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Overexpression of the fatty acid synthase (FASN) gene has been implicated in prostate carcinogenesis.
We sought to directly assess the oncogenic potential of FASN.

Background

Methods We used immortalized human prostate epithelial cells (iPrECs), androgen receptor-overexpressing iPrECs
(AR-iPrEC), and human prostate adenocarcinoma LNCaP cells that stably overexpressed FASN for cell
proliferation assays, soft agar assays, and tests of tumor formation in immunodeficient mice. Transgenic
mice expressing FASN in the prostate were generated to assess the effects of FASN on prostate histology.
Apoptosis was evaluated by Hoechst 33342 staining and by fluorescence-activated cell sorting in iPrEC-
FASN cells treated with stimulators of the intrinsic and extrinsic pathways of apoptosis (ie, camptothecin
and anti-Fas antibody, respectively) or with a small interfering RNA (siRNA) targeting FASN. FASN expres-
sion was compared with the apoptotic index assessed by the terminal deoxynucleotidyltransferase-mediated
UTP end-labeling method in 745 human prostate cancer samples by using the least squares means proce-
dure. All statistical tests were two-sided.

Results Forced expression of FASN in iPrECs, AR-iPrECs, and LNCaP cells increased cell proliferation and soft agar
growth. iPrECs that expressed both FASN and androgen receptor (AR) formed invasive adenocarcinomas
in immunodeficient mice (12 of 14 mice injected formed tumors vs 0 of 14 mice injected with AR-iPrEC
expressing empty vector (P < .001, Fisher exact test); however, iPrECs that expressed only FASN did not.
Transgenic expression of FASN in mice resulted in prostate intraepithelial neoplasia, the incidence of which
increased from 10% in 8- to 16-week-old mice to 44% in mice aged 7 months or more (P =.0028, Fisher
exact test), but not in invasive tumors. In LNCaP cells, siRNA-mediated silencing of FASN resulted in apop-
tosis. FASN overexpression protected iPrECs from apoptosis induced by camptothecin but did not protect
iPrECs from Fas receptor-induced apoptosis. In human prostate cancer specimens, FASN expression was
inversely associated with the apoptotic rate (mean percentage of apoptotic cells, lowest vs highest quartile
of FASN expression: 2.76 vs 1.34, difference = 1.41, 95% confidence interval = 0.45 to 2.39, P,,., = .0046).

These observations suggest that FASN can act as a prostate cancer oncogene in the presence of AR and
that FASN exerts its oncogenic effect by inhibiting the intrinsic pathway of apoptosis.

Conclusions
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Fatty acid synthase (FASN) is a key enzyme for the synthesis of
long-chain fatty acids from acetyl-coenzyme A (CoA) and malo-
nyl-CoA that uses reduced nicotinamide adenine dinucleotide
phosphate as a cofactor. Fatty acid synthesis occurs at very high
rates in tumor tissues, as was first demonstrated more than half a
century ago in a [*C]glucose incorporation study that showed that
almost all fatty acids in rodent tumor cells derive from de novo
synthesis even in rodents that had an adequate nutritional supply
(1). FASN is minimally expressed in most normal human tissues
except the liver and adipose tissue, where it is expressed at high
levels (2). FASN expression is markedly increased in several
human cancers compared with the corresponding normal tissue,
and its overexpression in tumors has been associated with a poor
prognosis (3-12).
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CONTEXT AND CAVEATS

Prior knowledge

Fatty acid synthase (FASN)—a key enzyme in the synthesis of long-
chain fatty acids—is overexpressed in prostate intraepithelial neo-
plasia compared with adjacent normal tissue and in metastatic
prostate cancer. Several studies have shown that inhibition of FASN
gene expression in various cancer cell lines via RNA interference-
mediated silencing or chemical inhibitors induces apoptosis, sug-
gesting that FASN overexpression may protect prostate epithelial
cells from apoptosis.

Study design

A molecular examination of the effects of FASN expression in
human prostate cancer cell lines, human prostate cancer samples,
and mouse xenograft models.

Contribution
FASN can act as a prostate cancer oncogene in mouse models, and
FASN exerts its oncogenic effect by inhibiting the intrinsic pathway
of apoptosis.

Implications
Drug that target FASN may be an effective treatment for prostate
cancer.

Limitations

Only one of many potential mechanisms of FASN-mediated
oncogenicity—inhibition of apoptosis—was studied. The models
used did not address the role played by lipid-modifying enzymes on
FASN enzymatic products, specifically palmitate. Overexpression
of FASN as a transgene did not result in invasive adenocarcinomas
in the mouse model.

From the Editors

FASN protein function and expression has been extensively
analyzed in human tumors (3-6). We previously showed that
FASN is overexpressed in prostate intraepithelial neoplasia (PIN)
compared with adjacent normal tissue, suggesting that it plays a
role in the initial phases of prostate tumorigenesis, and in meta-
static prostate cancer, suggesting that it may function as a mediator
of biological aggressiveness (7). Importantly, Rossi et al. (7) dem-
onstrated that FASN-overexpressing prostate cancers display a
characteristic gene expression signature, and Shah et al. (13) found
that one-fourth of human prostate cancers analyzed by fluorescent
in situ hybridization have genomic amplification of FASN. From a
functional standpoint, pharmacological approaches to decrease
expression of FASN have been shown to result in growth inhibi-
tion of various tumor cell lines including those derived from pros-
tate cancer and/or prostate cancer tumor xenografts in vivo
(14-16).

Human prostate cancer is a common and clinically heteroge-
neous disease that comprises biologically distinct subtypes.
Genome-wide analyses and epidemiological studies have identified
only a small number of candidate genes that may be associated
with either hereditary or sporadic prostate cancer (17-19). By con-
trast, emerging evidence suggests that high-fat diets and obesity
are risk factors for prostate cancer (20-29). Indeed, a lipogenic
phenotype is a distinctive feature of many cancer cell types includ-
ing prostate cancer cells (10).
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The lipogenic phenotype that results from alterations in fatty
acid metabolism suggests that FASN protein overexpression may
play an important role in prostate cancer initiation and mainte-
nance. However, it remains unclear how prostate tumor cells
acquire a selective growth advantage through FASN protein
overexpression and how deregulated lipid metabolism contrib-
utes to transformation or tumor progression. Several studies
have shown that inhibition of FASN gene expression in various
cancer cell lines via RNA interference-mediated silencing or
chemical inhibitors induces apoptosis (14-16,30). In addition, it
has been reported that FASN inhibitor-mediated cytotoxicity
can be reversed with palmitate, the final product of FASN cata-
lytic activity (15,31). These observations suggest that FASN
overexpression may protect prostate epithelial cells from
apoptosis.

Based on the evidence that FASN is overexpressed in prostate
cancer and that it may protect tumor cells from apoptosis, we pro-
posed, and subsequently set out to demonstrate, that FASN is a
bona fide oncogene (32). We overexpressed FASN in immortal-
ized, nontransformed human prostate epithelial cells and in trans-
genic mice and assessed the consequences of overexpression on
prostate cell transformation.

Materials and Methods

Cell Lines and Culture Conditions

Immortalized human prostate epithelial cells (PrECs) and andro-
gen receptor—overexpressing iPrECs (AR-iPrECs) were engi-
neered as previously described (33). Briefly, human prostate
primary epithelial cells (PrECs) were obtained from BioWhittaker
(Rockland, Maine) and propagated in defined medium (PrEGM)
(Cambrex, East Rutherford, NJ) as recommended. iPrECs were
infected with amphotropic retroviruses encoding the SV40-large
T antigen and small T antigen and ATERT. Wild-type androgen
receptor (AR) was introduced using an AR complementary DNA
(cDNA) cloned into a pWZL retrovirus containing a blasticidin
selection cassette (Invitrogen, Carlsbad, CA).

Human prostate adenocarcinoma LNCaP cells were obtained
from American Type Culture Collection (AT'CC, Manassas, VA).
The 7536-base pair human FASN ¢cDNA previously generated by
ligation of four fragments (16) and fused to internal ribosomal
entry site (IRES) and luciferase (Luc) sequences was subcloned in
the pBabe retroviral vector (Addgene, Cambridge, MA), resulting
in the mammalian retroviral expression construct pBabe-FASN-
IRES-Luc, as confirmed by DNA sequencing. This construct was
used to obtain stable FASN-expressing cell lines. Human embryo
kidney 293T cells (from ATCC) were cotransfected with pBabe-
FASN-IRES-Luc or pBabe empty vector (EV) as control and the
packaging plasmid pCL (Imgenex, San Diego, CA) using Fugene6
transfection reagent (Roche, Indianapolis, IN) according to the
manufacturer’s instructions. The retrovirus containing superna-
tant of the transfected 293T cells was used to infect iPrECs,
AR-iPrECs, and LNCaP cells, as previously described (16), to
generate iPrEC-FASN, AR-iPrEC-FASN, FASNCaP cells,
respectively, and the corresponding control cells (iPrEC-EV,
AR-iPrEC-EV, and LNCaP-EV, respectively). Infected cells were
selected by their ability to grow in medium containing 2 pg/mL
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puromycin (Sigma, St Louis, MO). iPrECs, AR-iPrECs, their
derivatives, and iPrEC-H-ras"""? cells [iPrECs which express the
glycine 12 — valine mutated version of the HA-RAS gene; gener-
ated by Berger et al. (33)] were grown in P,EGM medium
(Cambrex). LNCaP cells and their derivatives were grown in
RPMI-1640 medium (Invitrogen) containing 10% fetal bovine
serum (Sigma) and 1% penicillin-streptomycin (Invitrogen).

5-Bromodeoxyuridine Incorporation Assay

iPrEC-EV, iPrEC-FASN, AR-iPrEC-EV, and AR-iPrEC-FASN
cells were cultured for 2 days in six-well plates (3 x 10° cells per well)
and 10 pM 5-bromodeoxyuridine (BrdU) (Upstate, Charlottesville,
VA) was added to the culture medium 1 hour before harvesting.
The cells were fixed in ice-cold 70% ethanol, denatured in 2 mol/L
HCI, followed by neutralization with 0.1 M sodium borate, and
finally stained with fluorescein isothiocyanate (FITC)-conjugated
anti-BrdU monoclonal antibody (BD Biosciences, San Jose, CA),
according to the manufacturer’s instructions. Propidium iodide (PI)
was used as the nuclear counterstain. The cells were analyzed by
flow cytometry (10000 cells per sample) to determine the percent-
age of cells that had incorporated BrdU.

Anchorage-Independent Growth Assay

iPrEC-EV, iPrEC-FASN, or iPrEC-H-ras"""? cells were mixed
with 0.4% top agar and layered over 0.6% bottom agar, in tripli-
cate, in six-well plates (5 x 10° cells per well) (BD Biosciences,
Franklin Lakes, NJ). The cells were allowed to grow for 3 weeks,
at which time colonies larger than 200 pm were counted with the
use of the publicly available Image J software (version 1.41; http://
rsbweb.nih.gov/ij/index.html). AR-iPrEC-EV, AR-iPrEC-FASN,
LNCaP-EV, and FASNCaP cells were assessed in the same
manner.

In Vivo Studies

All experiments involving mice were conducted according to animal-
use protocols that were approved by the Institutional Animal Care
and Use Committee of the Dana-Farber Cancer Institute.

Generation of Transgenic Mice With Prostate-Specific
Expression of FASN. We created a construct for prostate-specific
expression of FASN in mice that included the androgen-responsive
probasin promoter (ARR2-PB), the full-length human FASN
c¢DNA, an internal ribosome entry site, the luciferase reporter
gene, and a polyadenylation signal sequence. Injection of this con-
struct into the pronuclei of fertilized mouse eggs (derived from an
Friend leukemiavirus B strain background) was performed by the
transgenic mouse core facility at Dana-Farber Cancer Institute.
Transgenic founder mice were generated according to standard
procedures. Identification of founder mice was confirmed by in
vivo bioluminescence imaging after intraperitoneal injection of
mice with p-luciferin (75 mg per kg body weight; Promega,
Fitchburg, WI) followed by whole animal imaging with the use of
a Xenogen IVIS 100 imaging system (Caliper Life Science,
Hopkinton, MA). Both wild-type and FASN-transgenic mice were
killed by CO, asphyxiation 30 minutes after injection with luciferin.
The three lobes of the prostate, the bladder, the preputial gland,
the kidneys, and the liver were then excised and placed in phos-
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phate-buffered saline (PBS) in 24-well plates for immediate imag-
ing as described above.

Transgenic mice were genotyped by polymerase chain reaction
(PCR) wusing three pairs of primers: forward 5-TGCACC-
TTGTCAGTGAGGTC-3" and reverse 5-CGGAGTGAA-
TCTGGGTTGAT-3' located in the 3’ region of the rat probasin
promoter and in the 5’ region of the FASN transgene, generating a
376-bp amplicon; forward 5'-CCAGGGATTTCAGTCGATGT-3’
and reverse 5'-AATCTCACGCAGGCAGTTCT-3" located in the
luciferase gene, generating a 185-bp amplicon; and forward 5'-CTAA-
CGTTACTGGCCGAAGC-3" and reverse 5'-AGGAACTGCTT-
CCTTCACGA-3' located in the IRES sequence, generating a
202-bp amplicon. Histological slides of ventral, anterior, and dorso-
lateral lobes of the prostates from male transgenic mice at 8-16
weeks of age (28 mice), at 4-7 months of age (59 mice), and at
7 months to 1 year of age (29 mice) were evaluated for the presence or
absence of hyperplasia as well as for PIN and compared in a blinded
fashion with 40 age-matched, nontransgenic control littermates
by two pathologists with extensive experience in murine pathology
(M. Loda and S. Signoretti). In vitro luciferase assay, PCR-based geno-
typing, or immunoblot analyses were performed on extracts from the
hemilobe of the prostate that was not used for histopathology.

Xenografts. A 1:1 (vol:vol) mixture of 5 x 105 LNCaP-EV or
FASNCaP cells and Matrigel in a total volume of 200 pL was
injected subcutaneously into the right flank of 6-week-old male
athymic nu/nu immunodeficient mice (purchased from Charles
River Laboratories, Wilmington, MA; n=9 mice per group).
AR-iPrEC-EV or AR-iPrEC-FASN cells were also injected as
described above (5 x 10° cells per mouse; 15 mice per group).
Tumor size was monitored by caliper measurements every 3 days,
and the mice were killed by CO, asphyxiation when the tumor
size reached a diameter of approximately 1.5 cm. Either 5 x 10°
AR-iPrEC-EV or AR-iPrEC-FASN cells, in a 1:1 mixture of
P,EGM medium and Matrigel, were injected into the anterior
lobes of the prostates of 21 mice (8 for AR-iPrEC-EV and 13 for
AR-iPrEC-FASN cells) in a total volume of 20 pL as previously
described (33). Mice were killed by CO, asphyxiation 6 weeks after
injection of the cells; the anterior lobes of the prostate of each
mouse were resected, fixed in formalin, embedded in paraffin, and
stained with hematoxylin—eosin (H&E).

Immunoblot Analysis

iPrEC-EV, iPrEC-FASN, AR-iPrEC-EV, AR-iPrEC-FASN,
LNCaP-EV, and FASNCaP cells, as well as freshly frozen mouse
prostate lobe tissues were lysed in 1% 3[(3-cholamidopropyl)
dimethylammonio]-propanesulfonic acid buffer (Boston Bio-
Products, Worcester, MA), and the resulting cell extracts were
cleared by centrifugation at 16000g. Equal amounts of proteins
from the supernatants, as measured by the Bradford method, were
boiled in 2x Laemmli buffer, a reducing and denaturating loading
buffer containing 4% sodium dodecyl sulfate (SDS), 20% glycerol,
10% beta-2-mercaptoethanol, 0.004% bromphenol blue, and
0.125 M Tris-HCI (pH 6.8), resolved by electrophoresis on
4%-12% polyacrylamide gels (Invitrogen), and transferred to
polyvinylidene difluoride membranes (Millipore, Billerica, MA).
The membranes were probed with the following antibodies:
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mouse monoclonal anti-FASN (1:10 000 dilution; BD Biosciences),
rabbit polyclonal anti-poly (ADP-ribose) polymerase (PARP,
1:1000 dilution; Cell Signaling, Danvers, MA), and mouse mono-
clonal anti—B-actin (1:10000 dilution; Sigma). Immunocomplexes
were detected with the use of horseradish peroxidase—conjugated
secondary antibodies (Bio-Rad, Hercules, CA) and enhanced
chemiluminescence (PerkinElmer, Waltham, MA).

Histopathology and Immunohistochemistry

Prostates were removed from transgenic mice, mice that received
the orthotopic implants, and control mice. Prostates were micro-
dissected to isolate the dorsolateral, ventral, and anterior lobes;
seminal vesicles were isolated as well. Dissected tissue samples
were fixed overnight in 10% formalin, processed in a VIP 2000
histological processing instrument (Sakura, Torrance, CA), and
embedded in paraffin. Sections of formalin-fixed paraffin-embed-
ded (FFPE) tissues (5 pm thick) were stained with H&E. The
largest diameter of each lobe was assessed on the slide, and the
number of acini present in the largest diameter section of each lobe
was counted. Immunohistochemistry was performed by use of an
automated 1600 immunostainer (Biogenex, San Ramon, CA) on
serial 5-pm sections from mouse tissue blocks and on human tissue
microarray (TMA) sections by use of a standard avidin-biotin—
peroxidase method that included 3,3'-diaminobenzidine as the
peroxidase substrate and the following primary antibodies: rabbit
polyclonal antibody to FASN (1:200 dilution; Assay Designs, Ann
Harbor, MI); rabbit monoclonal antibody to Ki67 (1:100 dilution;
Vector Laboratories, Burlingame, CA); mouse monoclonal anti-
body to SV40-large T antigen (1:50 dilution; Santa Cruz, Santa
Cruz, CA); and rabbit polyclonal antibody to AR (1:100 dilution;
Upstate, Billerica, MA). Each staining required antigen retrieval in
citrate-PBS buffer (pH 6.0). Apoptosis in mouse and human FFPE
tissue sections was studied using the Apoptag peroxidase in situ
assay (Chemicon International, Billerica, MA) according to the
manufacturer’s instructions. The apoptotic rate was independently
evaluated by two pathologists (Alessandro Fornari and Michelangelo
Fiorentino) as the number of stained apoptotic cells divided by the
total number of prostate epithelial cells. At least 200 cells per two
high-power microscopic fields were counted per core and three
cores per patient were present on the TMA. FASN expression was
rated semiquantitatively based on antibody staining intensity on a
scale of 0-3, where 0 represented the FASN staining intensity
equal to that in prostate epithelial cells from wild-type mice and 3
represented the maximum staining intensity.

We also examined the correlation between FASN immunohis-
tochemical expression and apoptosis assessed using the Apoptag
assay in archival prostatectomy specimens from 745 men with pros-
tate cancer that were included on nine high-density TMAs described
above. These TMAs also included representative normal prostate
tissue cores as controls. The men were participants in the Health
Professionals Follow-up Study (http://www.hsph.harvard.edu/hpfs/)
and the Physicians’ Health Study (http://phs.bwh.harvard.edu/) and
were diagnosed with prostate cancer between 1982 and 2004
(34-36). The median age (SD) at cancer diagnosis was 66 years
(3.7 years); 61% of the men had a Gleason score of 7, and 15%
had a Gleason score of 8 or higher. All experiments involving
human specimens were approved by the institutional review board
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(authorization number BWH 2001-P-000228, “Nutritional and
Biochemical/Genetic Markers of Cancer”).

RNA Interference

LNCaP cells were transiently transfected with a small interfering
RNA (siRNA) that silences expression of FASN as previously
described (14). The sequence of the FASN-targeted siRNA (5'-
TGGAGCGTATCTGTGAGAA-3") was chosen out of five
sequences available because it was most efficient at reducing FASN
mRNA and protein levels. We therefore used this siRNA for all the
experiments. As a nonspecific siRNA control, we used a scrambled-
sequence siRNA duplex (5'-GCGCGCTTTGTAGGATTCG-3";
both siRNAs were synthesized by Dharmacon (Lafayette, CO).
LNCaP cells were transiently transfected with 20 nM siRNA-tar-
geting FASN or scrambled siRNA in 60-mm dishes (5 x 10° cells
per dish) with the use of Lipofectamine RNAIMAX reagent
(Invitrogen) according to the manufacturer’s instructions and were
used for apoptosis assays and measurements of intracellular levels
of reactive oxygen species (ROS) measurements at 24, 48, 72, 96,
and 120 hours after transfection.

Apoptosis Assays

iPrEC-EV, iPrEC-FASN, LNCaP, and FASNCaP cells were
seeded in 60-mm dishes (1 x 10° cells per dish) and treated for up
to 20 hours with camptothecin (0-100 nM; Calbiochem, Gibbstown,
NJ) or a monoclonal anti-Fas antibody (0-500 ng/mL, clone
CH-11; MBL International, Woburn, MA). Cells treated with Fas
were costimulated with cycloheximide (50 pg/mL; Calbiochem) to
increase their susceptibility to apoptosis (37). Cells were incubated
in a 10-pg/mL solution of Hoechst 33342 for 30 minutes and apop-
totic cells were counted. The apoptotic rate was measured as the
percentage of apoptotic cells by Hoechst 33342 staining. Similar
results were obtained by flow cytometry (data not shown).

Changes in the mitochondrial membrane potental were also
assessed as an indirect measure of apoptosis among iPrEC-EV and
iPrEC-FASN cells treated with campthotecin. Following 18 hours of
exposure to the drug, 2 x 10° cells were harvested and incubated in
suspension with the cationic fluorescent dye rhodamine 123 (100 nM
concentration in P,EGM medium) at 37°C for 30 minutes, then
washed with PBS and resuspended in PI (1 pg/mL in PBS).
Rhodamine 123 incorporation was assessed by flow cytometry analy-
sis. Changes in the mitochondrial membrane potential were calculated
by subtracting the number of PI-negative and rhodamine 123—positive
cells after treatment from the number before treatment.

LNCaP cells were plated in 60-mm dishes (5 x 10° cells per
dish) and treated with anti-FASN siRINA (for up to 120 hours) as
described above. To rescue apoptosis, 100 pM palmitatein in 0.1%
bovine serum albumin (BSA) was added to the cells from a stock
solution of 10 mM palmitate in 10% BSA in water (both from
Sigma). Apoptosis was measured by immunoblot analysis of whole-
cell lysates using an antibody specific for PARP (1:1000 dilution;
Cell Signaling) and flow cytometry. LNCaP cells were used for
both fluorescence-activated cell sorting and immunoblotting
simultaneously, pelleted, washed with PBS, and fixed with ice-cold
80% ethanol. The cells were resuspended in PBS and PI was added
to a final concentration of 50 mg/mL, and the samples were sub-
jected to flow cytometry. Flow cytometric analysis was carried out
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using FACSCalibur (BD Biosciences) and cells with sub-G1 DNA
content (ie, apoptotic cells) were quantified with CellQuest
(BD Biosciences) and ModFit L'T3.0 software (Verity Software
House, Topsham, ME). Cells with sub-G1 DNA content were
quantified.

Measurement of ROS

LNCaP cells (2 x 10° cells per assay) were treated with FASN siRNA
for 24, 48, and 72 hours, or FASN siRINA and palmitate for 72 hours
as described above. The scrambled-sequence siRNA served as a con-
trol for the experiment. Following treatment, the cells were washed
once with PBS and incubated with 10 pM carboxy-H,DCFDA, a
fluorescent indicator of intracellular levels of ROS (Molecular Probe,
Carlsbad, CA), for 30 minutes at 37°C in PBS. The cells were har-
vested and analyzed by flow cytometry using CellQuest software.

Castration-Induced Apoptosis in the Prostate Gland of
Transgenic Mice

Male mice (12 wild-type mice and 12 FASN-transgenic mice) were
castrated under anesthesia. On day 0 (e, just before castration) and
on days 3 and 7 after castration, we removed the prostate gland from
four mice of each genotype per time point. The prostate glands
were dissected, fixed in 10% formalin overnight, processed through
a graded alcohol series and xylene, and embedded in paraffin.
Paraffin sections (5 pm thick) were cut and mounted on glass slides.
The sections were dewaxed, and then stained with H&E or used for
immunohistochemical staining for FASN or for apoptotic cell
detection with Apoptag as described above.

Statistical Analysis

Data were summarized as the number (and percentage) of samples
or as mean or median values (with 95% confidence intervals [CIs]).
Differences between groups were evaluated with the Student # test
for continuous values and with the Fisher exact test for categorical
variables. Comparisons between tissues from transgenic and
implanted mice and paired control mice were conducted using the
Wilcoxon signed rank test. The relationships between continuous
variables were assessed using the Spearman correlation coefficient.
In the analysis of human samples, we categorized case patients by
quartiles of FASN expression based on the distribution among all
patients and compared the percentage of apoptosis using the least
squares means procedure (38) and conducted tests of trend using
linear regression, controlling for age and body mass index at dia-
gnosis. Statistical analysis was undertaken using SAS version 9 (SAS
Institute, Cary, NC); all statistical tests were two-sided, and P less
than .05 was considered statistically significant.

Results

Effect of FASN Overexpression on Immortalized Prostate
Epithelial Cells

As a first step toward assessing the oncogenic properties of FASN,
we overexpressed this enzyme in nontransformed prostate epithe-
lial cells. We previously reported that immortalized nontrans-
formed prostate epithelial cells (iPrECs) that were stably transfected
with an expression vector containing the validated oncogenes Myc
or H-ras¥ or the activated catalytic subunit of the phosphati-
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dylinositol 3-kinase pl110 o formed tumors when injected into
nude mice (33). To compare the oncogenic potential of FASN
with that of the oncogenes mentioned above, we generated
immortalized iPrECs that were stably transfected with an expres-
sion vector encoding FASN (iPrEC-FASN) or with empty vector
(iPrEC-EV). We initally compared cell proliferation in these
isogenic clones by use of the BrdU incorporation assay. We found
that FASN overexpression conferred a statistically significant pro-
liferative advantage to iPrECs in terms of the percentage of BrdU
incorporating cells (iPrEC, FASN vs empty vector: 24.81% vs
22.66%, difference =2.15%,95% CI =1.55% t02.75%; P =.0042).
Given that FASN is an androgen-regulated gene (33), we next
generated iPrEC-FASN and iPrEC-EV cells that stably express
the AR (AR-iPrEC-FASN and AR-iPrEC-EV, respectively).
Similar results were obtained with these cells (percentage of AR-
iPrECs incorporating BrdU, FASN vs empty vector: 30.18% vs
22.82%, difference =7.36%, 95% CI =5.4% to 9.3%; P =.0037)
(Figure 1, A). We confirmed that FASN expression was consider-
ably higher in iPrECs, AR-iPrECs, and LNCaP cells that were
stably transfected with the FASN expression construct than in the
isogenic control cells stably transfected with the empty vector
(Figure 1, B). In the anchorage-independent growth assay, iPrEC-
FASN cells formed statistically significantly more colonies in soft
agar than iPrEC-EV cells (325.4 vs 42.2 colonies, difference =283.2
colonies, 95% CI =233.2 to 333.2 colonies; P <.001). The number
of foci formed by iPrEC-FASN cells was intermediate between the
numbers formed by iPrEC-EV cells and by iPrEC-H-ras""? cells
(42.2 and 897.19 foci, respectively). AR-iPrEC-FASN cells also
formed a statistically significantly greater number of colonies than
AR-iPrEC-EV cells (577 vs 107.3, difference = 469.7, 95%
CI=395.7 to 543.6; P < .001) (Figure 1, C). We next examined
whether the overexpression of FASN in transformed prostate
LNCaP cells would affect their ability to form colonies in soft
agar. LNCaP cells that stably overexpressed FASN (FASNCaP
cells) formed a statistically significantly greater number of colonies
in soft agar compared with vector-transfected LNCaP cells (833.7
vs 240.2, difference = 593.4, 95% CI = 550.6 to 636.2; P < .001)
(Figure 1, C).

We next examined the ability of immortalized prostate epithe-
lial cells stably transfected with FASN to form tumors in vivo.
iPrEC-H-ras"*"? cells formed palpable tumors within 3 weeks after
subcutaneous injection into immunodeficient mice (five of six
injected mice formed tumors), whereas iPrEC-FASN cells did not,
regardless of whether the iPrEC-FASN cells were injected subcu-
taneously (none of 10 injected mice formed tumors) or orthotopi-
cally (two of 10 injected mice formed tumors). Importantly,
AR-iPrEC-FASN cells formed invasive adenocarcinomas when
injected either subcutaneously (12 of 14 mice injected formed
tumors vs 0 of 14 mice injected with AR-iPrEC-EV) or orthotopi-
cally (nine of 13 mice injected formed tumors vs two of eight mice
injected with AR-iPrEC-EV into immunodeficient mice; P < .001
for both comparisons, Fisher exact test). As expected, the tumori-
genic AR-iPrEC-FASN cells in murine prostate tumors expressed
FASN, SV40-large T antigen, and AR (Figure 1, D). We also
examined tumor formation when LNCaP cells transfected with
empty vector or FASN were injected subcutaneously in immuno-
deficient mice. Stable expression of FASN in LNCaP cells allowed

JNCI | Articles 523



A B
3571 OEev P<.0037 iPrEC  AR-IPrEC  LNCaP

. | i B P
Figure 1. Effect of fatty acid synthase < R SR A SR A
(FASN) overexpression on cell prolifera- £ 25 -
tion, growth in soft agar, and tumorigene- 8 FASN| & = - — .“‘
sis in nude mice. A) 5-Bromodeoxyuridine ©— 20

(BrdU) incorporation assay. Immortalized %

human prostate epithelial cells (iPrECs), & 151 }. a— .l
with or without the androgen receptor & B-actin - -

(AR) stably transfected with either the % 10 1 1 2 3 4 5 6
empty vector (EV) or FASN, were cultured 5
for 2 days and 10 yM BrdU was added to 57
the culture medium 1 hour before harvest- g

ing. The cells were analyzed by flow . ¥ .

cytometry (10000 cells per sample) to iPrEC AR-IPIEC

determine the percentage of cells that

had incorporated BrdU. P values (Student C iPrEC AR-IPrEC LNCaP
t test) are two-sided. Mean percentage of

BrdU-labeled cells in triplicate sang:ples i P <.001 P<.001 P<.001
and 95% confidence intervals (error bars) 8 1200 700 1000

are shown. B) Immunoblot analysis of E 100 600 800 |

FASN protein expression in iPrECs, E 800 P<.001 500
AR-iPrECs, and LNCaP cells stably trans- ‘>:'~ 800 1 400 600 1
fected with pBabe empty vector (lanes 1,3, © 300 400 1
5) and pBabe FASN (lanes 2, 4, 6). J 400 200
C) Anchorage-independent growth assay. = 200 100 200 1
The mean number of colonies 200 um or D 0 01

greater in diameter that grew in soft agar = Vector FASN 2\fras Vector FASN Vector
from three independent experiments, each : A - Ty
performed in triplicate, are plotted. e ) o L '._ i e
AR-iPrECs and LNCaP cells are compared x20 : 55 ¥ : : L
with the isogenic cell lines overexpressing - — -
FASN. iPrECs are also compared with E ™ [ .'

iPrECs overexpressing H-ras"?"2. Colonies x100 . o ||EB .

(lower panels) are shown at x20 and x100 . L. "

magnification. D) Hematoxylin-eosin-
stained sections (upper left) and corre-
sponding immunohistochemistry (brown D

staining, methyl green counterstaining) for
AR, FASN, and SV40-large T antigen on
orthotopic tumors derived from injection
of AR-iPrEC-FASN in the anterior prostate
of nude mice (scale bar = 50 pym). Mouse
prostate acinus is on the right (yellow
arrow, upper left panel), whereas estab-
lished tumor derived from AR-iPrEC-FASN
human cells is in the stroma beneath the
gland on the left (black arrow, upper left
panel). For comparison, two-tailed Student
t test was used.

these cells to grow subcutaneously in nude mice with substantially
greater efficiency (eight of nine vs three of nine mice formed
tumors) when compared with LNCaP cells transfected with the
empty vector.

Taken together, these results indicate that overexpression of
FASN induces transformation of and confers tumorigenicity to
immortalized prostate epithelial cells.

Generation of Transgenic Mice That Express FASN in the
Prostate

To examine the oncogenic role of FASN in vivo, we generated
transgenic mice that expressed FASN in the prostate under the
control the prostate-specific ARR2 probasin promoter. The
expression construct that we used to generate these mice also
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SV40-large T

included a luciferase reporter gene under the control of an IRES
(Supplementary Figure 1, A, available online). Three of 11 founder
mice carried the transgene, and F1 progeny from those three
strains were bred for several generations. We used multiple assays
to confirm the presence of the transgene: a PCR-based genotyping
method that used primers located in the 3’ region of the probasin
promoter and in the 5’ region of the FASN transgene (all mice); in
vitro and in vivo luciferase assays (15/116 and 25/116 mice, respec-
tively; Supplementary Figure 1, B, available online); FASN and
luciferase immunohistochemistry (all mice, data not shown); and
luciferase assays of the hemilobe of the prostate that was contral-
ateral to the one used for histopathological analysis. In wild-type
control (ie, nontransgenic) mice, we detected substantial levels of
endogenous FASN protein in liver and preputial gland lysates by
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immunoblotting (Supplementary Figure 1, A, available online) and
in liver and preputial gland tissue by immunohistochemistry (data
not shown). In FASN-transgenic mice, FASN protein was detected
by immunohistochemistry in liver and preputial glands and in all
of the prostate lobes (data not shown), with highest expression in
the ventral lobe as determined by in vitro luciferase activity
(Supplementary Figure 1, B, available online), immunoblotting
(Supplementary Figure 1, C, available online), and by immunohis-
tochemistry (data not shown).

Effect of Prostatic Expression of FASN in Transgenic Mice

Because forced expression of FASN in prostate epithelial
cells resulted in increased proliferative activity (Supplementary
Figure 1, D, available online), we first examined whether FASN

overexpression resulted in hyperplasia in the mouse prostate. To
do this, we paraffin embedded all of the prostate hemilobes of
146 male mice from the three founder lines (mice were aged
8 weeks to 14 months, 116 transgenics and 30 wild type) and
serially sectioned each in their entirety. We recorded the largest
diameter of each lobe and used it and the number of acini pres-
ent in the largest diameter section of each lobe as independent
measures of hyperplasia (Figure 2, C).

Histological examination of the serial sections revealed that
proliferating cells filled the lumens of ventral, anterior, and dorso-
lateral prostate lobes (Figure 2, A). We observed macroscopic
obstruction of the bladder outflow by the enlarged prostate in
several older males and noted a substantial enlargement of all
prostate lobes compared with age-matched, wild-type littermate

Number of glands ©

VP DLP

50

PIN incidence (%)
28838

(=]

1-3mo 4-7mo >7mo
Age of mice

Figure 2. Phenotype of prostate-specific fatty acid synthase (FASN)-
transgenic (Tg) mice. A) Representative histological images of the
anterior (AP), dorsolateral (DLP), and ventral (VP) prostatic lobes of a
6-month-old FASN-transgenic (Tg) mouse and a wild-type (WT) mouse
(scale bar = 100 um). Epithelial hyperplasia is evident in the Tg mouse
prostate (scale bar = 100 ym) as shown by the filling of glandular
lumen by hyperplastic epithelial cells. B) Prostatic hyperplasia leading
to bladder outlet obstruction and bladder distension. C) Box plots
showing the number of acini per largest diameter section from all of the
prostate lobes in FASN-Tg and WT mice. Lower and higher whiskers
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G

indicate 10th and 90th percentile, respectively; lower and higher edges
of box indicate 25th and 75th percentile, respectively; the inner line in
the box indicates 50th percentile; and the dot in the box indicates the
average of all data. For comparison of WT and Tg, a two-tailed Student
t test was used. D) Age-related incidence of prostate intraepithelial
neoplasia (PIN) in FASN-Tg mice. Incidence of PIN in FASN-Tg mice
aged 1-3, 4-7, and 7 or more months. E) Example of the PIN phenotype
in FASN-transgenic mice: hematoxylin-eosin (H&E) (arrow shows tran-
sition from normal to neoplastic epithelium) and immunohistochemical
staining for FASN and androgen receptor (scale bar=100 pym).
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control mice (Figure 2, B). Finally, an antibody against the prolif-
eration antigen Ki67 (Supplementary Figure 1, D, available online)
and the number of acini present in the largest diameter section of
each lobe (Figure 2, C) were used to assess the extent of hyperpla-
sia among the prostate samples. Compared with aged-matched,
littermate control mice, FASN-transgenic mice had a statistically
significantly greater number of acini and higher proliferative rates
in all prostatic lobes. The average numbers of acini in the largest
diameter section of anterior prostates from wild-type vs FASN-
transgenic mice were 18.0 vs 23.0 (P = .0027), in wild-type vs
FASN-transgenic dorsolateral prostate lobes were 31.7 vs 36.3
(P = .016); the average numbers of acini in the largest diameter
section of ventral prostates from wild-type vs FASN-transgenic
were 43.9 vs 55.4 (P < .001) (Figure 2, C).

Histological examination of the serial prostate sections also
revealed a second important phenotype in FASN-transgenic
mice—PIN—that displayed low penetrance and was age depen-
dent. We observed no PIN in prostate glands obtained from mice
younger than 2 months, whereas the highest incidence of PIN was
recorded in mice aged 1 year or older. The overall incidence of
PIN in FASN-transgenic mice was 28% (33/116). Importantly,
the incidence of PIN increased substantially with age, from 10%
(95% CI = 1% to 22%) in 8- to 16-week-old mice to 39% (95%
CI =26.5% to 51.4%) in 4- to 7-month-old mice and 44% (95%
CI =26.7% to 62.9%) in mice aged 7 months to 1 year (P =.0028
when comparing group 1 to groups 2 and 3 by Fisher exact test)
(Figure 2, D). Invasive prostate carcinoma was not observed in any
of the mice examined. Prostate tissues obtained from FASN-
transgenic mice were positive for FASN and AR by immunohis-
tochemistry in all mice (data not shown) (Figure 2, E).

Together, these findings indicate that overexpression of FASN,
a metabolic enzyme, in immortalized prostate cells induces inva-
sive adenocarcinomas and that FASN-transgenic mice develop
prostate hyperplasia and in situ neoplasia in vivo.

Effect of FASN Overexpression on Apoptosis
Apoptosis occurs by two major pathways: intrinsic and extrinsic. The
intrinsic pathway is activated by stress inducers, such as DNA-
damaging agents, which trigger the mitochondria to release factors
into the cytosol that aid in caspase 9 activation. The extrinsic path-
way is activated by stimulation of death receptors (ie, Fas and
TRAIL), which then trimerize to form a complex that activates cas-
pase 8. Both caspase 8 and 9 cleave and activate caspase 3 to induce
DNA fragmentation, which is characteristic of apoptosis (39).
Although an antiapoptotic role for FASN was previously sug-
gested (37,40-42), which of these pathways was inhibited was
unclear. We therefore examined whether FASN could protect
against apoptosis induced by agents that stimulate the intrinsic and
the extrinsic pathways. We treated iPrECs and iPrEC-FASN cells
with camptothecin, a stimulator of the intrinsic pathway, or anti-
Fas antibody, a stimulator of the extrinsic pathway, for 20 hours.
Because anti-Fas antibody treatment alone had a minimal effect on
apoptosis in iPrECs, we also treated these cells with anti-Fas anti-
bodies and cycloheximide, which was added to enhance death
receptor signaling, as previously described (43). The cells were
harvested and evaluated for DNA fragmentation, an early marker
of apoptosis, by PI staining and flow cytometry analysis.

526 Articles | JNCI

Camptothecin (as well as etoposide, another intrinsic pathway
stimulator; data not shown) induced statistically significantly less
apoptosis in iPrECs and LNCaP cells that overexpressed FASN
than in cognate cells that expressed empty vector (mean percent-
age of apoptotic iPrECs per well after 20 hours of 50 nM
camptothecin, empty vector vs FASN: 31.9% vs 19.5%, differ-
ence =12.4%, 95% CI =1.6% to 23.2%, P =.033 [Figure 3, AJ;
mean percentage of apoptotic LNCaP cells per well after 20 hours
of 50 nM camptothecin, empty vector vs FASN: 15.5% vs 6.5%,
difference =8.9%, 95% CI =2% to 15.9%, P=.023 [Figure 3, B]).
By contrast, there was no statistically significant difference in
apoptosis levels between iPrECs and iPrEC-FASN cells treated
with 100 or 500 ng/mL anti-Fas antibody (Figure 3, C). These
results indicate that FASN overexpression protects immortalized
prostate epithelial cells from mitochondria-mediated apoptosis (ie,
the intrinsic pathway) but is ineffective at regulating apoptosis via
death receptor stimulation (ie, the extrinsic pathway).

Apoptosis-inducing agents that target mitochondria often cause
a decrease in mitochondrial membrane potential that precedes the
release of mitochondrial proapoptotic factors (44). We therefore
examined the effect of camptothecin on mitochondrial membrane
potential in iPrECs. iPrEC-EV and iPrEC-FASN cells were incu-
bated with camptothecin for 18 hours and then stained with rhod-
amine 123 dye, which is incorporated into cells in proportion to
their mitochondrial membrane potentials. Whereas rhodamine
incorporation among camptothecin-treated iPrEC-EV  cells
decreased 26.8% relative to untreated cells, reflecting a collapse in
mitochondrial membrane potential, rhodamine incorporation in
PrEC-FASN cells that were incubated for 18 hours in camptoth-
ecin decreased by only 1.9% relative to untreated cells (Figure 3, D).
These data suggest that FASN is important in preserving mito-
chondrial membrane potential and that it may thus be involved in
inhibiting camptothecin-induced cell death.

Effect of siRNA-Mediated FASN Silencing on Apoptosis in
LNCaP Cells

Because overexpression of FASN protected immortalized prostate
epithelial cells from apoptosis induced by genotoxic agents such as
camptothecin and etoposide, we next wanted to assess the effect of
short interfering RNA to FASN on apoptosis in prostate androgen-
dependent tumor cells (LNCaP). To accomplish this, LNCaP cells
were transfected with FASN siRNA, and apoptosis was measured
daily up to 120 hours after transfection by Hoechst staining.
LNCaP cells displayed a substantial level of apoptosis by 72 hours
after transfection, with the maximum level of apoptosis observed
by 120 hours after transfection (at 24 hours after transfection, 1.2%
apoptotic cells with scrambled-sequence siRNA vs 1.9% apoptotic
cells with FASN siRNA, difference =1.3%, 95% CI =—0.1% to
1.4%, P =.09; at 48 hours after transfection, 1.7% vs 4.5%, differ-
ence =2.9%, 95% CI =1.6% to 4.1%, P=.0014; at 72 hours after
transfection, 1.7% vs 24.1%, difference =22.5%, 95% CI =19.3%
to 25.6%, P < .001; at 96 hours after transfection, 3.3% vs 72.3%,
difference = 69.0%, 95% CI = 63.4% to 74.6%, P < .001; at 120
hours after transfection, 3.2% vs 89.1%, difference = 85.8%, 95%
CI = 78.6% to 93.0%, P < .001) (Figure 3, E, left panel). Protein
lysates generated from these cells were also subjected to immuno-
blot analysis of PARP cleavage, which is indicative of apoptosis.
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Figure 3. Effect of fatty acid synthase (FASN) overexpression on apop-
tosis. A) Apoptotic cell percentage (left bar graph) after Hoechst 33342
staining (right panels: strong white signals indicate apoptotic cells) of
immortalized human prostate epithelial cells—-empty vector (iPrEC-EV)
and iPrEC-FASN cells treated with 50 nM camptothecin, a stimulator of
mitochondria-mediated apoptosis. B) Percentage of apoptosis among
LNCaP-EV and FASNCaP cells after treatment with 50 nM camptothecin
as measured by Hoechst 33342 staining. C) Percentage of apoptosis in
iPrEC-EV and iPrEC-FASN cells following treatment with 100-500 ng/mL
of an antibody activating Fas, a proapoptotic tumor necrosis factor fam-
ily cell surface receptor. Mean values of triplicate samples and 95%
confidence intervals (Cls) from three independent experiments are
shown; P values are from two-sided Student t tests. D) Mitochondrial

Whereas no dramatic increase in PARP cleavage was detectable in
cells transfected with scrambled-sequence control siRNA, cells
transfected with FASN siRNA exhibited a substantial increase in
PARP cleavage beginning at 72 hours after transfection (Figure 3,
E, middle panel, lower band for cleaved PARP).

Mitochondria generate substantial amounts of ROS, including
hydroxyl radicals and superoxide anions. High levels of intracel-
lular ROS cause substantial damage to cells through membrane
lipid peroxidation or through the activation of apoptotic pathways.
To examine whether FASN affected ROS generation, we used a
fluorescent indicator of intracellular ROS, carboxy-H,DCFDA, in
iPrEC-EV and iPrEC-FASN cells that were treated with siRNA
against FASN and with the mitochondrial genotoxic agents cam-
ptothecin and etoposide. We found that ROS generation in
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membrane potential changes (AV) after treatment of iPrEC-EV and
iPrEC-FASN cells with 50 nM camptothecin as assessed by rhodamine
123 (Rho 123) incorporation. A representative experiment is shown as
dot plots (left) and histograms (right: 0 hours in purple, 18 hours in
green). Viability was assessed by propidium iodide (Pl) staining.
E) Percentage of apoptosis (left bar graph) induced by treatment of
LNCaP cells with 20 nM anti-FASN small interfering RNA (siRNA) at
24-hour intervals from 24 to 120 hours. Cleaved poly (ADP-ribose) poly-
merase expression as a measure of apoptosis was detected by immu-
noblot (middle panel, arrow). Reactive oxygen species (ROS) production
in LNCaP cells treated with anti-FASN siRNA and palmitate (right
panel). ROS production was determined by carboxy-H,DCFDA staining
using flow cytometry.

iPrEC-EV cells increased in a dose-dependent manner but was
substantially attenuated in iPrEC-FASN cells (data not shown).

Importantly, the addition of 100 pM palmitate, the enzymatic
product of FASN; to the growth medium of LNCaP cells com-
pletely abolished the increase in the intracellular generation of
ROS induced by siRNA-mediated silencing of FASN at 72 hours
following treatment (Figure 3, E, right panel). These observations
strongly suggest that FASN knockdown-mediated apoptosis may
be a result of a decrease in palmitate production.

Effect of FASN Expression on Castration-Mediated
Apoptosis In Vivo

We next examined whether FASN overexpression would have an
antiapoptotic effect in vivo by using four FASN-transgenic mice
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and four wild-type, age-matched (4-month-old) control mice that
had been castrated to eliminate the source of androgens. The goal
was to assess the apoptotic rate in prostate epithelial cells at a time
when the FASN transgene was still expressed (as measured by in
vivo luciferase bioluminescence resulting from FASN and luciferase
co-expression driven by the androgen-responsive promoter;
Supplementary Figure 1, available online) and when castration-
related cell death was known to occur. By 3 days after castration,
luciferase bioluminescence signals reflecting transgene expression
were still detectable in the FASN-transgenic mice, albeit at
decreased levels compared with castrated aged-matched control
mice (Figure 4, A and B). By 3 days after castration, the number of
apoptotic cells relative to viable epithelial cells in the ventral lobe
of the prostate of wild-type mice increased substantially (Figure 4,
C, iii), whereas the number of apoptotic cells in FASN-transgenic
mice did not (Figure 4, C, iv), likely because FASN levels in the
FASN-transgenic mice were still high (Figure 4, C, x). At 7 days
after castration, when the activity of the probasin promoter and
thus the expression of the FASN transgene was completely abol-
ished due to suppression of androgen production as a result of
castration, apoptotic levels were high in both wild-type and FASN-
transgenic mice (Figure 4, C, v, vi). Variations in the apoptotic rate
and FASN intensity at time zero (before castration) and at day 3
and day 7 after castration in wild-type and FASN-transgenic mice
are summarized in Figure 4, D (apoptotic rate in wild-type vs
transgenic mice at 3 days after castration: 14% vs 4.5%, differ-
ence =9.5%, 95% CI =6.8% to 12.2%, P < .001). To our knowl-
edge, this is the first in vivo demonstration that FASN protects
prostate epithelial cells from castration-induced apoptosis.

Correlation Between FASN Overexpression Apoptosis in
Human Prostate Cancer

Finally, we assessed the correlation between FASN expression and
apoptosis in human prostate cancer tissues by subjecting TMAs that
included tumor specimens from 745 men with prostate cancer to
immunohistochemical analysis of FASN expression and to the ter-
minal deoxynucleotidyltransferase-mediated UTP end-labeling
(TUNEL; Apoptag) assay to detect apoptotic cells (Figure 5, A).
We categorized the tumor samples into four groups (quartiles)
based on their expression of FASN and compared the percentage of
TUNEL-positive (ie, apoptotic) cells in each group. The Pearson
correlation coefficient between log-transformed apoptotic rate and
quartiles of FASN expression was —.11 (95% CI =—.18 to —.04,
P = .002). We found that the log-transformed percentage of
TUNEL-positive cells decreased with increasing quartile of FASN
expression in the tumors. Compared with tumors in the lowest
quartile of FASN expression, those in the highest quartile of FASN
expression had 51% fewer TUNEL-positive cells (mean percentage
of apoptotic cells, lowest vs highest quartile of FASN expression:
2.76 vs 1.34, difference = 1.41, 95% CI = 0.45 to 2.39, P .4 =
.0046) (Figure 5, B). These data suggest that FASN overexpression
exerts an antiapoptotic effect in human prostate cancer.

Discussion

In this paper we show that forced overexpression of a metabolic
enzyme—FASN—together with expression of the AR in prostate
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epithelial cells facilitates the development of invasive cancers when
these cells are injected orthotopically into mice and results in age-
dependent PIN when expressed as a transgene in the murine pros-
tate. We also show that FASN exerts its oncogenic effects at least
in part by protecting prostate epithelial cells from apoptosis in
transgenic mice and in a large series of human prostate cancers.

Prostate cancer is a leading cause of male cancer-related death,
second only to lung cancer, and represents about 10% of all cancer
deaths among men in the United States (45). Dietary and lifestyle
factors appear to be important risk factors for prostate cancer mor-
tality; specifically, higher body mass index and adult weight gain
are associated with an increased risk of dying from prostate cancer
(20-29). Dietary intervention or regulation of metabolic pathways
may therefore potentially affect prostate cancer incidence and,
perhaps, tumor aggressiveness.

FASN catalyzes the synthesis of palmitate from the condensation
of malonyl-CoA and acetyl-CoA and plays an important role in
energy homeostasis by converting excess carbon intake into fatty
acids for storage. It has been shown that FASN expression is mark-
edly increased in several human malignancies, notably breast and
prostate cancer, and its overexpression in tumor tissues from patients
with colon, breast, and prostate carcinomas as well as melanoma and
gastrointestinal stromal tumors has been associated with a poor
prognosis (3-12). In addition, one-fourth of human prostate cancers
have genomic amplification of FASN (13). Despite these clinical
association studies, to our knowledge, there has been no bona fide
demonstration of FASN oncogenicity in cultured cells or in vivo. To
this end, we have demonstrated that forced overexpression of FASN
in immortalized prostate epithelial cells results in transformation of
immortalized epithelial cells and in tumor formation in vivo. More
importantly, when expressed as a transgene in mice, FASN was asso-
ciated with the development of prostate epithelial hyperplasia and
intraepithelial neoplasia. Taken together with the previous evidence
of FASN overexpression and/or of FASN gene amplification in
prostate cancer, these data provide the first evidence to our knowl-
edge that the mere overexpression of a metabolic enzyme can result
in neoplastic transformation of epithelial cells.

The biochemical and metabolic basis, as well as the biological
consequences, of FASN overexpression are not well understood.
The antiproliferative and proapoptotic effects of FASN inhibition
have been shown in several systems (40,46-48). In addition, func-
tional interference, mostly by RNA interference, of enzymes that
precede FASN in the fatty acid synthetic pathway, such as ATP
citrate lyase and acetyl-CoA carboxylase, has been shown to result
in G, arrest and/or induction of apoptosis (49-51). The reported
induction of programmed cell death through FASN blockade in
other studies led us to investigate inhibition of apoptosis as the
predominant mechanism of oncogenic action of FASN in this
study. We showed that FASN overexpression protected cells from
apoptosis via stabilization of mitochondrial membrane potential
but had no effect on the extrinsic apoptotic cascade that involves
Fas and Fas ligand. Importantly, we showed that castration-
induced apoptosis was statistically significantly inhibited in FASN-
transgenic mice. Furthermore, the increase in ROS that resulted
from treatment of LNCaP cells with FASN siRNA was reversed
by supplying palmitate, the principal enzymatic product of FASN,
to the culture media, suggesting that the products of de novo
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FASN synthesis, such as palmitate, may alter mitochondrial mem-
branes and protect LNCaP cells from diffusion of ROS to outside
the mitochondria. Phospholipids, the end product of nearly 85%
of all lipids synthesized de novo by FASN in tumor cells, have been
observed to end up in lipid rafts in plasma membranes (52).
Therefore, general alterations in the lipid compositions of the cel-
lular and mitochondrial membranes may confer a selective growth
advantage to cells that display increased FASN activity by inhibi-
tion of apoptosis. We previously reported (53) that human prostate
adenocarcinomas with the lowest expression of USP2a, an isopep-
tidase that stabilizes and prolongs the half-life of FASN (16), also
had the lowest expression of FASN and were specifically and sta-
tistically significantly associated with a cell death gene set when
tested against 440 predetermined gene sets by a gene-set enrich-
ment analysis (16). These data together with the reciprocal corre-
lation between low FASN expression and high apoptosis that we
report here further support an inverse association between FASN
levels and proapoptotic gene expression.
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The transition from an androgen-dependent status to androgen
independence is the key feature of lethal prostate cancers. Hormone
resistance occurs as a result of a diminished apoptotic response to
castration, resulting in androgen-independent disease. In addition,
anticancer therapeutic regimens, including chemotherapy, radia-
tion therapy, and immunotherapy also trigger tumor cell death
through the induction of apoptosis. We showed that overexpres-
sion of FASN protein in immortalized or transformed prostate
epithelial cells, which in clinical samples occurs predominantly in
castration-resistant disease metastatic to bone (7), results in resis-
tance to apoptosis induced by chemotherapeutic regimens.
Importantly, we also showed that a strong and inverse relationship
exists between FASN expression and apoptosis measured by DNA
fragmentation assays in a large cohort of prostate cancer patients,
as was previously suggested in more limited series of patients
(54,55).

The experimental evidence we provide on the oncogenic role
of FASN in the prostate suggests that pharmacological targeting
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Figure 5. Association between apoptotic rate and fatty
acid synthase (FASN) expression in human prostate
cancer. A) Representative images of FASN immunoex-
pression levels (left panels) and apoptosis (Apoptag;
right panels) in human prostate cancer tissue micro-
array with high (top left) or low (bottom left) FASN
expression (scale bar =100 ym). B) Statistically signifi-
cant inverse association between FASN expression in
745 prostate tumor samples (categorized by quartiles
of FASN expression) and apoptotic rate (P,,,, =.0046).
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of FASN might represent an effective treatment for prostate
cancer. The recent description of the crystal structure of a mam-
malian FASN revealed an important opportunity for the discov-
ery of new FASN-targeting drugs (56). FASN inhibitors, such as
C75 (a-methylene-y-butyrolactone), the mycotoxin cerulenin,
and their derivatives induce apoptosis in several types of cancer
cells including prostate, breast, sarcoma, and melanoma and
decrease the size of prostate cancer xenografts and autochtho-
nous tumors that overexpress FASN (57). Orlistat, an antiobesity
drug approved by the Food and Drug Administration, induces
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apoptosis in FASN-overexpressing prostate tumors by inhibiting
the thioesterase domain of FASN (15). More recent discoveries
include the novel drug GSK837149A (58) and new beta-lactone
inhibitors (59), which target the B-ketoacyl reductase and the
thioesterase domains of FASN, respectively. These advances,
taken together with our data on FASN oncogenicity, suggest
that pharmacological targeting of FASN may be a possible and
effective means of preventing prostatic tumorigenesis as well as
tumor maintenance in prostate cancers that overexpress this
enzyme.
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The data we show provide only a preliminary and limited expla-
nation for the undoubtedly complex function of FASN and for the
consequences of the induction of the lipogenic phenotype in pros-
tate epithelial transformation. Specifically, the antiapoptotic activ-
ity of FASN reported here represents perhaps just one of many
potential mechanisms of FASN-mediated oncogenicity. For exam-
ple, increased production of fatty acids, particularly palmitate, in
prostate tumor cells may result in the activation through palmitoy-
lation of various cell signaling—related proteins such as such as,
RAS, mitogen-activated protein kinases, and Wnt . Our study was
limited to the antiapoptotic function of FASN. Another limitation
of our study that deserves further investigation is that the models
we used did not address the role played by lipid-modifying
enzymes such as desaturases on FASN enzymatic products, specifi-
cally palmitate. These modifications may play an important role in
alterations in cellular and mitochondrial membranes, and in turn
would affect signaling and apoptotic response in cells that overex-
press FASN. Finally, overexpression of FASN as a transgene did
not result in invasive adenocarcinomas. Development of age-
dependent PIN but not invasive cancer in our FASN-transgenic
mouse model indicates that although increased expression of
FASN is able to transform prostate cells, it is not sufficient to
induce invasive prostate cancer. FASN has indeed been found to be
amplified in prostatic adenocarcinomas (13) and overexpression of
FASN protein is associated with higher stage and grade (7), sug-
gesting that it plays a role in prostatic tumorigenesis. However,
further studies are required to precisely identify the potential addi-
tional mechanisms of action through which FASN overexpression
confers oncogenicity in the prostate.

In summary, we provide evidence that FASN, which encodes a
metabolic enzyme and is overexpressed in many human tumors, is a
bona fide oncogene in prostate cancer that exerts its oncogenic
effect, at least in part, by inhibiting the intrinsic pathway of apopto-
sis. The identification of FASN-overexpressing tumors, which can
be achieved in vivo by monitoring ''C acetate uptake (60), may thus
provide prognostic and biologically relevant information in patients
with advanced prostate cancer. Furthermore, we speculate that a
high-fat diet and obesity may also represent a permissive back-
ground for the development of a lipogenic phenotype leading to
neoplastic transformation in the prostate cancer as they do in breast
cancer (10), although data to support this possibility are lacking.
More importantly, however, we suggest that FASN-overexpressing
tumors may be resistant to chemotherapeutic agents that induce
apoptosis and that inhibition of the FASN gene or protein should be
considered as a therapeutic strategy in prostate cancer.
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