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Fatty acid synthase inhibition with Orlistat promotes apoptosis and reduces cell
growth and lymph node metastasis in a mouse melanoma model
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Fatty acid synthase (FASN) is the enzyme responsible for the en-
dogenous synthesis of the saturated fatty acid palmitate. In con-
trast to most normal cells, malignant cells depend on FASN activ-
ity for growth and survival. In fact, FASN is overexpressed in a
variety of human cancers including cutaneous melanoma, in which
its levels of expression are associated with a poor prognosis and
depth of invasion. Here, we show that the specific inhibition of
FASN activity by the antiobesity drug Orlistat or siRNA is able to
significantly reduce proliferation and promote apoptosis in the
mouse metastatic melanoma cell line B16-F10. These results
prompted us to verify the effect of FASN inhibition on the meta-
static process in a model of spontaneous melanoma metastasis, in
which B16-F10 cells injected in the peritoneal cavity of C57BL/6
mice metastasize to the mediastinal lymph nodes. We observed
that mice treated with Orlistat 48 hr after the inoculation of B16-
F10 cells exhibited a 52% reduction in the number of mediastinal
lymph node metastases, in comparison with the control animals.
These results suggest that FASN activity is essential for B16-F10
melanoma cell proliferation and survival while its inactivation by
Orlistat significantly reduces their metastatic spread. The chemi-
cal inhibition of FASN activity could have a potential benefit in
association with the current chemotherapy for melanoma.

© 2008 Wiley-Liss, Inc.

Key words: melanoma; fatty acid synthase; metastasis; Orlistat;
B16-F10 cells

Endogenous fatty acid synthesis from the small carbon precur-
sors acetyl-CoA and malonyl-CoA is dependent on the activity of
fatty acid synthase (FASN, EC2.3.1.85). In most of the cells,
FASN is downregulated by the dietary fatty acids, with exception
of lipolgenic tissues as liver, lactating breast, fetal lung and adipose
tissue.”> Recent studies provide compelling evidence that neo-
plastic lipogenesis is essential for cancer cell survival. In fact, sev-
eral human epithelial malignancies, such as those of prostate,
breast, ovary, bladder, lung, stomach and oral cavity, melanoma
as well as soft tissue sarcomas overexpress FASN.>~'® For some
of these tumors, such as prostate, breast and ovarian cancers and
melanoma,*>%1? FASN overexpression has also been associated
with a poor prognosis. Experimental studies have shown that
FASN inhibition reduces cell proliferation b}; blocking DNA repli-
cation during S-phase, induces apoptosis,'’° and decrease the
size of prostate, ovarian and breast cancer xenografts.>?!*? In
addition, the inhibition of FASN activity has a chemopreventive
effect in the breast cancer transgenic neu-N mouse model.>* Orli-
stat (tetrahydrolipstatin) is an irreversible inhibitor of pancreatic
and gastric lipases clinically used because of its antiobesity prop-
erties that also blocks the activity of the thioesterase domain of
FASN.** In fact, FASN inhibition by Orlistat reduces proliferation
and promotes apoptosis in prostate, breast and stomach cancer cell
lines** 7 and has shown antitumor activity by inhibiting the
growth of prostate cancer xenografts.>*
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The regulation of FASN abundance in cancer cells is complex
and occurs at the transcriptional or posttranslational levels. Pro-
gesterone stimulates FASN expression in breast cancer cell lines®®
whereas androgens or epidermal-growth factor (EGF) upregulate
FASN expression and activity in the androgen-dependent prostate
cancer cell line LNCaP.?**? On the other hand, the FASN protein
can be degraded by the ubiquitin-proteasome system, in a process
that is controlled by its interaction with the deubiquitinating
enzyme USP2a.*

Malignant melanoma is a chemotherapy-resistant aggressive tu-
mor that arises in the skin and less frequently affects oral and ano-
genital mucosa, esophagus, meninges and the eyes. The incidence
of this type of skin cancer has increased during the last 50 years in
the United States®* and the high mortality rates are directly associ-
ated with its intrinsic ability to metastatically spread to other
organs. Immunohistochemical detection of the FASN protein has
been recently associated with Breslow thickness, suggestin% a
poor prognosis for patients affected by cutaneous melanoma.'*%
In this work, we present evidence that FASN activity is necessary
for the proliferation of the highly metastatic murine melanoma
B16-F10 cells. In addition, we show that FASN specific inhibition
with the antiobesity drug Orlistat promotes apoptosis and reduces
B16-F10 spontaneous metastasis from the peritoneal cavity to the
mediastinal lymph nodes of C57BL/6 mice.

Material and methods
Cell culture

B16-F10 murine melanoma cells were maintained in RPMI me-
dium (Invitrogen, Carlsbad, CA) supplemented with 2 or 10% fe-
tal bovine serum (FBS, Cultilab, Campinas, SP, Brazil) and antibi-
otic/antimycotic solution (Invitrogen) at 37°C in a humidified
atmosphere with 5% CO,. The nontumorigenic murine melano-
cyte lineage Melan-A (a gift of Dr. Miriam G. Jasiulionis, UNI-
FESP, Sio Paulo, Brazil) was cultured in RPMI with 5% FBS.*°
LNCaP, PC-3 and SK-MEL cells were grown in RPMI 10% FBS,
MCF7 and A2058 cells were grown in DMEM (Invitrogen)
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containing 10% FBS. To block FASN activity, cerulenin (Sigma-
Aldrich, St. Louis, MO) or Orlistat (Xenical™, Roche, Switzer-
land) were added to the culture medium at the concentrations
described in the figure legends. For the proliferation curves, cells
were seeded in 24-well plates (5 X 10*/well) in RPMI containing
2 or 10% FBS and after 24-hr incubated in serum-free medium for
the same period of time. After that, RPMI containing FBS plus
FASN inhibitors or their respective controls (dimethylsulfoxide—
DMSO—or absolute ethanol) was added and cells from triplicate
wells were trypsinized and counted in an automated cell counter
(Coulter Counter Z1, Beckman, CA).

Preparation of Orlistat solutions

For cell culture experiments, Orlistat was extracted from
Xenical capsules according to Knowles er al?’ Each pill was
solubilized in 1 ml of ethanol, insoluble products removed by cen-
trifugation (12,000g for 5 min) and the supernatant (250 mM of
Orlistat) stored at —80°C. Mice were treated with Orlistat solu-
tions prepared according to Kridel er al.** with some modifica-
tions. Briefly, the content of each capsule (120 mg) of Orlistat was
solubilized in 33% ethanol during ~30 min and vortexed every
10 min. After centrifugation for 5 min at 12,000g, supernatants
were retrieved and stored at —80°C.

Indirect immunofluorescence

B16-F10 cells (2 X 10%well) were plated in 8-well chamber
slides (Lab Tek, Nunc, Naperville, IL) and grown for ~24 hr. After
fixation in 3.7% paraformaldehyde, cells were washed twice with
phosphate-buffered saline (PBS) and incubated for 1 hr at room
temperature with anti-FASN primary antibodies (Transduction
Laboratories, Lexington, KY) diluted at 1:250 in PBS containing
0.1% bovine serum albumin (BSA, Sigma). Cells were washed
with PBS, incubated with FITC-conjugated anti-mouse IgG
(1:500, Vector Laboratories, Burlingame, CA) for 1 hr, washed
again and mounted in Vectashield with DAPI (Vector Laborato-
ries). Documentations were made in a Leica DMR microscope
equipped with epifluorescence (Leica Microsystems, Germany).

MTT assay

Cell viability was determined using 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma). Briefly,
MCF7, LNCaP, PC-3 and B16-F10 cells were plated in each well
of 6-well culture plates (2 X 10* cells). After 24 hr, the cell cul-
ture medium was replaced by fresh medium containing different
concentrations of Orlistat and incubated for more 48 hr. Cells
were then washed in PBS, trypsinyzed and incubated with 2.5 mg/
mL of MTT in PBS at 37°C for 1.5 hr. After that, 10% SDS in
0.01 M HCI was added to dissolve the cell pellets and following
an incubation of 15 min centrifuged at 3,000 rpm for 5 min. Super-
natants were transferred to 96-well plates and the absorbance
determined with a microplate reader (Bio-Rad, Hercules, CA,
USA) at 540 nm. Cell viability was expressed as the percentage of
viable cells relative to the controls. The experiment was repeated
3 times independently.

RNA interference (RNAi)-mediated silencing of FASN expression

The 25-mer RNA molecules were chemically synthesized,
annealed and purified by the manufacturer (Stealth RNAI, Invitro-
gen). Three sequences targeting Mus musculus FASN
(NM_00798) were used, corresponding to nucleotides 940-964 (5’
CAA TGA TGG CCA ACC GGC TCT CTT T 3'), 3408-3432 (5
TGG GAA GAC CCG AAC TCC AAG TTA T 3’) and 5841-5865
(5’ CCT CTG GGC ATG GCT ATC TTC TTG A 3'). B16-F10
cells grown to 50% confluence were transfected with 200 nM of a
mixture containing equal parts of the 3 FASN siRNAs using a lip-
osome method according to manufacturer’s instructions (Lipofect-
amine 2000, 3 pl/ml, Invitrogen). As negative controls, cells were
transfected with equimolar concentrations of a nonspecific control
oligo (Stealth RNAi Negative Control Duplexes, Medium GC
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Duplex, Invitrogen). Transfections were performed in 60- or 100-
mm dishes and 24-, 48- or 72-hr posttransfection cells were col-
lected for assessing FASN knockdown, cell cycle and apoptosis.

Flow cytometry

Samples were analyzed in a FACSCalibur flow cytometer (BD
Biosciences, San Jose, CA) equipped with an argon laser and Cell-
Quest software (version 4.1). Ten thousand events were collected
for each sample. B16-F10 cell populations were identified by their
light-scattering characteristics, enclosed in electronic gates and
analyzed for the intensity of the fluorescent probe signal. Cells
were harvested (10°ells/ml), washed with PBS and ressuspended
in a binding buffer containing annexin V-FITC (1:500). Apoptosis
was quantified by FACS analysis as the number of annexin V-
FITC positive cells. For cell cycle analysis, B16-F10 cells were
seeded in 100-mm dishes and after 24-hr serum starved for the
same period of time. After this period, cell culture medium supple-
mented with 2% of FBS plus Orlistat or ethanol was added and
kept for different periods of time. Cells were fixed in cold 70%
ethanol, stored at —20°C, washed in cold PBS and treated with 10
pg/ml of RNAse during 1 hr at 37°C. After staining with 50 pg/ml
of propidium iodide during 2 hr at 4°C, the distribution of cells in
the cell cycle was analyzed by flow cytometry. Caspase-3 activa-
tion was measured as recommended by the manufacturer (Calbio-
chem, San Diego, CA). Briefly, B16-F10 cells (10° cells/ml) were
incubated with FITC-DEVD-FMK (1:300) in serum free medium
for 40 min at 37°C, washed, ressuspended in culture medium and
analyzed by flow cytometry.

Total protein and melanin extractions

For protein lysate preparation B16-F10 cells were scraped and
lysed in a buffer containing 10% sucrose, 1% NP-40, 20 mM Tris-
HCI (pH 8.0), 137 mM NacCl, 10% glycerol, 2 mM EDTA, 10 mM
NaF, 1 mM Na3;VO4;, 1 mM phenylmethylsulfonyl fluoride
(PMSF), 10 pg/ml soybean trypsin inhibitor, 1 pg/ml leupeptin
and 1 pg/ml aprotinin. Protein lysates were placed on ice for 30
min, vortexed every 10 min and cleared by centrifugation at
12,000g for 15 min at 4°C. The supernatants were retrieved and
frozen at —80°C until use. The protein concentrations were deter-
mined using the Bradford method.*” Melanin extractions were per-
formed according to Ando er al.*® Briefly, cell pellets (~10° cells)
were centrifuged at 1,000g for 5 min and washed twice with PBS.
The number of remaining cells after treatment with 500 uM of
Orlistat was counted and used to normalize the cell pellets
exposed to 100 or 250 pM of the drug and the controls. After fur-
ther centrifugation, supernatants were discarded and precipitated
cells ressuspended in 200 pl of distilled water, followed by the
addition of 1 ml of ethanol-ether 1:1 (vol/vol). After 15 min, the
mixture was centrifuged as described earlier and the precipitate
solubilized inl ml of 1 M NaOH/10% DMSO at 80°C for 30 min.
The absorbance of the melanin solutions was measured at 470 nm
in a spectrophotometer (Spectronic Genesys 2, Rochester, NY).

Western blotting

Forty micrograms of each protein lysate were resolved on SDS-
polyacrylamide gels, transferred onto nitrocellulose membranes
(Protran, Schleicher & Schuell, Keene, NH) and stained with Pon-
ceau S (Sigma) to verify the transfer efficiency and equal sample
loading. The membranes were blocked with 5% nonfat dry milk in
Tris-HCI pH 7.6 containing 150 mM NaCl and 0.1% Tween-20
(TBST) and probed for 2 hr at room temperature with antibodies
against FASN (1:3,000—Transduction Laboratories), p27<"!
(1:1,000—Transduction Laboratories), Skp2 (1:1,000—Santa
Cruz Biotechnology, Santa Cruz, CA), or anti-beta actin (AC-15)
(1:40,000—Sigma). Membranes were washed in TBST and then
incubated with horseradish peroxidase (HRP)-conjugated second-
ary antibodies diluted at 1:1,000, washed again and the reactions
developed with an enhanced chemiluminescence detection system
(ECL detection kit, Amersham Pharmacia Biotech, Arlington
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Fi1Gure 1 — FASN production by B16-F10 mouse melanoma cells. () Immunofluorescence reaction for the FASN protein showing an intense
and homogeneously distributed intracytoplasmic positivity in B16-F10 melanoma cells. (b) Negative control (nuclei were stained in blue with
DAPI; original magnification: X200). (c) Western blotting reaction comparing FASN production in B16-F10 cells with other cell lines. The
FASN band in B16-F10 cells grown in 10% FBS was stronger than in the presence of 2% FBS and less intense than in A2058 or SK-MEL
human melanoma cells. Melan-A cells showed a weak FASN protein band and LNCaP cells were the higher producers, followed by MCF7 cells.
FASN production in PC-3 cells was similar to the human melanoma cell lines.

Heights, IL) according to manufacturer’s instructions. Membranes
were exposed to high performance chemiluminescence films
(HyperﬁlmTM ECL, Amersham Biosciences, Little Chalfont,
Buckinghamshire, UK).

Melanoma model for spontaneous metastasis

B16-F10 mouse melanoma cells are capable to promote both
experimental or spontaneous metastasis in C57BL/6 mice.> Cells
were grown until 60-70% confluence in RPMI 10% FBS, trypsi-
nized, ressuspended in PBS and injected (25 X 10* cells) in the
peritoneal cavity of C57BL/6 mice with 8-9 weeks of age. Forty-
eight hours after cell inoculations, the animals started to be treated
with daily IP injections of Orlistat (240 mg/kg) or the equivalent
amount of vehicle (60 pl of 33% ethanol). After 12-15 days from
the cell injections, mice were sacrificed by cervical dislocation,
carefully dissected and the metastatic mediastinal lymph nodes
counted. Samples of the primary tumors were collected and imme-
diately frozen in liquid nitrogen. The lungs, liver, thymus, brain,
as well as the primary tumors and metastatic lymph nodes of each
animal were embedded in paraffin, cut (3 pm) and mounted on sil-
ane-coated glass slides for hematoxylin and eosin (H&E) staining.
The intensities of the melanin pigmentation in the metastatic
mediastinal lymph nodes were classified as negative, weak or
strong in a blinded analysis performed by 2 of the authors (MAC
and EG) and the area of each metastatic lymph node calculated
with the Scion Image software (Scion Corporation, USA). This
experiment was made 3 times independently with the approval of
the Committee for Ethics in Animal Research of the State Univer-
sity of Campinas—UNICAMP.

Total lipid biosynthesis

Total lipid synthesis was measured in vivo and in cultured B16-
F10 cells. Each animal was injected intraperitoneally with 20 mCi
of [3H] water (GE Healthcare, UK) dissolved in isotonic saline
solution as described previously.***? One-hour later, blood sam-
ples were obtained from the retro-orbital plexus of anesthetized

mice and the intraperitoneal primary tumors were excised,
minced, saponified and hexane extracted. Radioactivity in the total
lipid extract (lipogenesis) was measured in a LS6000 Beckman
Beta Counter. The specific activity of [3H] water was measured in
plasma in triplicates. The rates of lipid synthesis were calculated
as nanomoles of [3H] water incorporated into lipids per gram of
tissue in 1 hr (nmol/g/h). B16-F10 cells ( 107) were ressuspended
in 1 ml of RPMI containing 2% FBS, 1 mCi of [3H] water and
Orlistat (250 or 500 uM) or ethanol as control. The flasks were
gassed with O,/CO,, sealed with stoppers and incubated for
60 min at 37°C in a shaking water bath. Lipid extractions*’ were
performed by the addition of methanol-chloroform 2:1 (3.75 ml)
and agitation during 30 min at room temperature. The mixtures
were centrifuged at 10,000g for 15 min, the supernatants saved
and the protein pellets were ressuspended in 1 ml of PBS. The pro-
cedure was repeated and combined extracts were diluted in 5 ml
of a chloroform-water mixture (1:1), acidified to pH 3.0-4.0 with
HCI and centrifuged as described earlier. The chloroform layer
was removed and saved, and the aqueous layer again extracted
with the same volume of chloroform. The combined chloroform
extracts were evaporated and the lipogenesis determined in 1 ml
of scintillation solution.

Results

FASN activity is necessary for the proliferation and survival
of B16-F10 cells

As depicted in Figures la and 1b, FASN protein was easily
detected by indirect immunofluorescence in regularly growing
B16-F10 melanoma cells, which were characterized by a finely
granular positivity uniformly distributed throughout the cyto-
plasm. FASN protein production in B16-F10 cells and other cell
lines was analyzed by western blotting (Fig. 1¢). The FASN band
was stronger in total protein extracts obtained from B16-F10 cells
cultured in 10% than in 2% FBS and less intense than the observed
in human melanoma cell lines A2058 and SK-MEL. Interestingly,
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the nontumorigenic murine melanocyte cells (Melan-A) showed
less FASN protein than B16-F10 cells and, as expected, LNCaP
prostate cancer cells showed the highest FASN production
(Fig. 1c¢). To verify whether the inhibition of FASN activity can
modify the growth rate of these cells, the natural FASN inhibitor
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cerulenin or Orlistat were added to the culture medium. Because
Orlistat did not affect B16-F10 cell growth in standard culture
conditions (cell culture medium supplemented with 10% FBS), we
next performed MTT experiments in order to compare the B16-
F10 cell viability with other cancer cell lines, in the presence of
Orlistat. As depicted in Figure 2q, Orlistat did not reduce the via-
bility of B16-F10 cells in the presence of 10% FBS as it can be
clearly observed in prostate (LNCaP and PC-3) and breast
(MCFT7) cancer cells. On the other hand, the viability of B16-F10
cells was decreased by 250 and 500 uM of the drug when cultured
with 2% FBS (Fig. 2a). The growth curve shown in Figure 2b
shows an important inhibitory effect of Orlistat at 250 uM in com-
parison with the vehicle control (p < 0.001, Mann-Whitney test).
Thereafter, all the experiments were performed in low serum con-
centration. On the other hand, 5 pg/ml of cerulenin significantly
reduced cell proliferation in comparison with the respective
DMSO control even in the presence of 10% FBS (Fig. 2¢; p <
0.001, Mann-Whitney test).The results from the proliferation
curves were further confirmed by the experiments shown in Fig-
ures 3g-3i, in which we analyzed the melanin content and lipid
biosynthesis in B16-F10 treated with Orlistat. To better character-
ize the antiproliferative properties of Orlistat on B16-F10 mouse
melanoma cells, we next performed flow cytometry experiments,
which showed a gradual increase over time (from O to 48 hr) of
the GO-G1 population as well as a clear decline of the S phase, in
comparison with untreated cells. Figure 24 illustrates the percent-
age of cells in each phase of the cell cycle after 36 hr of incubation
in cell culture medium containing 250 or 500 pM of Orlistat. A
similar effect was observed when B16-F10 cells were treated with
siRNA specific for FASN (but not with the control siRNA) (Figs.
2e and 2f). Indeed, western blotting analysis of protein lysates
obtained from cells treated with Orlistat showed accumulation of
p275P! a negative regulator of the G1/S transition and a downre-
gulation of Skp2 which is essential for the proteasomal degrada-
tion of p27%P (Fig. 2¢). Interestingly, the intensity of FASN pro-
tein bands were reduced in Orlistat-treated B16-F10 cells (Fig. 2g).
The endogenous synthesis of fatty acids is also important for
B16-F10 cell survival, because cells grown in the presence of 250
or 500 pM of Orlistat for 20 hr had an increase of 34.56 and

FIGURE 2 — FASN activity is necessary for B16-F10 cell growth
and survival. (a) MTT experiments showed that the viability of B16-
F10 cells in the presence of 10% FBS was not affected by Orlistat at
10, 50, 100 and 250 pM and reduced at 500 pM of the drug. Prostate
(LNCaP and PC-3) and breast (MCF7) cancer cell lines were strongly
affected by low concentrations of Orlistat. B16-F10 cell viability was
decreased at 250 uM and severely reduced at 500 uM of Orlistat in
medium containing low serum. (b) Orlistat at 250 uM (-A-) signifi-
cantly inhibited the growth of B16-F10 cells in medium supplemented
with 2% of FBS in comparison with the ethanol control (-¢-). At 100
puM, Orlistat did not affect B16-F10 cell proliferation (-B-) (*p <
0.001, Mann-Whitney test). (¢) The inhibition of FASN activity with
5 pg/ml of cerulenin strongly reduced the proliferation of B16-F10
cells cultured in standard conditions (10% of FBS) (-A-) in compari-
son with the respective DMSO controls (-B-). (d) Cell cycle analysis
by flow cytometry showed that the incubation of B16-F10 cells with
Orlistat for 36 hr enhances the GO-G1 population and dramatically
reduces the number of cells in the S phase (@ = GO/G1,J =S, W =
G2/M). (e) Semiquantitative RT-PCR and western-blotting reactions
showing that siRNA for FASN reduced the amount of FASN mRNA
mainly after 48 hr and efficiently knocked-down the FASN protein af-
ter 48 and 72 hr. (f) siRNA specific for FASN (but not the control
siRNA) had the same effect as Orlistat in B16-F10 cells by promoting
cell cycle arrest. (g) Western blotting analysis of protein extracts pre-
pared from Orlistat-treated B16-F10 cells revealed accumulation of
p27°P! and downregulation of Skp2 and FASN proteins. (1) Annexin
V experiment showing that the treatment of B16-F10 cells with Orli-
stat for 20 hr (especially at 500 M) as well as siRNA for FASN
induce apoptotic cell death (* p < 0.05, r-test, DMSO: DMSO control,
Stauros: staurosporin, C: ethanol control, C siRNA: control siRNA).
(i) Orlistat-induced apoptosis in B16-F10 cells was associated with
caspase-3 activation.
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FiGure 3 — FASN inhibition by Orlistat reduced the melanin content, cell growth and total lipid biosynthesis by B16-F10 cells. (a—e) Mela-
noma cells exposed to 100 (b) and 250 (¢) uM of Orlistat showed scarce cytoplasm and long cell projections in comparison with the control cells
(a). In the presence of 500 (d) and 750 (e) uM of the drug cells became fusiform (H&E staining; original magnification: X200). (f) Cells were
cultured in the presence of 100-750 uM of Orlistat during 48 hr and harvested by trypsinization. Cell pellets were almost completely discolored
at 500 and 750 puM of Orlistat (the cell pellets from control, 100, 250 and 500 uM were normalized and contain 10° cells while the pellets
obtained from the 750 pM condition were smaller due to the cytoxic effect of the drug). (¢) Melanin was extracted from the cell pellets repre-
sented in (f), except from the 750 pM condition, and the OD of the supernatants graphically expressed as the amount of melanin per cell content.
(h) The total number of cells was determined by automatic cell counting before the melanin extractions shown in (g). Note that 100 and 250 pM
of Orlistat inhibited B16-F10 cell growth whereas 500 and 750 uM were cytotoxic since the number of cells counted after Orlistat treatment was
lower than the number of cells in the beginning of the experiment (3.5 X 10’ cells). (/) Inhibition of FASN activity by Orlistat in B16-F10 cells
was analyzed by incorporation of [3H] water and revealed a significant reduction of the total lipid biosynthesis (p < 0.05, t-test, B: blank). [Color

figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

193.62%, respectively, of apoptotic cell death over the control val-
ues (Fig. 2h), which was associated with caspase-3 activation (Fig.
2i). Apoptosis was also significantly enhanced when the FASN
protein was knocked-down by the transfection with siRNA against
FASN (Fig. 2h).

To verify the effectiveness of Orlistat in order to block FASN
activity in B16-F10 cells, we first used Oil Red O staining. In con-
trast with the LNCaP cells used as positive controls,44 in which
lipid droplets were clearly stained, we were not able to observe
lipid accumulation in the cytoplasm of B16-F10 cells. Considering
that the saturated fatty acid palmitate (C16:0, the end-product of
FASN) is able to protect tyrosinase from proteasomal degradation
and thus regulate the melanin content of B16-F10 cells,38’45 we
next performed melanin extractions from cells grown in the pres-
ence of different concentrations of Orlistat. Indeed, as shown in
Figures 3f and 3g control B16-F10 cell pellets (treated with etha-

nol only) had a dark gray or black color whereas the cell pellets
obtained from Orlistat-treated cultures contained less melanin,
being almost completely discolored at 500 and 750 uM. These
results suggest that FASN activity is specifically inhibited by Orli-
stat in a dose-dependent manner leading to the reduction of the
melanin synthesis, phenomenon that can be attributed to the previ-
ously demonstrated effect of palmitate on tyrosinase half-life in
B16-F10 cells.”®* At the end of the incubations with Orlistat,
cells were counted and, as expected, a strong reduction of the cell
growth was observed at 250 and 500 uM, whereas 750 pM of the
drug caused cell death (Fig. 3/). FASN activity inhibition by Orli-
stat was further confirmed by incorporation studies of [3H] water,
which showed a significant reduction of the total lipid production
(Fig. 3i). In addition to its effects on melanin synthesis and cell
growth, FASN inhibition promoted morphological changes in
B16-F10 cells, which were evidenced by the scarce cytoplasm and
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longer cell projections of the Orlistat-treated cells in comparison
with control cells (Figs. 3a—3e). At the highest concentration of the
drug, B16-F10 cells became predominantly fusiform (Figs. 3d and
3e). The biological mechanisms underlying these phenotypic
changes are unknown; however, fusiform B16-F10 cells were also
observed after the treatment with siRNA for FASN (data not shown).

FASN inhibition reduces spontaneous lymph node metastasis from
the peritoneal cavity

Approximately 14 days after intraperitoneal (IP) inoculation of
B16-F10 cells all mice showed abdominal enlargement, which
was variable in size and shape. Despite the well characterized anti-
obesity properties of Orlistat, there were no significant weight dif-
ferences between the control and treated groups (data not shown).
This fact may be associated with the route of administration (IP),
because when Orlistat is orally used its effects are confined into
the gastrointestinal tract.*® Another possible explanation could be
the short period of treatment, since in this experimental model the
animals die 12-15 days after B16-F10 cell inoculation due to the
aggressive tumor growth in the peritoneal cavity. However, it is
worth mentioning here that mice from the Orlistat-treated group
showed slower locomotor activity than the control animals few
days before the sacrifice, probably due to unknown systemic side
effects of the drug. The abdominal primary tumors of the control
mice consisted of a soft mass generally found at the side of the
cell injections (Fig. 4a). In contrast, primary tumors from Orlistat-
treated mice were in small groups distributed throughout the
peritoneal cavity (Fig. 4b, Table I). Histological examination
confirmed that these islands of tumor tissue were not invading the
abdominal organs. One animal from the treated group did not de-
velop primary tumor (Table I). Macroscopic examination of the
thoracic cavity allowed the quantification of mediastinal lymph
nodes with melanoma metastases (Fig. 4c, 4e—4g), histologically
confirmed (Figs. 5d and 5e¢). After 3 independent experiments,
Orlistat-treated mice had 52% less metastatic mediastinal lymph
nodes than the control animals, with 75 and 39 metastatic lymph
nodes found in the control and Orlistat-treated group, respectively
(average of 3.57 per animal in the control group and 1.95 per ani-
mal in the Orlistat-treated group; p < 0.001, r-test) (Figs. 4f and
4g, Table I). One animal of the control group had macroscopic
metastastatic foci in its left lung (Fig. 4d), microscopically con-
firmed (data not shown). To check if the IP injections of Orlistat
were systemically effective in the studied animals, incorporation
of [3H] water in the total lipids and Oil Red O staining in frozen
sections were performed. As depicted in Figure Sc, the total lipid
biosynthesis was significantly inhibited in the primary tumor tis-
sues of Orlistat-treated mice. In addition, the hepatocytes of con-
trol mice were rich in lipid droplets, in contrast with the weakly
stained sections of Orlistat-treated mice (Figs. Sa and 5b). Indeed,
small vacuoli probably corresponding to the lipid-containing
vesicles in the hepatocytes of the control animals were also
observed in paraffin sections stained with H&E (data not shown).
These results suggest that Orlistat was effective to reduce FASN
activity. Microscopically, melanin accumulation in the tumor cells
infiltrating the mediastinal lymph nodes of the control mice was
more evident than in lymph nodes from Orlistat-treated animals
(Figs. 5d and 5e), observation that further substantiate the effec-
tiveness of FASN inhibition. In addition, primary tumor tissues of
control and Orlistat-treated mice were similar, with intense mela-
nin pigmentation, numerous blood vessels and areas of necrosis
(Figs. 5f and 5g).

Discussion

In the present study, we assessed the role of de novo fatty acid
synthesis in melanoma cell growth and metastatic capacity in an
animal model. We demonstrated that FASN is expressed by mu-
rine melanoma B16-F10 cells and is essential for their prolifera-
tion and survival, since FASN inhibition significantly reduced the
cell growth and promoted apoptosis. Importantly, this work sug-
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Fi1GURE 4 — Primary tumors of control mice were generally found at
the side of cell injections and consisted of a soft and relatively circum-
scribed mass (). (b) Primary tumors observed in Orlistat-treated group
had many small groups of noninvasive tumor cells spread into the peri-
toneal cavity. (¢) Metastatic mediastinal lymph nodes (LN) were easily
identified due to their black color next to the thymus (T). (d) Gross
appearance of the melanoma metastasis found in the left lung of one
mouse of the control group. (¢) Mean area of lymph nodes removed
from control and Orlistat-treated animals (p = 0.66, Mann-Whitney
test). (fand g) Representative experiment showing the dissected lymph
nodes and thymus; control mice (f) had more than twice (n = 19)
metastatic lymph nodes than Orlistat-treated group (g) (n = 9). [Color
figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]

gests that FASN activity has a role in the spontaneous metastatic
spread of B16-F10 cells from the peritoneal cavity of C57BL/6
mice through the lymphatic circulation. The antiproliferative and
proapoptotic effects of FASN inhibition were also recently
described in A-375 human melanoma cells.*’

Clinicopathological and experimental data indicate that FASN
is a potential chemotherapeutic or chemopreventive target for sev-
eral human malignancies. FASN is essential during embryogenesis,
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TABLE I - DEGREE OF MEDIASTINAL LYMPH NODE INVOLVEMENT, PRESENCE OF DISTANT METASTASIS AND PRIMARY TUMOR FRAGMENTATION
AFTER TREATMENT WITH 240 mg/kg OF ORLISTAT

Experiment Number of mice Metastatic LN (average) Distant metastasis Primary tumor fragmentation (%)

Control 1 6 16 (2.66) 1 0 (0)

2 5 18 (3.6) 0 0 (0)

3 10 41 (4.1) 0 0 (0)
Total 21 75 (3.57)* 1! 0 (0)
Orlistat 1 6 7 (1.16) 0 6 (100)

2 4 9(2.25) 0 3% (75)

3 9 23 (2.55) 0 9 (100)
Total 19 39 (2.05)* 0 18 (94.7)

One animal of the Orlistat-treated group (first experiment) did not develop detectable primary tumor.
LN, Lymph node.

'To the lungs.—*One primary tumor in this group was very small.

*p < 0.001, r-test.

FI1GURE 5 — Microscopic findings of the liver, lymph node metastasis, and primary tumors and effect of Orlistat in the tumor tissues. (a) Repre-
sentative Oil Red O staining in a frozen section from the liver of a control animal, showing a large number of lipid droplets in the cytoplasm of
the hepatocytes, in contrast with the almost completely negative section from an Orlistat-treated mouse (b). (¢) The primary tumors of Orlistat-
treated mice showed a significant reduction in the total lipid biosynthesis, as revealed by the incorporation of [3H] water (p < 0.001, t-test). (d)
Representative metastatic lymph node from a control animal infiltrated in its periphery by heavily pigmented melanoma cells (arrowheads). (e)
Representative metastatic lymph node removed from an Orlistat-treated mouse showing comparatively low melanin accumulation (arrowheads).
Control (f) and Orlistat-treated primary tumors (g) were histologically similar and characterized by anaplastic melanoma cells rich in melanin
(arrowheads), calibrous blood vessels and areas of necrosis (N). (a, b, d—g: original magnification X400).



2564

since Fasn—/— and Fasn+/— mice die zn utero even in the pres-
ence of a diet rich in saturated fatty acids.*® Its expression is upre-
gulated in a variety of human cancers and seems to be a prognostlc
marker for some of these tumors.”'>*° The intensity of FASN im-
munohistochemical positivity is stronger in human malignant mel-
anoma than in conventional nevi or Spitz nevi,” being associated
with the Breslow thlckness 1235 and suggested as a molecular
prognostic marker.'? Moreover, FASN was among 128 differen-
tially expressed genes in a c¢DNA microarray study of adenocarci-
noma metastatic tissues.’ Although the exact role of FASN in
malignant cells is not elucidated, it is clear that FASN spemﬁc
inhibitors block cell c‘}lcle progression and cause apoptosis in
many cancer cell lines' and are capable of decreasmg the size
of prostate and ovarian cancer xenographs.>*'** Moreover, FASN
has a role in the synthesis of phospholipids partitioning into deter-
gent-resistant microdomains in LNCaP cells, which are implicated
in signal transduction, intracellular trafficking and cell polariza-
tion and migration.”!

The site of tumor cell implantation may affect in many ways
the distribution and number of metastases. In this work, we chose
to ecto 1cally inject the highly metastatic B16-F10 melanoma
cells®>>? in the peritoneal cavity of C57BL/6 mice based on our
previous observation that in this way mediastinal metastatic lymph
nodes are detected in almost all cases (Veiga SS, unpublished
results). Therefore, this seems to be a good model for the study of
new antimetastatic drugs IP inoculation of the B16 melanoma-
derived BL6 cell line in C57BL/6 mice has been previous ;1 shown
to promote metastasis in the lungs, spleen and thymus™* while
B16-F10 cells have been used to produce metasta51s after subcuta-
neous or intravenous implantation in mice.”>>’ In this study, the
size of the primary tumors was not evaluated because of their dif-
fuse mode of growth inside the peritoneal cavity. Interestingly, in
contrast with the relatively well circumscribed primary tumors
observed in the control animals, Orlistat-treated tumors were more
dispersed among the abdominal organs. The biological mecha-
nisms by which FASN inhibition with Orlistat caused these mac-
roscopic differences still need to be elucidated. Primary tumors
from both studied groups were histologically similar and charac-
terized by the presence of many mitotic cells, intense melanin
accumulation, extensive areas of necrosis and neoangiogenesis.
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Here, we demonstrate that FASN inhibition by Orlistat signifi-
cantly reduces metastasis to mediastinal lymph nodes, which were
easily localized because of their enhanced size and black color.
The exact role of FASN activity in the metastatic process is still
unknown. It is possible to speculate that Orlistat reduced metasta-
sis in this study as a consequence of the cell growth inhibition or
enhanced apoptosis in the primary tumor. Additionally, the drug
may reduce cell viability in the lymphatic or blood circulation,
interfere with their growth and colonization in the lymph node
sinus, or inhibit neovasculogenesis. In fact, recent results demon-
strate that Orlistat has antiangiogenic properties by preventing the
display of VEGFR?2 at the endothelial cell surface, which in turn
1nh1b1t thelr prohferatlon and neovascularization in a ex vivo
assay.”® As used i in, the present study the blood levels of Orlistat
may reach 16 uM,?* in contrast with the higher effective concen-
trations observed in our cell culture experiments (250-500 pM).
Indeed, B16-F10 cells were more resistant to FASN interference
by Orlistat than prostate or breast cancer cell lines.***” The ab-
dominal lymphatic drainage of the daily Orlistat intraperitoneal
injections may provide high concentrations of the drug in the
mediastinal lymph nodes and hence reduce metastatization. Histo-
logical examination of the metastatic mediastinal lymph nodes
revealed more melanin accumulation in the tumor cells of control
animals than in the Orlistat-treated ones, which may indicate
effective FASN inhibition.

Taken together, the results here presented suggest that FASN
is a potential chemotherapeutic target for melanoma. Further
studies using orthotopic melanoma cell implantation will be nec-
essary to the better understanding of the role of the endogenous
neoplastic lipogenesis in melanoma cell progression and metasta-
sis. Additionally, there is a need for the characterization of the
systemic and possible side effects of this new route of Orlistat
administration.
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