase conjugate (Sigma, St Louis, Missouri, USA), using NBT/BCIP alkaline phosphatase system (Pierce, Rockford, Illinois, USA) for
visualization (9).

Gene transcription
Cells were transiently transfected with a 178-bp human FAS
gene promoter fragment driving luciferase (Promega, Madison, Wisconsin, USA). Cells were transfected for 6 h with FuGene transfection agent (Roche, Indianapolis, Indiana, USA),
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trypsinized, and dispersed in 6 well plates to assure constant
transfection efficiency within experiments. After 4 days of treatment with CDDO-Im or DMSO-containing media, luciferase
activity was determined in a luminometer. Non-transfected cells
were used as a negative control.

Adipocyte-specific gene expression in the
LiSa-2 cells

Cells seeded at 10,000 cells/cm2 in 48-well plates grew for
five days, with media replaced after 3 days. DNA content/well
was determined using the Hoechst assay as described previously
(21).

We evaluated a panel of genes related to fatty acid
metabolism, including FAS, S14, fatty acid binding protein,
lipoprotein lipase, sterol responsive element binding protein
1c, PPAR-γ and S14-related peptide using reverse transcriptase PCR. We analyzed LiSa-2 cells cultured in control and
adipogenic media and compared them to human preadipocytes
and mature adipocytes to better define the LiSa-2 lipogenic
phenotype. All the lipogenic genes analyzed were absent in
preadipocytes, but present in LiSa-2 and adipocytes (Table 1).
FAS was noted to be induced with adipogenic stimuli, consistent
with previous findings suggesting LiSa-2 can be differentiated
with adipogenic media (4). Overall, this revealed that adipogenic
gene expression in the LiSa-2 cell line is much closer to that of
a normal adipocyte than to the preadipocyte. We chose to focus
on the response of the FAS and S14 genes to CDDO-Im because
they are known to be key components of the lipogenic tumor
phenotype (6, 9).
Immunohistochemistry (IHC) of 3 human LS specimens for
expression of FAS and S14 proteins was performed to determine
similarity of paraffin embedded randomly selected human LS
specimens to the LiSa-2 cell line. IHC of the LS specimens
showed cytoplasmic staining for FAS and nuclear staining for
S14 in all 3 different patient specimens, which represented a
variety of morphologic subtypes (Figure 1a, b). Normal adipose
tissue in the specimens served as an internal positive control and
showed similar staining patterns for FAS and S14. Thus, both
LiSa-2 cells and liposarcoma tissues exhibit brisk expression of
these key genes.

Apoptosis

CDDO-Im effects on FAS

Cells were cultured for 5 days in CDDO-Im (50-100 nM) or
DMSO, at which time Cerulenin (1–10 µg/mL) or vehicle was
added. A TUNEL assay using the FlowTACS Apoptosis Detection System (R&D Systems, Minneapolis, Minnesota, USA)
was performed 48 hours after Cerulenin addition.

Quantitative real-time PCR analysis demonstrated a 70% decrease in FAS mRNA with triterpenoid treatment compared to
vehicle control after 15 days in culture (Figure 2a). Analysis
of S14 mRNA expression in these samples likewise showed an
85% decrease after CDDO-Im treatment (Figure 2b). In both
experiments differences in cyclophilin mRNA expression was
not significant (p = 0.41) between treatment groups indicating
no change in generalized gene transcription with triterpenoid
treatment. In contrast to the expected increase in lipogenic gene
expression that accompanies adipocyte differentiation, CDDOIm treatment decreased the expression of FAS and S14 (5). Thus,
the induction of differentiation may not be the primary mechanism of triterpenoid action in these cells.
Western blot analysis confirmed that FAS enzyme content
was reduced in the triterpenoid-treated cells compared to the
control group, while overall protein synthesis was unchanged as
determined by Bio-rad total protein assay (Figure 2c). Thus, the
inhibition at the transcriptional level corresponded to FAS protein down regulation. Effects of CDDO-Im on S14 protein could
not be confirmed with standard western blotting techniques due
to the relatively low abundance of this nuclear protein.

Fatty acid synthesis
Cells were cultured for 10 days in CDDO-Im or DMSO media. C14 acetate incorporation into total lipids was measured as
described previously (9, 19).

Glycerophosphate dehydrogenase activity
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RESULTS

LiSa-2 cells were cultured for 15 days with CDDO-Im 100
nM or DMSO media, and glycerophosphate dehydrogenase enzyme activity was determined as described previously (20).

Palmitic acid uptake
Cells were cultured for 10 days with CDDO-Im 100 nM or
DMSO media. Cells were then incubated for 1 hour in media
containing C14-palmitic acid (0.3 µCi/mL, Amersham, Biosciences, Piscataway, New Jersey, USA). Cells were trypsinized,
washed in PBS and the uptake of radioactivity was determined
in a liquid scintillation counter.

Cell proliferation

In silico microarray analysis
Data from a cDNA microarray analysis of a panel of sarcomas, including LS, was evaluated specifically for FAS expression using the database at: http://watson.nhgri.nih.gov/sarcoma/
(3). Determination of expression of FAS in LS was determined
using relative gene expression of LS compared to the median
expression for all 181 sarcoma specimens.

Statistics
Experiments were performed at least twice with 4–10 samples for each experimental group. Error bars in figures represent
standard error of the mean. ANOVA was used to determine the
statistical significance of differences between means.
120
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Table 1. RT-PCR gene profile screening of lipogenesis-related genes.

RT-PCR was performed with a panel of lipogenesis-related gene primers against
LiSa-2 cDNA from cells cultured in serum media for 15 days. Preadipocyte and
adipocyte cDNA were used as controls for stages of differentiation. Cyclophilin (CYC)
was used as positive control. CYC = cyclophilin, FAS = fatty acid synthase, S14 =
Spot-14, S14rp = Spot-14 related peptide, PPAR-gamma = peroxisome
proliferator-activated receptor γ , LPL = lipoprotein lipase, SREBP1c = sterol
response element-binding protein c, FABP = fatty acid binding protein.

To assess the impact of CDDO-Im on the activity of the FAS
gene, we transiently transfected LiSa-2 cells with a reporter plasmid containing the proximal 178 bp of the human FAS gene promoter, which contains the sterol response element-binding protein 1c (SREBP1c) binding site (Figure 2d) (22). Cells treated
with CDDO-Im exhibited a 60% decrease in luciferase activity
compared to the control group while total protein production
between samples was unchanged as determined by Bio-rad total
protein assay (Figure 2e). This assay demonstrated that increasing levels of CDDO-Im lead to decreasing levels of promoter
activity, indicating that transcription is the locus of triterpenoid
action on FAS expression.

Lipid metabolism
In order to assess the impact of altered expression of
adipocyte-specific genes after CDDO-Im administration, we determined rates of fatty acid synthesis, cellular fatty acid uptake, and the activity of a key enzyme of triglyceride formation, glycerophosphate dehydrogenase. Lower concentrations of
triterpenoid (50-100 nM) were used in these metabolic assays
to prevent the cell proliferative and apoptotic effects of higher
dose triterpenoids (1–10 µM) from distorting results.
Metabolic activity of FAS was assessed by the incorporation
of radiolabeled acetate, a substrate in fatty acid synthesis, into

Figure 1. Immunohistochemical detection of lipogenesis-related proteins in human liposarcoma tissue. Detection was with horseradish peroxidase (brown pigment), and slides were counterstained with hematoxylin (blue). Asterisks mark fat droplets in normal adipocytes adjacent
to tumors. Specimens from two additional subjects showed similar staining patterns. Panel A: Staining with a polyclonal goat-antihuman FAS
antibody yields a primarily cytoplasmic signal (arrow) in tumor and adipocytes. Panel B: Staining with a mouse monoclonal anti-human Spot 14
antibody reveals a primarily nuclear signal (arrow) in tumor and an adipocyte.
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Figure 2. CDDO-Im down-regulates FAS expression in LiSa-2 cells. Panel A: Quantitative real-time PCR demonstrates a 70% decrease in FAS
mRNA after 15 day exposure to 100 nM CDDO-Im compared to control plates. Data (mean ± SEM, n=6-10/group) are expressed as the ratio of
the FAS signal to that of cyclophilin. Panel B: Quantitative real-time PCR demonstrates an 85% decrease in S14 mRNA after 15 day exposure to
100 nM CDDO-Im compared to control plates. Data (mean ± SEM, n = 6/group) are expressed as the ratio of the S14 signal to that of cyclophilin.
Panel C: Western blot (20 µg protein/lane) demonstrates reduced FAS protein in cells treated with CDDO-Im, as opposed to diluent, for 15 days.
Serum day 0 indicates subconfluent LiSa-2 cells in serum-containing medium. T47D human breast cancer cells were used as a (+) control. The
FAS band migrates at ∼ 206 kD. Panel D: Diagram of the 178 bp fragment of the proximal human FAS gene promoter used to drive luciferase
expression in transfection experiments. SREBP-BS denotes the binding site for SREBP-1c; the position of binding sites for transcription factors
NF-Y and SP1 are indicated, as are a non-essential sterol response element sequence (SRE) and the TATA box. Panel E: Luciferase activity
(mean ± SEM, n= 3/group) measured 4 days after transfection is shown. FAS gene promoter activity is reduced by ∼ 60% in cells exposed to
100 nM CDDO-Im. Non-transfected LiSa-2 cells acted as negative controls.

de novo synthesized fatty acids (19). After treatment of LiSa-2
cells with CDDO-Im 100 nM or DMSO control for 10 days,
we observed a 4-fold decrease in C14 acetate incorporation into
total lipids in the triterpenoid treated group and no change in
total protein (Figure 3a). This confirmed that the triterpenoidmediated down regulation of FAS and S14 gene expression is
reflected functionally at the level of fatty acid synthesis.
Glycerophosphate dehydrogenase (GPDH) enzyme activity
is a measure of differentiation of human preadipocytes, with
increasing levels of activity corresponding to achievement of
the mature adipocyte phenotype (20). GPDH activity showed a
12-fold induction after 15 days of culture in confluent LiSa-2
122

cells in DMSO media compared to cells in serum media at subconfluency (Figure 3b). There was a slight decrease in GPDH
enzyme activity in CDDO-Im 100 nM treated cells at 15 days,
but there was also substantial up regulation compared to cells
in serum media at sub-confluency (Figure 3b). The results indicate the 100 nM dose of CDDO-Im does not induce further
differentiation in the LiSa-2 cell line and that the capacity to
differentiate with achievement of confluency is preserved in its
presence.
Exogenous uptake is an alternative mechanism for cells to
obtain fatty acids, and this can be measured by uptake of radiolabeled palmitic acid carried by albumin (23). We demonstrated
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Figure 3. Metabolic effects of CDDO-Im in LiSa-2 cells. Panel A: CDDO-Im inhibits incorporation of [14]-C-acetate into lipids. Cells were labeled
for 3 hours, at which time total lipids were extracted, and incorporation was measured in a liquid scintillation counter. Data are mean cpm (×102 )±
SEM (n = 4/group). Panel B: CDDO-Im does not exert a significant effect on the activity of the major enzyme of triglyceride synthesis. GPDH
enzyme activity (mean ± SEM, 8 wells/group) was measured before and after 15 day exposure to vehicle or 100 nM CDDO-Im. Panel C: The
uptake of exogenous fatty acids is unaffected by exposure to CDDO-Im. Cells were incubated in the presence of the indicated culture media
spiked with [14]-C-palmitic acid for 1 hour, and cell-associated radioactivity was determined. Data are mean cpm (x 104 )± SEM (n = 4/group).

no difference in the levels of palmitic acid uptake between
LiSa-2 cells treated with CDDO-Im or DMSO control (Figure 3c), indicating that no compensatory increase in exogenous
fatty acid uptake is elicited by the reduced de novo fatty acid
synthesis.

Effects of CDDO-Im and Cerulenin on LiSa-2
proliferation and apoptosis
CDDO-Im effects on LiSa-2 cell accumulation were determined by the Hoechst DNA assay. A dose-response curve was
evident with CDDO-Im treatment at concentrations greater than

100 nM, with complete cell kill occurring at >10 µM (Figure
4a). This is consistent with previous studies demonstrating apoptosis of a variety tumor cells with higher levels of triterpenoid
(11, 24). Our novel finding of FAS down regulation with CDDOIm led us to apply Cerulenin, an inhibitor of FAS enzyme activity, to determine if synergistic cytotoxicity could be achieved
through inhibition of FAS at both the transcriptional and protein level (25–27). A similar dose-response was seen with Cerulenin alone at doses 1-10 µg/mL with complete killing occurring at concentrations above 5 µg/mL (Figure 4b). Co-treatment
with CDDO-Im 100 nM increased sensitivity of the LiSa-2 cells
to Cerulenin, allowing for a 50% reduction in the Cerulenin
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Figure 4. CDDO-Im-treated LiSa-2 cells exhibit dose-dependent apoptosis and increased sensitivity to the cytotoxic effect of Cerulenin. Panel A:
Net cell accumulation after 5 day exposure to CDDO-Im, determined by DNA content/well is shown (mean ± SEM, n = 4 wells/data point). Panel
B: Cerulenin inhibits LiSa-2 cell growth. Cells were incubated in the indicated concentrations of Cerulenin x 5 days, and assayed as in panel A.
Panel C: Cells exposed to Cerulenin exhibit reduced growth at a sublethal concentration of CDDO-Im. Cells were exposed to 100 nM CDDO-Im
combined with the indicated concentrations of Cerulenin for 5 days, and analyzed for DNA content/well. Panel D: CDDO-Im causes enhanced
sensitivity to Cerulenin-induced apoptosis. Cells were grown x 5 days in 100 nM CDDO-Im in the presence of the indicated concentrations of
Cerulenin or diluent were analyzed in a TUNEL assay. Addition of a submaximally-lethal concentration of Cerulenin (5 µg/mL) to cells exposed
to 100 nM CDDO-Im caused a 5-fold increase in apoptosis. Note that the interaction is obscured at a maximally cytotoxic level of Cerulenin
(10 µg/mL).

dose required to achieve 100% cytotoxicity, thus demonstrating
synergy between CDDO-Im and Cerulenin (Figure 4c).
We performed a TUNEL assay to determine if reduced cell
number was due to induction of apoptosis or inhibition of
growth. LiSa-2 cells were cultured for 5 days in either CDDO-Im
or DMSO media with Cerulenin added at various concentrations
for the final 48 hours. The TUNEL assay demonstrated a dosedependent apoptotic effect of Cerulenin from 1-10 µg/mL, thus
confirming that the decrease in cell number seen in the Hoechst
assay was caused by increased apoptosis (Figure 4d). Increased
sensitivity with co-treatment with CDDO-Im was demonstrated
by a 4-fold increase in apoptosis at the 5 µg/mL Cerulenin dose
124

when compared to Cerulenin alone. CDDO-Im at 50 and 100
nM did not exert an apoptotic effect above that of the control, as
was expected at these sub-apoptotic concentrations (Figure 4a,
d). The results of the proliferation and apoptosis assays, therefore, confirmed that the triterpenoid-induced down regulation of
fatty acid synthesis ultimately results in decreased LiSa-2 proliferation and a lowering of the threshold of the response to the
FAS inhibitor Cerulenin.

DISCUSSION
We evaluated the effects of CDDO-Im in an immortalized
LS cell line. Triterpenoid treatment had dose-related apoptotic
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effects consistent with previous studies in various tumor cell
lines; however, the differentiating effects seen at lower doses
were not dramatic in this cell line as they were in osteosarcoma,
leukemia and 3T3-L1 cells (10, 11, 14, 28). Although differentiation was evident in CDDO-Im treated LiSa-2 cells as assessed
by the GPDH enzymatic assay, this was not significantly higher
compared to the control cells, which demonstrated increased
GPDH activity with achievement of confluency alone (Figure
3b). The ability of the LiSa-2 cells to increase GPDH enzyme
activity with confluency, similar to the preadipocyte 3T3 cells,
indicates that the response to this stimulus for differentiation is
preserved in LiSa-2 cells whether or not CDDO-Im is present
(29). The gene expression pattern related to fatty acid synthesis
observed in LiSa-2 cells indicates that they are quite dissimilar
to the preadipocyte and are developmentally arrested in a nearadipocyte state (Table 1). Therefore, these cells have already
completed a number of steps in the adipocyte differentiation
sequence.
While the synthetic triterpenoid did not foster further differentiation of LiSa-2 cells, the effects of increased apoptosis and
decreased cell proliferation were evident and were mediated, at
least in part, by the newly-described down regulation of FAS
and S14. Our data indicate that CDDO-Im inhibition of FAS
expression is mediated through a succinct fragment of the FAS
gene promoter, and that this decreases FAS mRNA and protein
(Figure 2a, c, e). The metabolic impact of FAS down regulation is evident in the decreased de novo synthesis of fatty acids
(Figure 3a). The specificity of triterpenoid action on de novo
lipogenesis, as opposed to other lipid-related pathways, is confirmed by the unchanged uptake of exogenous fatty acids and
GPDH activity (Figure 3b, c). This analysis provided a comprehensive view of the pathways of fatty acid metabolism (30). Our
demonstration of CDDO-Im down regulation of FAS and S14
is the first report of triterpenoid compounds affecting the fatty
acid synthesis pathway in any tumor cell line.
Reduced growth of LiSa-2 cells during CDDO-Im exposure
appeared to be mediated by the down regulation of genes concerned with fatty acid formation because Cerulenin-mediated
FAS inhibition simulated the actions of the triterpenoid in this
regard. Thus, LS exhibit a key aspect of the lipogenic tumor
phenotype in that their growth depends on fatty acid synthesis
(6). This concept is consistent with published cDNA microarray
data from a panel of 181 human sarcomas (3). In the 27 LS specimens analyzed in this microarray, the fatty acid metabolism gene
category was the most highly expressed in the LS compared to
all sarcomas (3). The LS specimens showed an average 0.5 log
over-expression of FAS compared to the median for all other sarcomas (Figure 5). LS was the only adult sarcoma to over express
FAS, while low expression was seen in malignant fibrous histiocytomas and leiomyosarcomas (Figure 5). Although the S14
cDNA was not dotted on this microarray, its expression has been
linked closely with the expression of FAS in lipogenic malignancies (6, 9). We also noted the presence of S14 and FAS protein
in human LS via IHC staining, indicating that these genes are
important to the LS phenotype in vivo (Figure 1). The importance of fatty acid metabolism in LS makes FAS a particularly

Figure 5. Fatty acid synthase (FAS) gene expression in human
liposarcoma. Relative level of FAS expression from global gene
expression microarray of 181 human sarcomas using web-based
database at http://watson.nhgri.nih.gov/sarcoma/ [3]. An average
0.5 log over expression of FAS is seen in liposarcomas, with down
regulation seen in other adult sarcomas (mean ± SEM, n=1738/data point) MFH = malignant fibrous histiocytoma.

attractive candidate target in this malignancy, which is generally
resistant to medical therapy.
The consequences of FAS inhibition by CDDO-Im are mediated by decreased proliferation and increased apoptosis of the
LiSa-2 cells (Figure 4a). Similar dose-responsive apoptosis with
higher doses of triterpenoids has been demonstrated in several
tumor types (11, 24). The dose-dependency of triterpenoid action indicates that down-regulation of FAS can occur at sublethal
doses. At higher doses, CDDO-Im will initiate apoptosis at a
critical level of FAS down regulation (Figure 4a). Thus, lethal
FAS inhibition can be achieved through either reduction of gene
expression mediated by CDDO-Im or at the enzymatic level by
Cerulenin. Cerulenin inhibits fatty acid biosynthesis through its
specific post-translational inhibition of FAS (31). The inhibition
of FAS gene expression by the triterpenoid is associated with
reduced proliferation, while enzyme inhibition by Cerulenin induces apoptosis, yielding a synergistic cytotoxic effect (Figure
4c, d). This synergism may allow for lower doses of the drugs,
thereby reducing toxicity. The inhibitory effect of CDDO-Im on
cancer cell lipid metabolism may be clinically exploitable.
This study confirms that the LiSa-2 cell line is an excellent in
vitro model for human LS and establishes the lipogenic nature
of this tumor type manifest by high expression of lipogenesisrelated genes, such as FAS and S14, and establishes its dependence on de-novo fatty acid synthesis for proliferation and
survival. While the full array of triterpenoid effects on gene
expression and cellular metabolism have yet to be defined, the
demonstration of inhibition of fatty acid synthesis by CDDOIm may have therapeutic relevance beyond LS, as recent studies indicate that a lipogenic phenotype is frequent in several
common human tumor types (25, 27, 32). Pharmacologic inhibition of endogenous fatty acid synthesis would be expected
to have few systemic ill-effects, due to the low activity of this
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pathway in non-malignant cells (33). Therapeutic targeting of
fatty acid synthesis using compounds such as CDDO-Im may
provide a novel and sorely-needed medical approach to treatment for LS. These findings also provide the basis for studies of the effects of synthetic triterpenoids in in vivo models
of LS.

14.

15.

REFERENCES
1.

2.

Cancer Invest Downloaded from informahealthcare.com by University of North Carolina on 05/20/11
For personal use only.

3.

4.

5.
6.

7.

8.

9.

10.

11.

12.

13.

126

Mack, T.M. Sarcomas and other malignancies of soft tissue,
retroperitoneum, peritoneum, pleura, heart, mediastinum, and
spleen. Cancer 1995, 75, 211–244.
Patel, S.R.; Burgess, M.A.; Plager, C.; Papadopoulos, N.E.;
Linke, K.A. Benjamin, R.S. Myxoid liposarcoma. experience with
chemotherapy. Cancer, 1994, 74, 1265–1269.
Baird, K.; Davis, S.; Antonescu, C.R.; Harper, U.L.; Walker, R.L.;
Chen, Y.; Glatfelter, A.A.; Duray, P.H. Meltzer, P.S. Gene expression profiling of human sarcomas: Insights into sarcoma biology.
Cancer Res. 2005, 65 (20), 9226–9235.
Wabitsch, M.; Bruderlein, S.; Melzner, I.; Braun, M.; Mechtersheimer, G. Moller, P. LiSa-2, a novel human liposarcoma cell line
with a high capacity for terminal adipose differentiation. Int. J. Cancer. 2000, 88, (6), 889–894.
Rosen, E.D.; Spiegelman, B.M. Molecular regulation of adipogenesis. Annu. Rev. Cell Dev. Biol. 2000, 16, 145–171.
Wells, W.A.; Schwartz, G.N.; Morganelli, P.M.; Cole, B.F.; Gibson,
J.J. Kinlaw, W.B. Expression of “spot 14” (THRSP) predicts disease
free survival in invasive breast cancer: Immunohistochemical analysis of a new molecular marker. Breast Cancer Res. Treat. 2006,
98 (2), 231–240.
Chang, Y.; Wang, J.; Lu, X.; Thewke, D.P. Mason, R.J. KGF induces
lipogenic genes through a PI3K and JNK/SREBP-1 pathway in
H292 cells. J. Lipid Res. 2005, 46 (12), 2624–2635.
Kuhajda, F.P. Fatty-acid synthase and human cancer: New perspectives on its role in tumor biology. Nutrition. 2000, 16 (3), 202–
208.
Martel, P.M.; Bingham, C.M.; McGraw, C.J.; Baker, C.L.; Morganelli, P.M.; Meng, M.L.; Armstrong, J.M.; Moncur, J.T. Kinlaw,
W.B. S14 protein in breast cancer cells: Direct evidence of regulation by SREBP-1c, superinduction with progestin, and effects on
cell growth. Exp. Cell Res. 2006, 312 (3), 278–288.
Place, A.E.; Suh, N.; Williams, C.R.; Risingsong, R.; Honda, T.;
Honda, Y.; Gribble, G.W.; Leesnitzer, L.M.; Stimmel, J.B.; Willson, T.M.; Rosen, E. Sporn, M.B. The novel synthetic triterpenoid, CDDO-imidazolide, inhibits inflammatory response and tumor growth in vivo. Clin. Cancer Res. 2003 9 (7), 2798–2806.
Suh, N.; Wang, Y.; Honda, T.; Gribble, G.W.; Dmitrovsky, E.;
Hickey, W.F.; Maue, R.A.; Place, A.E.; Porter, D.M.; Spinella, M.J.;
Williams, C.R.; Wu, G.; Dannenberg, A.J.; Flanders, K.C.; Letterio, J.J.; Mangelsdorf, D.J.; Nathan, C.F.; Nguyen, L.; Porter,
W.W.; Ren, R.F.; Roberts, A.B.; Roche, N.S.; Subbaramaiah, K.
Sporn, M.B. A novel synthetic oleanane triterpenoid, 2-cyano3,12-dioxoolean-1,9-dien-28-oic acid, with potent differentiating,
antiproliferative, and anti-inflammatory activity. Cancer Res. 1999,
59 (2), 336–341.
Konopleva, M.; Tsao, T.; Estrov, Z.; Lee, R.M.; Wang, R.Y.; Jackson, C.E.; McQueen, T.; Monaco, G.; Munsell, M.; Belmont, J.;
Kantarjian, H.; Sporn, M.B. Andreeff, M. The synthetic triterpenoid
2-cyano-3,12-dioxooleana-1,9-dien-28-oic acid induces caspasedependent and -independent apoptosis in acute myelogenous
leukemia. Cancer Res. 2004, 64 (21), 7927–7935.
Lapillonne, H.; Konopleva, M.; Tsao, T.; Gold, D.; McQueen,
T.; Sutherland, R.L.; Madden, T. Andreeff, M. Activation of peroxisome proliferator-activated receptor gamma by a novel synthetic triterpenoid 2-cyano-3,12-dioxooleana-1,9-dien-28-oic acid

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

induces growth arrest and apoptosis in breast cancer cells. Cancer
Res. 2003, 63 (18), 5926–5939.
Wang, Y.; Porter, W.W.; Suh, N.; Honda, T.; Gribble, G.W.;
Leesnitzer, L.M.; Plunket, K.D.; Mangelsdorf, D.J.; Blanchard, S.G.;
Willson, T.M. Sporn, M.B. A synthetic triterpenoid, 2-cyano-3,12dioxooleana-1,9-dien-28-oic acid (CDDO), is a ligand for the peroxisome proliferator-activated receptor gamma. Mol. Endocrinol.
2000, 14 (10), 1550–1556.
Samudio, I.; Konopleva, M.; Hail, N.,Jr; Shi, Y.X.; McQueen, T.;
Hsu, T.; Evans, R.; Honda, T.; Gribble, G.W.; Sporn, M.; Gilbert,
H.F.; Safe, S. Andreeff, M. 2-cyano-3,12-dioxooleana-1,9-dien-28imidazolide (CDDO-im) directly targets mitochondrial glutathione
to induce apoptosis in pancreatic cancer. J. Biol. Chem. 2005, 280
(43), 36273–36282.
Sporn, M.B.; Suh, N. Mangelsdorf, D.J. Prospects for prevention
and treatment of cancer with selective PPARgamma modulators
(SPARMs). Trends Mol. Med. 2001, 7 (9), 395–400.
Debrock, G.; Vanhentenrijk, V.; Sciot, R.; Debiec-Rychter, M.;
Oyen, R. Van Oosterom, A. A phase II trial with rosiglitazone in
liposarcoma patients. Br. J. Cancer. 2003, 89 (8), 1409–1412.
Demetri, G.D.; Fletcher, C.D.; Mueller, E.; Sarraf, P.; Naujoks, R.;
Campbell, N.; Spiegelman, B.M. Singer, S. Induction of solid tumor
differentiation by the peroxisome proliferator-activated receptorgamma ligand troglitazone in patients with liposarcoma. Proc. Natl.
Acad. Sci. U.S.A. 1999, 96 (7), 3951–3956.
Brusselmans, K.; De Schrijver, E.; Verhoeven, G. Swinnen,
J.V. RNA interference-mediated silencing of the acetyl-CoAcarboxylase-alpha gene induces growth inhibition and apoptosis of prostate cancer cells. Cancer Res. 2005, 65 (15), 6719–
6725.
Wise, L.S.; Green, H. Participation of one isozyme of cytosolic glycerophosphate dehydrogenase in the adipose conversion of 3T3
cells. J. Biol. Chem. 1979, 254 (2), 273–275.
Rago, R.; Mitchen, J. Wilding, G. DNA fluorometric assay in 96well tissue culture plates using hoechst 33258 after cell lysis by
freezing in distilled water. Anal. Biochem. 1990, 191 (1), 31–
34.
Swinnen, J.V.; Ulrix, W.; Heyns, W. Verhoeven, G. Coordinate regulation of lipogenic gene expression by androgens: Evidence for
a cascade mechanism involving sterol regulatory element binding
proteins. Proc. Natl. Acad. Sci. U.S.A. 1997 94 (24), 12975–12980.
Hasselbaink, D.M.; Glatz, J.F.; Luiken, J.J.; Roemen, T.H. Van der
Vusse, G.J. Ketone bodies disturb fatty acid handling in isolated
cardiomyocytes derived from control and diabetic rats. Biochem.
J. 2003, 371 (Pt 3), 753–760.
Konopleva, M.; Tsao, T.; Ruvolo, P.; Stiouf, I.; Estrov, Z.; Leysath,
C.E.; Zhao, S.; Harris, D.; Chang, S.; Jackson, C.E.; Munsell, M.;
Suh, N.; Gribble, G.; Honda, T.; May, W.S.; Sporn, M.B. Andreeff,
M. Novel triterpenoid CDDO-me is a potent inducer of apoptosis
and differentiation in acute myelogenous leukemia. Blood. 2002,
99 (1), 326–335.
Pizer, E.S.; Chrest, F.J.; DiGiuseppe, J.A. Han, W.F. Pharmacological inhibitors of mammalian fatty acid synthase suppress DNA
replication and induce apoptosis in tumor cell lines. Cancer Res.
1998, 58 (20), 4611–4615.
Kuhajda, F.P.; Pizer, E.S.; Li, J.N.; Mani, N.S.; Frehywot, G.L.
Townsend, C.A. Synthesis and antitumor activity of an inhibitor
of fatty acid synthase. Proc. Natl. Acad. Sci. U.S.A. 2000, 97 (7),
3450–3454.
Kuhajda, F.P.; Jenner, K.; Wood, F.D.; Hennigar, R.A.; Jacobs, L.B.;
Dick, J.D. Pasternack, G.R. Fatty acid synthesis: A potential selective target for antineoplastic therapy. Proc. Natl. Acad. Sci.U.S.A.
1994, 91 (14), 6379–6383.
Ito, Y.; Pandey, P.; Sporn, M.B.; Datta, R.; Kharbanda, S. Kufe,
D. The novel triterpenoid CDDO induces apoptosis and differentiation of human osteosarcoma cells by a caspase-8 dependent
mechanism. Mol. Pharmacol. 2001, 59 (5), 1094–1099.

D. T. Hughes et al.

29.

30.

32.

33.

Menendez, J.A.; Vellon, L.; Mehmi, I.; Oza, B.P.; Ropero, S.;
Colomer, R. Lupu, R. Inhibition of fatty acid synthase (FAS) suppresses HER2/neu (erbB-2) oncogene overexpression in cancer
cells. Proc. Natl. Acad. Sci. U.S.A. 2004, 101 (29), 10715–10720.
Weiss, L.; Hoffmann, G.E.; Schreiber, R.; Andres, H.; Fuchs, E.;
Korber, E. Kolb, H.J. Fatty-acid biosynthesis in man, a pathway
of minor importance. purification, optimal assay conditions, and
organ distribution of fatty-acid synthase. Biol.Chem.Hoppe Seyler.
1986, 367 (9), 905–912.

Cancer Invest Downloaded from informahealthcare.com by University of North Carolina on 05/20/11
For personal use only.

31.

Pairault, J.; Green, H. A study of the adipose conversion of suspended 3T3 cells by using glycerophosphate dehydrogenase as
differentiation marker. Proc. Natl. Acad. Sci. U.S.A. 1979, 76, (10),
5138–5142.
Vance, D.E.; Vance, J. Biochemistry of Lipids, Lipoproteins and
Membranes. Elsevier: New York, 1996.
Omura, S. The antibiotic cerulenin, a novel tool for biochemistry
as an inhibitor of fatty acid synthesis. Bacteriol. Rev. 1976, 40 (3),
681–697.

CDDO-Im Inhibition of Fatty Acid Synthase in Human Liposarcoma

127

