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PRECLINICAL STUDY

Resveratrol suppresses growth of cancer stem-like cells

by inhibiting fatty acid synthase
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Abstract Resveratrol is a natural polyphenolic com-
pound and has been shown to exhibit cardio-protective as
well as anti-neoplastic effects on various types of cancers.
However, the exact mechanism of its anti-tumor effect is
not clearly defined. Resveratrol has been shown to have
strong hypolipidemic effect on normal adipocytes and as
hyper-lipogenesis is a hallmark of cancer cell physiology,
the effect of resveratrol on lipid synthesis in cancer stem-
like cells (CD247/CD441/ESA™) that were isolated from
both ER+ and ER— breast cancer cell lines was examined.
The authors found that resveratrol significantly reduced the
cell viability and mammosphere formation followed by
inducing apoptosis in cancer stem-like cells. This inhibi-
tory effect of resveratrol is accompanied by a significant
reduction in lipid synthesis which is caused by the down-
regulation of the fatty acid synthase (FAS) gene followed
by up-regulation of pro-apoptotic genes, DAPK2 and
BNIP3. The activation of apoptotic pathway in the cancer
stem-like cells was suppressed by TOFA and by Fumonisin
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B1, suggesting that resveratrol-induced apoptosis is indeed
through the modulation of FAS-mediated cell survival
signaling. Importantly, resveratrol was able to significantly
suppress the growth of cancer stem-like cells in an animal
model of xenograft without showing apparental toxicity.
Taken together, the results of this study indicate that res-
veratrol is capable of inducing apoptosis in the cancer
stem-like cells through suppression of lipogenesis by
modulating FAS expression, which highlights a novel
mechanism of anti-tumor effect of resveratrol.
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Abbreviations
FAS Fatty acid synthase

ER+ Estrogen receptor positive

ER— Estrogen receptor negative

DAPK2 Death associated kinase 2

BNIP3 BCL2/adenovirus E1B 19 kDa protein-
interacting protein 3

TRAIL Tumor necrosis factor-related apoptosis-
inducing ligand

ACC Acetyl-CoA carboxylase

TOFA 5-(Tetradecyloxy)-2-furoic acid

gRT-PCR Quantitative real-time PCR

Introduction
Resveratrol (3,4',5-trihydroxystilbene) is a phytochemical

which is abundantly found in natural foods including
grapes, red wine, berries, and peanuts [1]. It shows a wide
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spectrum of pharmacological effects and is considered to
reduce the risk of cardiovascular disorders and cancer [2—4].
The cardio-protective effect of resveratrol has been exten-
sively studied in various pre-clinical models, and it has been
shown that the strong anti-oxidant activity of resveratrol
contributes to the protective effect through intracellular
redox signaling [5, 6]. The other potential mechanism of
cardio-protection of resveratrol is due to its hypolipidemic
effect, which is supported by several epidemiological data
also known as French paradox (low-risk coronary heart
disease despite high-fat diet) [7]. Indeed, resveratrol has
been shown to significantly reduce the basal and insulin-
induced lipogenesis from glucose in freshly isolated adi-
pocytes, and the results of in vivo studies also showed that
resveratrol was capable of suppressing the expression of
genes related to lipid metabolism in animals [8].

The anti-tumor effect of resveratrol has been shown in
many types of cancers using various animal models, and
resveratrol has been shown to modulate various steps of
tumorigenesis such as initiation, progression, and metas-
tasis [9, 10]. Jang et al. reported that resveratrol showed
anti-cancer effect on melanoma by blocking the expres-
sion of cyclooxygenase [11]. Resveratrol also reduced the
incidence of carcinogen-induced mammary tumor through
down-regulation of NF-kappaB, COX, and matrix metal-
loprotease-9 expression [12]. In prostate cancer, trans-
genic adenocarcinoma of mouse prostate mouse fed with
resveratrol as diet significantly reduced the onset of
prostate cancer and exhibited a decrease in insulin-like
growth factor 1 and phosphorylated-extracellular regulat-
ing kinase 1 (ERK1) [13]. Therefore, resveratrol has both
preventive and therapeutic effects on cancers in these pre-
clinical tests. Resveratrol appears to show its anti-tumor
effect by inducing apoptosis through modulation of vari-
ous signaling pathways; however, the exact underlying
molecular mechanism is yet to be understood. The
objectives of this study are to clarify the mechanism by
which resveratrol exerts its anti-tumor effect through
modulation of lipogenesis in breast cancer stem-like cells
and to define a potential target for chemoprevention of
breast cancer.

It has long been recognized that up-regulation of lipid
metabolism is a hallmark of cancers because rapidly
growing tumor cells require lipid as a source for membrane
synthesis as well as for energy supply [14]. Fatty acid
synthase (FAS) is a key enzyme for lipogenesis and the
expression of this gene is highly up-regulated in various
types of cancers while it is undetectable in normal cells
[15-19]. Importantly, blocking the FAS expression results
in cell growth arrest and induction of apoptosis [20]. The
authors also previously reported that inhibition of FAS
results in accumulation of malonyl-CoA and ceramide
followed by activation of pro-apoptotic genes such as
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DAPK?2, BNIP3 and TRAIL [21]. Therefore, FAS is con-
sidered to be an ideal target for chemotherapy and che-
moprevention [22-24]. In this report, it has been shown
that resveratrol is indeed capable of suppressing lipid
metabolism by blocking the FAS expression followed by
induction of apoptosis in cancer stem-like cells that are
believed to play critical roles in initiation, progression as
well as chemo-resistance of cancers.

Materials and methods
Cell culture and reagents

The breast cancer cell lines MCF7 and MDA-MB231 were
obtained from American Type Culture Collection (ATCC,
VA). MDA-MB231 LM2-4175 (231 LM) was a generous
gift from Massagué [25]. 231 LM is the variant of MDA-
MB231 which preferentially metastasizes to the lung.
MCF10A, which is a spontaneously immortalized, non-
tumorigenic epithelial cell line, was also purchased from
ATCC. Normal human mammary epithelial cell (HMEC)
was purchased from Lonza Inc., MD.

Stable clone of MDA-MB231 cells was established in
our lab by the lentivirus infection which constitutively
expresses Luciferase gene and designated as MDA-MB231
Luc. MCF7 was cultured in DMEM (ATCC) containing
10% FBS. MDA-MB231, MDA-MB231Luc, and 231 LM
were cultured in RPMI (Invitrogen, NY) containing 10%
FBS. MCF10A and HMECs were cultured in MEBM
media with Bullet kit supplements (Lonza Inc., MD). Cells
were maintained at 37°C in a humidified atmosphere of
95% air and 5% CO,. Resveratrol, 5-(tetradecyloxy)-2-
furoic acid (TOFA), and Fumonisin B1 were purchased
from Sigma—Aldrich Co, MO.

Lentivirus production and infection

Lentivector expression system was purchased from System
Biosciences (Mountainview, CA). Packaging and produc-
tion of GFP (control) and FAS-expressing lentiviruses were
performed according to the manufacturer’s protocol. The
virus culture supernatants were collected, concentrated,
and used for infecting the MDA-MB231 cells.

Cell proliferation assay (MTS assay)

Ten thousand cells per well were seeded in 96-well plates
and cultured for 48 h. The cells were then treated with or
without resveratrol for further 48 h. Cell viability was
measured using CellTiter 96 Aqueous one solution Cell
Proliferation Assay kit (Promega corp., WI), composed of
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the novel tetrazolium compound, 3-(4,5-dimethylthiazol-
2-yI)-5-(3-carboxymethoxyphenyl)-2-(4-sulphonyl)-2H-
tetrazolium, inner salt (MTS), and an electron-coupling
reagent, phenazine ethosulfate, following the manufac-
turer’s instructions. Absorbance was read at 490 nm using
an ELISA reader which was directly proportional to the
number of living cells in culture. Cell viability was
expressed as a percentage relative to untreated cells.

Measurement of lipid content

Intracellular lipid content was measured using the Adip-
oRed assay reagent kit (Lonza Inc., MD). AdipoRed
reagent is a solution of the hydrophilic stain Nile Red
which enables the quantification of intracellular lipid
droplets. In brief, 10,000 cells/well were cultured in 96-
well plates, and the cells were treated with or without
resveratrol for 48 h. The control cells were treated with
vehicle only. After 48 h, cells were assayed for the quan-
tification of intracellular lipid content following the man-
ufacturer’s instructions.

In situ apoptosis assay

Cells were cultured on 96-well plates and were treated with
different concentrations of resveratrol and further incu-
bated for 48 h. The terminal deoxynucleotidyl transferase,
dUTP nick-end labeling assay was performed using In situ
Cell Death detection kit/TMR Red (Roche Inc., IN)
according to the manufacturer’s instructions. The number
of apoptotic cells in each well was counted under a fluo-
rescence microscope and represented in bar diagrams.

Western blotting

Cells after treatment with or without resveratrol were col-
lected and proteins were extracted by homogenizing the
pellet in the protein lysis buffer (50 mM Tris—HCI pH 7.4,
1% NP-40, 0.25% sodium deoxycholate, 150 mM NacCl,
1 mM EDTA) under reducing conditions. The cell lysate
was boiled for 10 min, and the proteins were separated by
10% SDS-PAGE and transferred to nitrocellulose mem-
branes. The membranes were blocked with 5% skim milk
and then incubated with antibodies to FAS (0.2 pg/ml,
Immuno-biological Laboratories Co., Japan), f-tubulin
(1:10000, Upstate Biotechnology, NY), and Actin (1:250,
Santa Cruz Biotechnology, CA) at 4°C. The membranes
were then incubated with corresponding HRP-conjugated
secondary antibodies followed by visualizing bands using
ECL Plus Western blotting detection system (Amersham
Life Sciences, UK).

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from the cells using RNeasy mini
kit (Qiagen, CA), and they were reverse transcribed with
Reverse Transcriptase kit (Fermentas Life Sciences, MD).
gRT PCR was carried out using Maxima SYBR Green kit
(Fermentas Life Sciences, MD) in DNA engine opticon-2
system (MJ Research, MA), and f-actin was used as an
internal control. All the reactions were performed at least in
triplicate. The following pairs of primers were used for the
gene amplification; for FASN: 5'-CATCCAGATAGGCCT
CATAGAC-3' and 5'-CTCCATGAAGTAGGAGTGGAA
G-3', for p21: 5-CCGTGGACAGTGAGCAGTT-3' and
5'-CCAATCTGCGCTTGGAGTGA-3, for BNIP3: 5'-CC
TGGGTAGAACTGCACTTCAGCAAT-3’ and 5'-TTCAT
GACGCTCGTGTTCCTCATGCT-3/, for DAPK2: 5'-CT
TTGATCTCAAGCCAGAAAAC-3 and 5'-CTCGTAGTT
CACAATTTCTGGAG-3', and for f-actin: 5'-TGAGACCT
TCAACACCCCAGCCATG-3' and 5'-CGTAGATGGGCA
CAGTGTGGGTG-3'). The thermal cycling conditions
comprised an initial denaturation step at 95°C for 2 min
followed by 40 cycles of PCR using the following profile:
94°C: 30 s, 57°C: 30 s, and 72°C: 30 s.

siRNA transfection

The authors designed four individual small interfering
RNAs (siRNAs) against the FAS gene (sense strand
sequences: GAGCGUAUCUGUGAGAAAC, GACGAG
AGCACCUUUGAUG, UGACAUCGUCCAUUCGUUU,
CCAUGGAGCGUAUCUGUGA) and custom synthesized
by Dharmacon Inc. (Lafayette, CO). One siRNA duplex
targeting the GFP (green fluorescent protein) gene was also
synthesized to use as a negative control in all the experi-
ments. The siRNA was transfected into the breast cancer
cells using the Trans-TKO transfection reagent (Mirus
Corp., WI) according to the manufacturer’s protocol. The
cells were then harvested for real time PCR experiments to
determine the mRNA level.

Isolation of cancer stem-like cells from breast cancer
cells and mammosphere assay

Breast cancer stem-like cells from MDA-MB231Luc or 231
LM were isolated using the cell surface phenotype CD24~/
CD44"/ESA™ by MACS separation columns (Miltenyi
Biotec, Germany) [26-29]. Cells were trypsinized and
washed with PBS. Biotin-conjugated CD24 (StemCell
Technologies, Canada) and allophycocyanin (APC)-conju-
gated CD44 (BioLegend, CA) antibodies were added to the
sample and incubated for 15 min on ice. After washing
the sample with PBS, CD24 negative cells were isolated by
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anti-biotin microbeads (Anti-Biotin MultiSort Kit; Miltenyi
Biotec). The cells were then mixed with anti-APC micro-
beads (Anti-Biotin MultiSort Kit; Miltenyi Biotec) and
biotin-conjugated ESA antibody (GeneTex Inc., TX) for
15 min on ice. After washing the cells, CD44 and ESA
positive fractions were collected through MACS separation
columns. Trypan Blue Solution (Sigma Co, MO) was used
for measurement of cell viability. The single cell suspension
was cultured in mammosphere forming medium (DMEM/
F12 containing B27 supplement; Invitrogen) with or without
resveratrol for the following assays.

Immunohistochemistry (IHC) analysis

Formalin-fixed paraffin-embedded breast cancer tissue
specimens were obtained from the pathology archives of
Iwate Medical School (Iwate, Japan). IHC staining was
performed using antibodies to FAS (0.2 pg/ml, Immuno-
biological Laboratories Co., Japan) and BNIP (Biocarta,
CA). In brief, tumor sections were deparaffinized, rehy-
drated, and immersed in sodium citrate buffer (pH 6.0) at
90°C water bath for 30 min. After cooling down the
sections to room temperature, the slides were dipped in
3% H,0, for 15 min at room temperature to block
endogenous peroxidase activity. After washing with the
0.1% Tween 20/PBS (PBST) solution, the sections were
incubated with 2% BSA/PBST for 20 min. The sections
were incubated with each primary antibody for 12 h at
4°C and were then processed using EnVision™ System
(DAKO, CA) according to the manufacturer’s protocol.
Tissue sections were incubated for 1 h with secondary
anti-rabbit HRP-conjugated polymer antibody. After three
washings, sections were dipped in distilled water for
5 min, subsequently counterstained with hematoxylin and
dehydrated with ethanol.

Anti-tumorigenic effect of resveratrol in in vivo

In order to determine the anti-tumor effects of resveratrol
in in vivo, cancer stem-like cells isolated from MDA-
MB231Luc (1 x 10* cells) was mixed with Matrigel (BD
biosciences, MA), and the mixture was injected into the
mammary fat pad of 4-week old female nude mice. Res-
veratrol suspended in PBS (22.4 kg/body weight) was
administered to these mice via oral gavage or intraperito-
neal (IP) route every 2 days for a period of 4 weeks. The
control group received the vehicle only. In vivo imaging
was performed to monitor the tumor growth using the IVIS
Imaging System (Xenogen, MA). Mice were killed at the
endpoint, and tumors were harvested, and the paraffin
block sections of tumors were later used for IHC analysis
of FAS, DAPK?2. and BNIP3.
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Statistical analysis

Values were expressed as the mean &= SE of at least three
independent experiments. Statistical significance was deter-
mined by Student’s ¢ test or one way ANOVA. P val-
ues < 0.05 were considered significant. Statistical procedures
were carried out using Graphpad prism software.

Results

Resveratrol suppresses lipogenesis and cell survival
by downregulating fatty acid synthase

To examine the effect of resveratrol on lipogenesis and cell
survival in in vitro culture conditions, three human breast
cancer cell lines (MCF7, MDA-MB231, and 231 LM) and
two non-tumorigenic and normal breast epithelial cells
(MCF10A and HMEC) were chosen. These cells with two
different concentration of resveratrol (50 and 100 uM)
were treated. This concentration range of resveratrol is
used elsewhere [30-34]. The authors first confirmed that
while resveratrol significantly inhibited the growth and
survival of all the breast cancer cell lines, it showed no
significant toxicity to MCF10A and HMECs (Fig. la),
suggesting that while resveratrol causes cytotoxicity
mainly in cancer cells, it does not significantly affect
normal cells. The amount of lipid synthesis under the same
condition was then measured, and it was found that res-
veratrol indeed significantly blocked lipogenesis in cancer
cells while it had no such effect in MCF10A cell, as shown
in Fig. 1b. Because FAS is one of the key enzymes that
control rate-limiting stage of lipid synthesis, the effect of
resveratrol on the expression of FAS in these cell lines by
Western blot analysis was examined. As shown in Fig. Ic
and d, it was found that resveratrol indeed significantly
suppressed the expression of FAS in all the tested breast
cancer cell lines at the protein and RNA levels, whereas the
normal breast cells had no such effect. These results sug-
gest that suppression of FAS expression and overall lipo-
genesis is at least one of the mechanisms of the inhibitory
effect of resveratrol on tumor cell growth, although several
other mechanisms have also been proposed [35, 36].

Resveratrol induces apoptosis by down-regulating FAS
and activating the pro-apoptotic genes

In order to understand how resveratrol suppresses cell
growth and survival by modulating the FAS expression, the
effect of resveratrol on apoptosis in breast tumor cells was
first examined. As shown in Fig. 2a, it was found that
resveratrol significantly induced apoptosis in all the tested
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Fig. 1 Resveratrol suppresses cell survival by down-regulating FAS
and lipid synthesis. a Three breast cancer cell lines [MCF7, MDA-
MB231, and 231 LM] and one non-tumorigenic breast epithelial cell
line [MCF10A and HMEC] were cultured in the presence and absence
of resveratrol at the indicated concentration for 48 h, and the cell
viability was measured by MTS assay. Control wells were treated
with ethanol only. b The same three tumor cell lines and MCF10A
were cultured in the presence and absence of resveratrol for 48 h, and
lipid contents were measured using the AdipoRed kit. ¢ MCF7, MDA-

breast cancer cell lines while it did not affect normal breast
epithelial cells MCF10A and HMEC, which is in parallel to
the inhibitory effect of resveratrol on FAS expression and
lipogenesis. To examine whether the resveratrol-induced
apoptosis is mediated by down-regulation of FAS, the
authors ectopically expressed FAS in MDA-MB231 cells
by infecting the FAS-expressing lentivirus, and cells were
treated with or without resveratrol followed by assaying
apoptosis. It was found that ectopic expression of FAS

Resveratrol (uM)

Resveratrol (M)

Resveratrol (M)

MB231, 231 LM, MCF10A, and HMECs were cultured with or
without resveratrol for 48 h, the cells were then harvested, and the
amount of FAS was measured by Western blot. d MCF7, MDA-
MB231, 231 LM, MCF10A, and HMEC cells were cultured with or
without resveratrol for 48 h, mRNA was extracted, and the expression
of FAS mRNA was measured by qRT-PCR. All the experiments were
performed in triplicate by taking the values as means =+ SD.
* P <0.05, ** P <0.01, and *** P < 0.001

significantly blocked the resveratrol-induced apoptosis
(Fig. 2b), suggesting that resveratrol indeed induces
apoptosis through modulation of FAS expression.

Next, because it has previously been found that inhibi-
tion of FAS induced a series of pro-apoptotic genes such as
DAPK?2 and BNIP3 [21], the authors tested whether res-
veratrol too can activate these genes by down-regulating
FAS. As shown in Fig. 2¢ and d, it was found that the
treatment of MCF7, MDA-MB231, and MDA-MB231 LM
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Fig. 2 Resveratrol induces apoptosis in breast cancer cells by down-
regulating FAS and activating the pro-apoptotic genes. a MCF7,
MDA-MB231, 231 LM, MCFI10A, and HMECs were cultured in the
presence of various concentration of resveratrol for 48 h, and
apoptotic index was measured by In situ Cell Death detection kit/
TMR red. b MDA-MB231 cells were infected with GFP (Control) or
FAS overexpressing lentiviruses. After culturing the cells for 24 h,
the cells were treated with or without resveratrol for 48 h, and the
apoptotic index was measured using in situ Cell Death detection kit/
TMR red. ¢, d MCF7, MDA-MB231, and 231 LM cells were cultured
in the presence of various concentration of resveratrol for 48 h, and
the expressions of DAPK2 and BNIP3 were measured using qRT-
PCR. e MCF-7 cells were treated with 300 nM of FAS-siRNA or
GFP-siRNA for 72 h. The cells were then collected, and mRNAs

cells with resveratrol significantly up-regulated DAPK2
and BNIP3. It was also confirmed by these findings using
siRNA-mediated gene silencing in MCF7 cells by incu-
bating the cells with FAS siRNAs followed by qRT-PCR
analysis. As shown in Fig. 2e, specific inhibition of FAS
using siRNAs results in the significant up-regulation of
pro-apoptotic genes DAPK2 and BNIP3. On the other
hand, extopic expression of FAS significantly blocked
the resveratrol-induced expression of DAPK2 and BNIP3
(Fig. 2f), indicating that resveratrol induces apoptosis
through activation of these pro-apoptotic genes by modu-
lating FAS expression.

As was previously reported by the authors, inhibition of
FAS causes accumulation of malonyl-CoA which is syn-
thesized by Acetyl-CoA carboxylase (ACC) from Acetyl-
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were extracted and subjected to qRT-PCR to determine the expression
of DAPK2 and BNIP3. f MDA-MB231 cells were infected with GFP
(Control) or FAS overexpressing lentiviruses. After incubating the
cells for 24 h, the cells were treated with or without resveratrol for
48 h. The cells were then collected mRNAs, extracted, and qRT-PCR
was performed to measure the expression levels of DAPK2 and
BNIP3. g MCF7 and MDA-MB231 cells were cultured with or
without resveratrol and in the presence or absence of TOFA [ACC
inhibitor] or Fumonisin B1 [ceramide synthase inhibitor] for 48 h
followed by assaying DAPK2 mRNA expression by qRT-PCR.
h Immunohistochemical analysis of FAS and BNIP3 was performed
on 17 tissue specimens from breast cancer patients. Left panels are
representative images of IHC and right panel shows relationship
between FAS and BNIP3 (P = 0.031)

CoA, and this accumulation leads to the inhibition of
Carnitine palmitoyl transferase-1 and up-regulation of
ceramide followed by induction of the pro-apoptotic genes
[21]. Therefore, the effects of TOFA (ACC inhibitor) and
Fumonisin B1 (ceramide synthase inhibitor) on the resve-
ratrol-induced expression of DAPK2 gene in two breast
tumor cell lines MCF7 and MDA-MB231 were examined.
As shown in Fig. 2g, it was found that resveratrol induced
the expression of DAPK2 gene in both MCF7 and MDA-
MB231; however, both TOFA and Fumonisin B1 signifi-
cantly blocked the expression of DAPK2 induction by
resveratrol, suggesting that the resveratrol-induced apop-
tosis in these cell lines is indeed mediated through
inhibition of FAS. In addition, the results of our immu-
nohistochemical analysis for clinical specimens from
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breast cancer patients indicate that the expressions of FAS
and BNIP3 are inversely correlated (Fig. 2h), which further
supports our notion that FAS promotes cell survival by
suppressing the DAPK2 and BNIP-mediated apoptotic
pathway.

Resveratrol induces apoptosis in tumor stem-like cells
by suppressing FAS

According to the recent cancer stem cell theory, which still
remains a hypothesis, a tumor arises from a stem cell which
has the ability of self-renewal and differentiation and also
exhibits resistance to chemotherapy. Therefore, cancer
stem cell is considered to be the most rational target for
chemoprevention and chemotherapy. To test the efficacy of
resveratrol on cancer stem-like cells, the authors first iso-
lated cancer stem-like cells (CD24 /CD44/ESA™) from
MDA-MB231 and tested their tumor-initiating ability in
nude mice. As shown in Fig. 3a, the results of a limited
dilution analysis indicated that the isolated cancer stem-
like cell population was significantly more tumorigenic
than the corresponding parental cells, and 50% of the mice
that received injection of even 100 cells gave rise to tumor.
The authors then isolated cancer stem-like cells from both
ER+ (MCF7) and ER— (MDA-MB231) and tested the
effect of resveratrol on these cells. As shown in Fig. 3b,
when these cells were treated with resveratrol, the amount
of lipid synthesis was significantly reduced. The effect of
resveratrol on FAS expression in these cells was examined
by Western blot and qRT PCR, and it was found that res-
veratrol strongly suppressed the FAS expression at both
protein and mRNA levels (Fig. 3c and d). Next, the effect
of resveratrol on mammosphere formation which is char-
acteristic to cancer stem-like cells was examined. As
shown in Fig. 3e, it was found that resveratrol treatment
significantly decreased the number (left panel) as well as
the size of the mammospheres (right upper panel) in dose-
dependent manner indicating that resveratrol is capable of
suppressing cancer stem-like cell growth. In a parallel
experiment, the authors collected the mammospheres in
control and treated groups and performed the Western blot
analysis for FAS expression. The results obtained showed
that FAS was indeed down-regulated in the resveratrol-
treated group (Fig. 3e, right lower panel). These data imply
that resveratrol suppressed the growth of cancer stem-like
cells by down-regulating FAS expression.

To further clarify the growth inhibitory effect of res-
veratrol on tumor stem-like cells, the authors isolated and
treated MDA-MB231 stem-like cells with or without
TOFA and Fumonisin Bl in the presence of resveratrol
followed by assaying for apoptosis (Fig. 4a). It was found
that resveratrol indeed induced apoptosis in cancer stem-
like cells; however, this resveratrol effect was significantly

abrogated by both TOFA and Fumonisin B1 treatment,
indicating that resveratrol induces apoptosis through the
FAS-mediated pathway. The effect of resveratrol on the
activation of the pro-apoptotic genes in the cancer stem-
like cells was examined, and it was found that resveratrol
significantly activated both DAPK2 (Fig. 4b) and BNIP3
(Fig. 4c) mRNA expression. In a parallel experiment, the
expression of p21 in the cancer stem-like cells under the
same conditions was examined and it was found that p21
was also up-regulated by resveratrol treatment (Fig. 4d).
These results strongly suggest that resveratrol suppresses
tumor stem-like cells growth by inducing pro-apoptotic
genes through down-regulation of FAS expression.

Resveratrol suppresses growth of cancer stem-like
cells in vivo

To test the efficacy of resveratrol on cancer stem-like cells
in vivo, stem-like cell population from MDA-MB231Luc
cells that are “labeled” with the luciferase gene was first
isolated. These cells were injected into the mammary fat
pad of nude mice as described in “Materials and methods”
section. The growth of tumor was then monitored by IVIS
Imaging system. As shown in Fig. 5a (left and right panel),
administration of resveratrol into the mice either through
oral gavage or IP injection significantly suppressed the
onset of tumor growth in these animals, indicating that
resveratrol is indeed capable of inhibiting the proliferation
of cancer stem-like cells in vivo. The weights of mice were
not significantly changed among the groups during the
course of experiment, suggesting that resveratrol did not
show notable adverse effects on these mice (Fig. 5b). At the
endpoint, the mice were sacrificed for histological analysis
(Fig. 5¢). The authors observed that the expression of FAS
was remarkably suppressed in the tumors of mice that were
treated with resveratrol, while the expression of DAPK2
and BNIP3 was strongly augmented in these animals
compared to the mice without the treatment. These results
strongly support the notion that resveratrol suppresses
cancer stem-like cells growth in mice by down-regulating of
FAS and by activating a series of pro-apoptotic genes
DAPK?2 and BNIP3.

Discussion

The chemo-preventive as well as chemo-therapeutic effects
of resveratrol against various types of cancers in pre-clin-
ical testing has been well documented, although actual
efficacy on patients is yet to be determined and several
clinical trials are currently underway [NCTO00721877,
NCT00920803, NCT00433576, and NCT00578396]. Res-
veratrol has a strong anti-oxidant activity and is also
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Fig. 3 Resveratrol induces apoptosis in tumor stem-like cells by the
downregulation of FAS. a Tumor stem-like cell population (CD24™/
CD441/ESA™) were isolated from MDA-MB231Luc cells by MACS
sorting as described in “Materials and methods” section. Various
amounts of cells before sorting (231 parental cells) or after sorting
(231 stem cells) were injected into mammary fat pad of nude mice
(n = 4), and the tumor incidence was measured by IVIS Imaging
system. The results were analyzed by the limited dilution analysis
(P < 0.001). b The tumor stem-like cells from MCF7 and MDA-
MB231 were isolated and incubated in the presence or absence of
resveratrol for 48 h, and the amount of lipid was measured by

capable of inducing apoptosis in cancer cells, and there-
fore, it is believed to be efficacious at multiple stages of
carcinogenesis [37—40]. However, underlining molecular
mechanism of its anti-tumor activity is yet to be defined. In
this article, a novel action of resveratrol by which it
modulates FAS expression and lipid syntheses and thus
resulting in the induction of apoptosis in cancer stem-like
cells was described. The current cancer stem cell theory
predicts that cancer stem cells are responsible for the ini-
tiation of tumorigenesis because of their self-renewal

@ Springer

AdipoRed assay kit. ¢, d Tumor stem-like cells were isolated from
MCF7 and MDA-MB231, they were cultured with or without
resveratrol for 48 h, and the expression of FAS was assayed by
Western blot and qRT-PCR. e Tumor stem-like cells were isolated
from MDA-MB231 cells and were cultured in the mammosphere
medium in the presence of various concentrations of resveratrol for
72 h. The number of mammospheres was counted, and the size of the
mammospheres was also measured. The mammospheres in each
group were then collected to determine the expression of FAS by
Western blotting

ability and that they are also responsible for chemoresis-
tance [41—43]. For this reason, active studies are underway
to develop a specific drug to target cancer stem cells. The
results obtained above indicate that resveratrol is capable
of inducing apoptosis in cancer stem-like cells, and there-
fore, resveratrol is considered to serve as an effective
chemopreventive agent owing to its non-toxicity. Oral
intake of this compound is also feasible because resveratrol
promptly distributes to various organs and yet maintains
their efficacy, suggesting that resveratrol can be taken as a



Breast Cancer Res Treat (2011) 130:387-398

395

MDA MB231 MCF?7 MDA MB231
A X B
*kk — *%
60 =t e o 20 2 7-
g <
2 50 3 o 61
© 2 154 s
o = © 54 *
o 404 s °
= Q o 44
Q ~
s 301 £ 104 <
o < = 34
& 201 2 [
= E 5+ E 21
2 10 g € 14
o o
A < 0 < 0 -
a a
RES (uM) 0 100 100 100 0 50 100 0 50 100
TOFA(uM) == = 15 = Resveratrol (uM
Fumo (uM) — _ . 50 Resveratrol (uM) (nM)
% MCF7 MDA MB231 D MCF7 MDA MB231
2.5 = ok 2% *kk
— = 2.0
= = = =
> 2.0 s 5 5
2 . 2 2 21 .
S 1.5+ s < 5
c e 3 € 1.0
< 1.0 =
z s s s
£ o 1 0.5
o 0.5 f, £ g0
a 4 § y
& 0.0 z & 20.0-
0 50 100 ’ 0 50 100 0 50 100 0 50 100

Resveratrol (uM) Resveratrol (uM)

Fig. 4 Resveratrol activates pro-apoptotic genes in tumor stem-like
cells. a Tumor stem-like cell were isolated from MDA-MB231 cells
and treated with or without resveratrol in the presence or absence of
TOFA or Fumonisin Bl for 48 h followed by assaying for the
apoptotic index by In situ Cell Death detection kit/TMR red. b, ¢,

food supplement for the prevention of a variety of cancers
[44].

Resveratrol is a multi-functional polyphenolic com-
pound and exhibits various types of biological activities.
The strong anti-oxidant activity of resveratrol is believed to
act as radical scavenger, and therefore, protect DNA
damage which otherwise may lead to tumorigenesis [45].
Resveratrol is also known to exhibit cytotoxic effect on
cancer cells by modulating or activating various signaling
pathways, including p53/p21, NF-kappaB, Akt, Cox2, IGF-
1, and ERKI1. as well as Redox signaling [12, 13, 46, 47].
In this report, the authors have revealed that resveratrol is
capable of suppressing lipogenesis by inhibiting FAS
expression as a novel mechanism of its anti-tumor effect.
Our results indicate that blocking FAS by resveratrol
indeed caused apoptosis in cancer stem-like cells whereas
it has no significant toxicity towards normal cells, and
more importantly, resveratrol was able to inhibit growth of
cancer stem-like cells by suppressing FAS in our animal
model. Up-regulation of FAS has been well documented in
a variety of cancers, and it is considered to have a causative
effect on tumorigenesis rather than merely a consequence

Resveratrol (uM)

Resveratrol (uM)

d Tumor stem-like cells were isolated from MCF7 and MDA-MB231
cells and incubated with various concentrations of resveratrol for 48 h
followed by quantifying the mRNA expression of the pro-apoptotic
genes DAPK2, BNIP3, and p21 by qRT-PCR

of tumor growth. Overexpression of FAS along with
androgen receptors in immortalized, non-transformed
human prostate epithelial cells formed invasive adenocar-
cinomas in immunodeficient mice whereas transgenic
expression of FAS in mice resulted in prostate intraepi-
thelial neoplasia [20]. In another study, it was reported that
increased lipid synthesis by overexpressing FAS induced a
cancer-like phenotype in non-cancerous epithelial cells
such as HBL.100 and MCF10A by the activation of HER1/
HER?2 tyrosine receptor kinases [48]. It should be noted
that inhibiting FAS expression is known to induce cell
death by activating pro-apoptotic signaling. For instance,
downregulation of FAS by RNA interference resulted in
the significant killing of tumor cells in a panel of mammary
carcinoma cell lines (MDA-MB435 and MCF-7) and also
in prostate cancer cells (LNCaP and PC-3) by caspase-8-
mediated apoptosis [21, 49]. The authors have also previ-
ously reported that FAS was highly expressed in tumors of
both breast and prostate cancers and the expression was
inversely correlated with patient survival [21, 50].The
results in this article indicate that resveratrol indeed
induced apoptosis in cancer stem-like cells by activating

@ Springer



396

Breast Cancer Res Treat (2011) 130:387-398

A _ Control Resveratrol 20
Oralgavage IP ~O- Control *
&~ 16 - - Res (IP)
£ 9_ —&— Res (Oral gavage)
2% .
£2
s
c ~
23
- (] g—
‘-ﬁ 6 10 14 20 28
Days
B -O- Control c Control Retreated
- Res (IP) B
23.5 g
-4 Res (Oral gavage) FAS |
22.5
S 21.5
S
=) 20.5
o
= 19.5
18.5
17'5 T T T T T T T

Days

Fig. 5 Resveratrol suppressed the growth of tumor stem-like cells in
vivo. Tumor stem-like cells were isolated from MDA-MB231Luc
cell, and 1 x 10* cells were injected into mammary fat pad of female
nude mice (n = 5). They were then treated with resveratrol (22.4 mg/
kg/day) through oral gavage or by intraperitoneal injection (IP) every
2 days for a period of 4 weeks. The tumor growth was monitored by
injecting luciferin in the mice followed by measuring biolumines-
cence using IVIS Imaging System. Imaging and quantification of

the pro-apoptotic genes DAPK2 and BNIP3 that are gen-
erally suppressed by FAS through ceramide synthesis,
whereas ectopic expression of FAS rescued the tumor cells
from resveratrol-induced apoptotic cell death by down-
regulating the expression of these pro-apoptotic genes. In
addition, the activation of these genes by resveratrol and
concomitant apoptosis were significantly blocked by TOFA
and Fumonisin B1, further indicating that the pro-apoptotic
effect of resveratrol in tumor stem-like cells is a direct
consequence of the ability of resveratrol in down-regulat-
ing FAS.

In summary, the authors have shown that resveratrol is
able to suppress the growth of cancer stem-like cells
through down-regulation of FAS expression and by
inducing the pro-apoptotic signaling pathway both in vitro
and in a xenograft model of breast cancer. This novel
mechanism of resveratrol’s action provides a strong ratio-
nale to use this phytochemical for chemoprevention, as
well as chemotherapy for breast cancer.
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signals were controlled by the acquisition and analysis software living
image. a Representative images of mice at day 28 (left panel). Time
course of the quantified bioluminescence image (right panel). b The
weights of the mice were also measured periodically. ¢ Mice were
sacrificed at the end of the experiment, and tumors were harvested
and sectioned for immunohistochemical staining. IHC staining of the
tumor sections was done to determine the expression of FAS,
DAPK?2, and BNIP3 proteins
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