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Fatty-acid synthase (FAS) is up-regulated in a broad range
of cancers, including those of the breast, prostate, and ova-
ries. In tumor cells, the inhibition of FAS elicits cell cycle
arrest and apoptosis, so it is considered a potential drug tar-
get for oncology. Results from this study show that inhibition
of FAS, by either knockdown with small interfering RNA or
inhibition with the small molecule drug orlistat, leads to acti-
vation of the receptor-mediated apoptotic cascade (caspase-8-
mediated) and ultimately to cell death. However, knockdown of
two enzymes upstream of FAS, acetyl-CoA carboxylase-� and
ATP-citrate lyase, fails to activate caspase-8or to elicit apoptosis in
tumor cells, even though palmitate synthesis was suppressed.
Using differential gene analysis, we traced the unique apoptotic
effect of FAS inhibition to up-regulation ofDDIT4 (DNAdamage-
inducible transcript 4), a stress-response gene that negatively reg-
ulates the mTOR pathway. These findings indicate that suppres-
sion of palmitate synthesis is not sufficient for eliciting tumor cell
deathandsuggest that theuniqueeffectof inhibitionofFASresults
from negative regulation of themTOR pathway via DDIT4.

Eukaryotic fatty-acid synthase (FAS)2 synthesizes palmitate,
the precursor of long chain fatty acids (1). FAS is up-regulated
in a wide range of tumors (2–7), with levels increasing as tumor
grade and severity increase (3, 4). The up-regulation of FAS is
associated with poor prognosis, so the enzyme has become rec-
ognized in recent years as a target for anti-tumor therapy (2, 5,
6). In this regard, the targeted inhibition of FAS by the obesity
drug orlistat or analogs of cerulenin blocks tumor proliferation
and induces apoptosis in cultured cells (8–11) and also sup-
presses growth of xenografts in mice (8, 12, 13). Inhibition of
FAS has no effect on the survival of normal differentiated cells

in vitro and displays no signs of toxicity in vivo (8, 14, 15). This
tumor selectivity stems from the increased reliance of tumor
cells on de novo fatty acid synthesis to satisfy their metabolic
needs, whereas normal cells obtainmost lipids from the dietary
supply (16).
Up-regulation of FAS in tumors represents an overall activa-

tion of genes involved in lipogenesis (17). Lipogenic enzymes
that function upstream of FAS such as acetyl-CoA carboxyl-
ase-� (ACC-�) and ATP-citrate lyase (ACL) are elevated in
cancer and, like FAS, have been implicated as targets for tumor
treatment, suggesting that palmitate suppression can halt
tumorigenesis (supplemental Fig. 1) (17–23), yet there are also
other hypotheses on how inhibition of FAS elicits tumor cell
death. Recent evidence has linked the inhibition of FAS to
endoplasmic reticulum stress (24), the generation of reactive
oxygen species (25), and ceramide accumulation (26). Never-
theless, an understanding of how inhibition of FAS leads to
apoptosis remains elusive.
Here, we show that inhibition of FAS activates caspase-8

and induces tumor apoptosis but that knockdown of ACC-�
or ACL is without effect, even though their knockdown sup-
presses palmitate production. These findings indicate that
suppression of palmitate biosynthesis alone is not sufficient
to elicit tumor cell death and reveal that inhibition of FAS
has effects on tumor cells that extend beyond lipid biosyn-
thesis. We traced these FAS-specific effects to its unique
ability to up-regulate the stress-response gene DDIT4 (DNA
damage-inducible transcript 4; also known as REDD1/
RTP801/Dig2), which negatively regulates the mTOR (mam-
malian target of rapamycin) pathway.

EXPERIMENTAL PROCEDURES

Cell Lines—The MDA-MB-435 cell line was obtained from
Janet Price (University of Texas SouthwesternMedical Center).
MCF-7, LNCaP, PC-3, and Hs58.Fs cells were purchased from
American Type Culture Collection (Manassas, VA). MDA-
MB-435 andMCF-7 tumor cells were maintained in minimum
Eagle’s medium with Earle’s salts (Mediatech, Inc., Herndon,
VA) supplemented with 10% fetal bovine serum (Irvine Scien-
tific, Santa Ana, CA), 2mM L-glutamine (Invitrogen), minimum
Eagle’s medium vitamins (Invitrogen), nonessential amino
acids (Mediatech, Inc.), and antibiotics (Omega Scientific, Inc.,
Tarzana, CA). LNCaP and PC-3 tumor cells weremaintained in
RPMI 1640 medium (Mediatech, Inc.) supplemented with 10%
fetal bovine serum and antibiotics. Human fibroblast Hs58.Fs
cells were maintained in Dulbecco’s modified Eagle’s medium
(Irvine Scientific) supplemented with 10% fetal bovine serum
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and antibiotics. All cells were grown at 37 °C under a humidi-
fied 5% CO2 atmosphere.
Gene Silencing Using Small Interfering RNA—All small inter-

fering RNAs (siRNAs) were purchased from Dharmacon
(Lafayette, CO). SMARTpool siRNA contains a pool of four
siRNA sequences directed against the target gene. The siRNA
sequences targeting FAS (SMARTpool M-003954-02) were
designed and pooled as described previously (9). Fibroblast and
tumor cells were plated at 3.91 � 103 and 7.81 � 103 cells/cm2,
respectively, and grown for 24–48 h prior to transfection with
1–100 nM FAS SMARTpool, FAS duplex 9 (D-003954-09),
caspase-8 SMARTpool (M-003466-00), caspase-9 SMARTpool
(M-003309-00), ACC-� SMARTpool (M-004551-02), ACL
SMARTpool (M-004915-00), DDIT4 duplex 9 (J-010855-09),
DDIT4 duplex 10 (J-010855-10), DDIT4 duplex 11 (J-010855-
11), non-silencing control pool (D-001206-13), non-silencing
control duplex 1 (D-001810-01), and non-silencing control
duplex 2 (D-001210-02) siRNAs. Cells were transfected in
Opti-MEM I (Invitrogen) using Lipofectamine 2000 reagent
(Invitrogen) according to the manufacturer’s instructions.
After 5 h, cells were placed in normal culture medium and
grown for an additional 42–91 h.
Inhibition of FAS with Orlistat—Orlistat was extracted from

XenicalTM capsules (Roche Applied Science) and stored as
described previously (9). Fibroblast and tumor cells were plated
at 3.91 � 103 and 7.81 � 103 cells/cm2, respectively, and grown
for 24–48 h. Themediumwas subsequently removed, and cells
were washed with phosphate-buffered saline (PBS), refed with
fresh medium containing orlistat (0–50 �M), and grown for an
additional 24–72 h.
Measuring Fatty Acid Biosynthesis—In vivo fatty acid synthe-

sis was measured according to the method described by Lee et
al. (27). MDA-MB-435 tumor cells were transfected with
siRNA targeting FASorACC-�or non-silencing control siRNA
for 48 h, washed with medium once, and labeled for 24 h in
glutamine-freeminimumEagle’smedium containing 0.5 g/liter
[U-13C]glucose (Cambridge Isotope Laboratories, Andover,
MA) and 2.0 g/liter unlabeled glucose (Sigma). Labeled cells
were harvested using a cell scraper, rinsed with PBS, and cen-
trifuged at 2000 rpm for 5 min. The cell pellet was saponified
with 1 ml of 30% KOH/ethanol (1:1, v/v) at 70 °C overnight.
Neutral lipids were removed by petroleum ether extraction.
The aqueous layer was acidified, and fatty acids were recovered
by another petroleum ether extraction. The petroleum ether
layer was backwashed with water and evaporated to dryness.
Fatty acids were methylated with 0.5 N HCl in methanol
(Supelco, Bellefonte, PA) for gas chromatography/mass spec-
trometry analysis.
Fatty acid methyl esters were analyzed on the Trace

GC/Trace MS Plus system (Thermo Electron Corp., Waltham,
MA) using anRtx-5MS column (fused silica, 15m� 0.25mm�
0.25 �m; (Restek, Bellefonte). Gas chromatography conditions
were as follows. The helium flow rate was 2 ml/min, and the
oven temperature was programmed from 180 °C (1 min) to
210 °C at 3 °C/min. The interface temperature was maintained
at 250 °C and the source temperature at 200 °C. Mass spectra
were obtained using electron ionization at �70 eV. Palmitate,

stearate, and oleate were monitored at m/z 270, 298, and 296,
respectively.
Mass isotopomer distribution was determined after correct-

ing the contribution of labeling arising from natural abun-
dances of carbon (13C), oxygen (17O, 18O), and hydrogen (2H)
(28). The 13C enrichment of acetyl units and the de novo syn-
thesis of fatty acids were determined from the distribution of
mass isotopomers of palmitate (27).De novo synthesis of palmi-
tate produces palmitate with two, four, or six 13C atoms (m2,
m4, and m6). Thus, the enrichment of acetyl units was calcu-
lated from them4/m2 orm6/m4 ratio using the formulam4/m2 �
(n � 1)/2*(p/q) and m6/m4 � (n � 2)/3*(p/q), where n is the
number of acetyl units in palmitate (n � 8), p is the labeled
fraction, and q is the unlabeled fraction (p � q � 1). De novo
synthesis was then calculated by dividing the observed by the
predicted mass isotopomer fraction, i.e. m2/(8*p*q7) or
m4/(28*p2*q6). The effects of knockdown on glucose uptake
were excluded based on the ratio of [13C]acetyl-CoA to the
naturally labeled [12C]acetyl-CoA. No changes were observed
in the fraction of the acetyl-CoA pool labeled by 13C in any
experiments.
Measuring DNA Fragmentation—DNA fragmentation was

measured using the Cell Death Detection ELISAplus kit (Roche
Applied Science) according to the manufacturer’s instructions.
Western Blot Analysis—Floating and adherent cell popula-

tions were harvested using a cell scraper and rinsed with PBS.
Pellets were lysed in 2� SDS sample buffer, passed 10 times
through an 18-gauge needle, boiled for 5 min, and stored at
�80 °C. Insoluble material was removed by centrifugation at
14,000 rpm for 15 min at 4 °C. Protein was separated by SDS-
PAGE; transferred onto nitrocellulose; stained with 0.05% Pon-
ceau S (Sigma) to ensure equivalent protein loading per lane;
and probed overnight at 4 °C with anti-caspase-8, anti-
caspase-9, anti-ACC, anti-ACL, anti-eukaryotic initiation fac-
tor 4E (eIF4E), anti-phospho-eIF4E (Ser209) (Cell Signaling
Technology, Beverly, MA), anti-FAS (BD Transduction Labo-
ratories), anti-FLICE-like inhibitory protein (FLIP; Dave-2;
Axxora LLC, San Diego, CA), and anti-actin (Millipore) anti-
bodies. Immunoreactivity was detected using peroxidase-con-
jugated anti-mouse or anti-rabbit IgG and visualized by
enhanced chemiluminescence. Relative band density was
determined using AlphaImager Version 4.1.0 software (Alpha
Innotech Corp., San Leandro, CA).
Assessing the Activity of Caspase-3/7—The activity of

caspase-3 and caspase-7 was measured using the Apo-ONE�
homogeneous caspase-3/7 assay kit (Promega Corp., Madi-
son, WI). Cells were incubated with the caspase-3/7 sub-
strate benzyloxycarbonyl-DEVD-R110, and fluorescence
intensity (Ex485 nm/Em538 nm) was measured using a fluores-
cent plate reader (Molecular Devices, Sunnyvale, CA). The
amount of benzyloxycarbonyl-DEVD-R110 cleavage and flu-
orescence directly corresponded to caspase-3/7 activity.
GeneAnalysis—MDA-MB-435 tumor cells were treatedwith

orlistat, EtOH, FAS, ACC-�, ACL, or non-silencing control
siRNA on four separate occasions to generate biologically inde-
pendent measurements for each treatment. Whole genome
expression was examined 48 h following treatment. Total RNA
was isolated from adherent cells using the Qiagen RNeasy kit
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and hybridized to the HumanRef-8 v2 Expression BeadChip
(�22,000 gene transcripts; Illumina, San Diego, CA) according
to the manufacturer’s instructions. BeadChips were developed
as described previously (29).
Expression data were filtered to identify genes expressed on

the BeadChip at �0.99 confidence (10,859 genes) and normal-
ized per chip using nonlinear normalize.quantiles to remove
array-to-array variability. Knockdown of the target genes were
verified, leading to removal of one ACL treatment group from
further analysis due to lack of gene suppression. Genes differ-
entially expressed between treatmentswere identified using the
GeneSpring GX 7.3.1 software package (Agilent Technologies,
Palo Alto, CA). Briefly, chip normalized normalize.quantiles
data were imported into GeneSpring GX 7.3.1 and per gene
normalized to the appropriate biological control for each treat-
ment replicate. Genes that significantly changed in response to
orlistat or siRNA targeting FAS, ACC-�, or ACL compared
with controlswere identified using one-way analysis of variance
with a Benjamini and Hochberg false discovery rate of 0.05.
Geneswith a p value�0.05 andwith 1.5-fold changes occurring
in three ormore biological replicates for a given treatmentwere
then overlapped using Venn diagrams to identify a set of genes
modified solely by ACC-� and ACL siRNAs and those regu-
lated by FAS siRNA and orlistat.

Measuring Sensitivity to TRAIL—
His6-FLAG-tagged recombinant sol-
uble TRAIL (tumor necrosis factor-
related apoptosis-inducing ligand)
was obtained from John Reed (Burn-
ham Institute for Medical Research)
(30). MCF-7 tumor cells were ex-
posed to either orlistat (0–25 �M) or
5-(tetradecyloxy)-2-furoic acid (25
�M; Sigma) for 24 h or transfected
with 25 nM FAS, ACC-�, ACL, or
non-silencing control siRNA for 48
h. TRAIL sensitization was subse-
quently determined by incubating
the cells with TRAIL (200–500
ng/ml) for 4 h and measuring the
level of DNA fragmentation as
described above.

RESULTS

Knockdown of FAS Is Unique in
Its Ability to Induce Tumor Cell
Apoptosis—RNA interference was
used to silence the expression of
FAS, ACC-�, and ACL and to assess
their effects on apoptosis in a panel
of tumor cells lines (MDA-MB-435
and MCF-7 mammary carcinoma
cells and LNCaP and PC-3 prostate
cancer cells). Off-target effects are a
major concern when using siRNA-
mediated gene silencing, especially
when followed by gene expression
analysis (31).Weminimized off-tar-

get activity by using pools of four siRNA sequences (SMART-
pools) (31). Measurements of protein expression showed that
the targeted SMARTpool siRNAs knocked down between 65
and 90% of cellular FAS, ACC-�, and ACL; the non-silencing
control siRNA had no impact on the expression of these
enzymes when compared against Lipofectamine 2000 transfec-
tion alone (Fig. 1A, right panels, and supplemental Fig. 2).
Transfection with 25 nM FAS siRNA induced apoptosis in all
four tumor cell lines (Fig. 1A). In contrast, knockdown of ACL
failed to induce tumor cell death inMDA-MB-435,MCF-7, and
LNCaP cells and had only minor apoptotic activity in PC-3
cells; knockdownofACC-� also failed to induceDNA fragmen-
tation. These results are consistent with the conclusion that
knockdown of enzymes upstream of FAS is not sufficient to
elicit an apoptotic response in tumor cells.
Anti-tumor effects of FAS inhibition are proposed to be

mediated by suppression of palmitate production (32), so it is
surprising that knockdown of ACC-� and ACL had little effect
on tumor cell death. To confirm that knockdown of the target
enzymes resulted in suppression of palmitate biosynthesis, we
compared the effect of knockdown of ACC-� or FAS on palmi-
tate biosynthesis in MDA-MB-435 cells (Fig. 1B). Cells were
transfected with 25 nM siRNA targeting FAS or ACC-�, and
48 h later, cells were labeled with [U-13C]glucose for 24 h.

FIGURE 1. Knockdown of FAS, but not ACC-� or ACL, induces tumor cell apoptosis. A, cell death was
monitored by measuring the level of DNA fragments present within immunocaptured nucleosomes (left
panel). Tumor cells were exposed to 25 nM siRNA targeting FAS, ACC-�, or ACL or non-silencing control siRNA
for 72 h (MDA-MB-435 and PC-3 cells) or 96 h (MCF-7 and LNCaP cells). Cells were lysed, and DNA fragmentation
was measured by enzyme-linked immunosorbent assay. Values are normalized to Lipofectamine 2000 (mock)-
transfected controls and are the means � S.E. of at least three replicates per treatment. Knockdown of FAS,
ACC-�, and ACL was verified by Western blotting (MDA-MB-435 cells (right panels) and MCF-7, PC-3, and LNCaP
cells (supplemental Fig. 1)). B, the de novo synthesis of palmitate and the enrichment of acetyl-CoA were
measured by gas chromatography/mass spectrometry in MDA-MB-435 cells transfected with 25 nM siRNA
targeting either FAS or ACC-� or a non-silencing control and labeled with [U-13C]glucose. Values are the
means � S.E. of two independent experiments.
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The enrichment of [13C]acetyl-CoA and [13C]palmitate was
assessed by gas chromatography/mass spectrometry. As
expected, knockdown of FAS or ACC-� blocked palmitate bio-
synthesis to comparable levels (49 and 55%, respectively). A
similar level of palmitate inhibition following knockdown of
ACL was reported previously (22, 23). The suppression of
palmitate was not due to differences in the uptake or utilization
of glucose because the ratio of [13C]acetyl-CoA to naturally
occurring [12C]acetyl-CoA was unchanged in all experiments
(Fig. 1B). Because knockdown of FAS or ACC-� leads to an
equivalent reduction in de novo palmitate biosynthesis, we con-
cluded that suppression of fatty acid biosynthesis by itself is not
sufficient to induce tumor cell apoptosis. It has also been sug-
gested that inhibition of FAS induces apoptosis by increasing
the concentration of malonyl-CoA, a substrate of FAS. If this
were the case, onemight expect that simultaneous inhibition of
ACC-�, which produces malonyl-CoA, would rescue tumor
cells from apoptosis. However, inhibition of neitherACC-� nor
ACL could rescue cells from the apoptotic effects of knock-
down of FAS (supplemental Fig. 3).
Inhibition of FAS Induces Tumor Cell Apoptosis by Activating

Caspase-8—To determine which apoptotic pathways are acti-
vated by inhibition of FAS, we examined the effects of FAS

knockdown on the activation of
caspase-8 (receptor-mediated apo-
ptosis) and caspase-9 (stress-in-
duced apoptosis) (33). MDA-MB-
435 cells were incubated either with
a titration range of orlistat (0–50
�M) for 48 h or with 100 nM FAS
siRNA for 72 h. Cell extracts were
separated by SDS-PAGE and
probed with antibodies specific for
either full-length or cleaved (acti-
vated) caspase-8 and caspase-9.
Inhibition of FAS by both FAS
siRNA and orlistat induced activa-
tion of caspase-8 but failed to acti-
vate caspase-9 (Fig. 2A).
Rescue experiments were con-

ducted to verify that the apoptotic
effects of FAS inhibition are elicited
solely by caspase-8. Cells were
cotransfected with siRNA targeting
caspase-8 and caspase-9 along with
FAS. Cell death was gauged by
measuring DNA fragmentation
(Fig. 2B). Knockdown of caspase-8
rescued cells from FAS knockdown
by 64%. Correspondingly, we ob-
served a decrease in the activity of
the executioner caspase-3/7 in re-
sponse to the same treatment (Fig.
2C) (33). Knockdown of caspase-9
with siRNA failed to block apopto-
sis or the activation of caspase-3/7
(Fig. 2, B and C). Collectively,
these findings demonstrate that

ablation of FAS induces apoptosis through caspase-8. In
contrast to the effects of knockdown of FAS, knockdown of
ACC-� or ACL was without effect on the activation of
caspase-8 (Fig. 2D). Notably, the apoptotic effect is unique to
tumor cells because it does not occur in normal fibroblasts
(Fig. 2E). The unique effect of FAS ablation on caspase-8 was
also observed in the MCF-7, LNCaP, and PC-3 tumor cell
lines (supplemental Fig. 2).
Inhibition of FAS Up-regulates the Expression of DDIT4—To

better understand the link between inhibition of FAS and acti-
vation of caspase-8, we compared changes in gene expression
induced by knockdown of FAS with those induced by knock-
down of ACC-� or ACL. Genome-wide expression patterns
were monitored in response to the knockdowns in the MDA-
MB-435 cells.
Three filtering criteria were applied to identify gene

expression changes unique to inhibition of FAS: (i) only
genes modified by at least at least 1.5-fold were considered;
(ii) target genes had to be affected both by the siRNA target-
ing FAS and by treatment with orlistat; and (iii) target genes
could not be modified by knockdown of ACC-� or ACL
(meaning a change of �1.5-fold) because they are not linked
to apoptosis. Three genes that met these criteria were iden-

FIGURE 2. Knockdown of FAS induces caspase-8-dependent cell death. A, the effect of mock, non-silencing
control, or FAS siRNA (100 nM; left panel) and orlistat (0–50 �M; right panel) on the cleavage of caspase-8 and
caspase-9 was analyzed in MDA-MB-435 cells by Western blotting. Camptothecin (1.4 �M) served as a positive
control for induction of the proteolytic processing of caspase-9. Equivalent protein loading per lane was ensured by
staining blots with Ponceau. B and C, MDA-MB-435 cells were cotransfected with 50 nM FAS siRNA together with 50
nM non-silencing control, caspase-8, or caspase-9 siRNA. DNA fragmentation (B) and caspase-3/7 activity (C, left
panel) were measured 72 h after transfection. Transfection with 100 nM non-silencing control siRNA was used to
indicate the basal level of apoptosis occurring in response to transfection. Knockdown of caspase-8 and caspase-9
was verified by Western blotting (C, right panels). Values are the means � S.E. of at least three replicates per treat-
ment. D, the effect of 100 nM siRNA targeting FAS, ACC-�, or ACL on cleavage of caspase-8 was measured in MDA-
MB-435 cells 96 h after transfection by Western blotting using antibody against caspase-8. E, Hs58.5s fibroblasts
were exposed to mock, non-silencing control, or FAS siRNA (100 nM) for 96 h and assessed for cleavage of caspase-8.
Camptothecin served as a positive control. RFLU, relative fluorescence units.
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tified (supplemental Table 1): GPX8 (also known as
LOC493869), a sec24 homolog, and DDIT4.
We chose to test the hypothesis that DDIT4 is a link

between FAS and caspase-8 because this gene was up-regu-
lated the most by ablation of FAS and because there is evi-
dence in the literature showing that DDIT4 negatively regu-
lates the mTOR pathway (34, 35). To test whether
up-regulation of DDIT4 is necessary for the activation of
caspase-8 in response to FAS inhibition, we treated MDA-
MB-435 cells with siRNA targeting FAS and DDIT4. This
experiment showed that knockdown of DDIT4 prevented
activation of caspase-8 (Fig. 3A). Thus, DDIT4 is necessary
for the activation of caspase-8 in response to FAS inhibition.

Inhibition of FAS Reduces the
Expression of eIF4E and the Anti-
apoptotic Protein FLIP—DDIT4 is
reportedly a negative regulator of
the mTOR pathway, a pathway
that controls protein biosynthesis
through activation of the rate-limit-
ing translation initiation factor
eIF4E (36, 37). We found that
knockdown of FAS and orlistat
reduced the phosphorylation of
eIF4E (Fig. 3B), showing that inhibi-
tion of FAS negatively regulates
protein translation. Knockdown of
ACC-� or ACL had no effect on
eIF4E phosphorylation, confirming
that down-regulation of protein
translation is specific to the inhi-
bition of FAS. Suppression of protein
translation by mTOR inhibition has
been linked to down-regulation of
the synthesis of FLIP, an anti-apo-
ptotic protein that blocks activation
of caspase-8 (38). We also found
that inhibition of FAS reduced the
expression of both isoforms of
FLIP, FLIPL and FLIPS (Fig. 3C).
Inhibition of FAS Sensitizes Tumor

Cells to TRAIL-induced Apoptosis—
Interestingly, down-regulation of
FLIP sensitizes tumor cells to
TRAIL (39), a member of the tumor
necrosis factor family that activates
caspase-8. We tested whether inhi-
bition of FAS could be exploited as a
means to sensitize tumor cells to
TRAIL. MCF-7 tumor cells that are
resistant to TRAIL were used as a
model (30). Pretreatment of MCF-7
cells for 24 h with increasing con-
centrations of orlistat sensitized the
cells to TRAIL (Fig. 4A). Very little
apoptosis occurred in cells exposed
to TRAIL along with vehicle (data
not shown). Similar observations

were observed using siRNA to inhibit FAS (Fig. 4B). In contrast,
neither small molecule inhibition nor siRNA knockdown of
ACC-� or ACL sensitized the tumor cells to TRAIL (Fig. 4B).

DISCUSSION

The salient conclusions of this study are that inhibition of
FAS, but not other enzymes involved in fatty acid biosynthesis,
(i) induces apoptosis in tumor cells by activating caspase-8; (ii)
up-regulates the stress-response gene DDIT4, which inhibits
the mTOR pathway; and (iii) sensitizes tumor cells to the apo-
ptotic protein TRAIL.
FAS is required for both tumor cell growth and survival (9,

11), yet themechanistic links betweenFAS and tumor cell death

FIGURE 3. Knockdown of FAS induces activation of caspase-8, expression of DDIT4, suppression of eIF4E
phosphorylation, and reduction in the anti-apoptotic protein FLIP. A, MDA-MB-435 cells were cotrans-
fected with 25 nM FAS duplex 9 siRNA together with 25 nM non-silencing control duplex 1 or DDIT4 duplex 9 –11
siRNAs. Caspase-8 cleavage was measured 96 h after transfection by Western blotting. Transfection with 50 nM

non-silencing control siRNA was used to indicate the basal level of caspase-8 cleavage occurring in response to
siRNA transfection. B, the effect of non-silencing control siRNA or siRNA targeting FAS, ACC-�, or ACL (25 nM; left
panel) and orlistat (0 –50 �M; right panel) on phosphorylation and the expression levels of the translation
protein eIF4E (p-eIF4E and eIF4E) were measured by Western blotting in MDA-MB-435 cells 96 h after transfec-
tion. C, MDA-MB-435 cells were transfected with non-silencing control or FAS siRNA (25 nM) and analyzed
48 –96 h post-transfection for changes in the expression of the anti-apoptotic protein FLIP. Actin was used as a
loading control.

FIGURE 4. Inhibition of FAS sensitizes MCF-7 tumor cells to TRAIL. A, MCF-7 cells were treated with a concentra-
tion range of orlistat (0–25 �M) for 24 h prior to the addition of 200 ng/ml His6-FLAG-tagged recombinant TRAIL or
a PBS control. After 4 h, cell death was monitored by measuring the level of DNA fragmentation. Values are the
means � S.E. of four replicates per treatment normalized to TRAIL or PBS treatment alone. B, TRAIL sensitization was
monitored in MCF-7 cells transfected with 25 nM siRNA targeting FAS, ACC-�, or ACL or non-silencing control siRNA
for 48 h or treated with 25 �M orlistat or an ACC-� inhibitor (5-(tetradecyloxy)-2-furoic acid (TOFO)) for 24 h. DNA
fragmentation was measured 4 h after the addition of TRAIL (200–500 ng/ml); values were normalized to back-
ground levels. TRAIL sensitization was calculated by dividing treatment � TRAIL by treatment � PBS. Values are the
means � S.E. of eight replicates per treatment from two independent experiments.
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have not been unraveled. Here, we have shown that knockdown
of FAS or its inhibition with orlistat induces tumor cell apopto-
sis through activation of caspase-8, with no detectable role for
caspase-9. Hence, the central mechanism of tumor cell apopto-
sis in response to inhibition of FAS is activation of caspase-8.
Knockdown of FAS leads to activation of caspase-8 in both
breast and prostate carcinoma cells and in both less aggressive
(MCF-7 and LNCaP) and more aggressive (MDA-MB-435 and
PC-3) tumor cell lines (40–43).
Perhaps most significantly though, knockdown of ACL or

ACC-� failed to induce caspase-8-mediated apoptosis, even
though their inhibition reduced palmitate production to the
same level as knockdown of FAS. These findings are consistent
with the conclusion that a blockade of fatty acid biosynthesis
alone is not sufficient to induce tumor cell apoptosis. Indeed,
prior work showed that inhibition of ACL can inhibit tumor
growth but that this effect results from inhibition of cell cycle
progression, not through tumor cell apoptosis (22). Similarly, a
blockade of ACC-� by 5-(tetradecyloxy)-2-furoic acid fails to
induce tumor cell apoptosis even though it inhibits palmitate

biosynthesis (13, 44). Altogether then, there is a growing body
of evidence that separates the apoptotic effects of FAS inhibi-
tors from the de novo synthesis of palmitate. Therefore, the
simplest interpretation of our findings is that a reduction in the
de novo synthesis of palmitate alone is not sufficient for activa-
tion of caspase-8 or for tumor cell apoptosis.
Our observations support amodel whereby inhibition of FAS

up-regulates DDIT4 and, as a result, interferes with mTOR sig-
naling.DDIT4 is involved in a series of binding interactions that
ultimately lead to mTORC1. DDIT4 binds 14-3-3, preventing
14-3-3 from sequestering TSC2 in a bound complex (46).
Unbound TSC2 is therefore free to bind TSC1, and their com-
plex acts as a negative regulator of Rheb, a positive upstream
regulator ofmTORC1 (47, 48). Consequently, inhibition of FAS
negatively regulates the mTORC1 signaling pathway (Fig. 5).
The connection between FAS and mTOR probably also

explains why inhibition of the enzyme elicits apoptosis through
caspase-8. The inhibition of mTOR suppresses protein transla-
tion, thereby reducing biosynthesis of FLIP, which blocks the
activation of caspase-8 (38). Hence, the reduction in mTOR
signaling caused by knockdown of FAS or by inhibition of FAS
with orlistat releases a natural inhibition of caspase-8.
The down-regulation of FLIP was found previously to sensi-

tize tumor cells to TRAIL (39), which probably explains how
inhibition of FAS sensitizes tumor cells to TRAIL. TRAIL trig-
gers apoptosis through engagement of death receptors that
trigger apoptosis by recruiting caspase-8 (49–51). Because the
effects of TRAIL are rather selective for tumor cells, this protein
is considered an attractive target for cancer treatment. Cur-
rently, recombinant TRAIL and TRAIL receptor agonists are
being tested in clinical trials and are showing encouraging anti-
tumor activity (52). However, the potential of TRAIL as a che-
motherapeutic agent is limited due to the emergence of TRAIL
resistance (53). Our findings suggest that such resistance could
potentially be avoided or overcome by sensitizing tumor cells to
this agent by combining it with an inhibitor of FAS. A similar
strategy could also be applied to drug development programs
aimed at inhibiting the mTOR pathway (54).
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