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ABSTRACT

Auraptene is a prenyloxycoumarin from Citrus species with
chemopreventive properties against colitis-related colon and
breast cancers through a yet-undefined mechanism. To deci-
pher its mechanism of action, we used a ligand-structure based
approach. We established that auraptene fits with a pharma-
cophore involved in both the inhibition of acyl-CoA:cholesterol
acyl transferase (ACAT) and the modulation of estrogen recep-
tors (ERs). We confirmed experimentally that auraptene inhibits
ACAT and binds to ERs in a concentration-dependent manner
and that it inhibited ACAT in rat liver microsomes and in intact

cancer cells of murine and human origins, with an ICg, value in
the micromolar range. Auraptene bound to ERs with affinities of
7.8 uM for ERa and 7.9 uM for ERB, stabilized ERs, and
modulated their transcriptional activity via an ER-dependent
reporter gene and endogenous genes. We further established
that these effects correlated well with the control of growth and
invasiveness of tumor cells. Our data shed light on the molec-
ular mechanism underlying the anticancer and chemopreven-
tive effects of auraptene.

Introduction

Auraptene (7-geranyloxycoumarin) is the most abundant
prenyloxycoumarin found (Curini et al., 2006) in plants of the
genus Citrus (Epifano et al., 2008). Various dietary compo-
nents such as marmalades and grapefruit-derived products,
such as juices, can contain significant amounts of auraptene,
ranging from 0.11 to 0.38 mg/100 g in fresh products (Ogawa
et al., 2000). Dietary administration of auraptene to animals
has revealed numerous pharmacological activities. Au-
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raptene induces anti-inflammatory, antioxidant, antibacte-
rial, and immunomodulatory effects (Epifano et al., 2008). It
is noteworthy that auraptene has been shown to protect
rodents against chemically induced carcinogenesis (Tanaka
et al., 1998, 2000, 2010; Kohno et al., 2006; Krishnan et al.,
2009). It has also been reported to exert antiproliferative and
proapoptotic activities on cancer cell lines such as human
hepatocellular carcinoma, colorectal adenocarcinoma, and
breast adenocarcinoma cells in vitro (Zheng et al., 2002;
Ohnishi et al., 2004; Krishnan et al., 2009). As a conse-
quence, auraptene is potentially very interesting as a dietary
chemopreventive agent for cancers. To date, little is known
about the molecular mechanisms involved in the chemopre-
ventive activity of auraptene against cancer or about its
cellular effects.

The chemopreventive and the anticancer actions of au-

ABBREVIATIONS: ER, estrogen receptor; E2, 173-estradiol; Sah 58-035, 3-[decyldimethylsilyl]-N-[2-(4-methylphenyl)-1-phenylethyl]-propana-
mide; ICI 164,384, [(N-n-butyl-N-methyl-11-[3,17-di-hydroxy estra-1,3,5(10)-trien-7a-yl]-undecanamide]; TMP-153, N-[4-(2-chlorophenyl)-6,7-
dimethyl-3-quinolyl]-N’'-(2,4-difluorophenyl)urea; CE, cholestan-5«,6a-epoxy-3B-ol; ACAT, acyl-CoA:cholesterol-acyl transferase; TLC, thin-layer
chromatography; SERM, selective estrogen receptor modulator; AEBS, antiestrogen binding site; ChEH, cholesterol-5,6-epoxide hydrolase; Tam,
tamoxifen; FBS, fetal bovine serum; FCS, fetal calf serum; DMEM, Dulbecco’s modified Eagle’s medium; OH-Tam, 4-hydroxytamoxifen; PBS,
phosphate-buffered saline; RT-PCR, reverse transcriptase polymerase chain reaction; PR, progesterone receptor; TGFa, transforming growth
factor a.
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raptene suggest that it modulates one (or more) target in-
volved in the control of oncogenic processes. Our attention
has been drawn to the targets of tamoxifen (Tam), a drug
that has been in use for more than 30 years for the treatment
and prevention of estrogen receptor (ER)-positive breast can-
cers (Jordan, 2007) and that has a complex pharmacology for
which several targets have been identified. In addition to
binding to ERs (Jensen and Jordan, 2003), Tam has been
shown to inhibit cholesterol esterification (de Medina et al.,
2004, 2006; Payré et al., 2008) and to bind to the antiestrogen
binding site (AEBS) with high affinity (Kedjouar et al., 2004).
These additional targets account for the pharmacology of
Tam (de Médina et al., 2004) and are involved in its antican-
cer and chemopreventive activities (Payré et al., 2008; de
Medina et al., 2009a,b). Through a direct genomic mecha-
nism, Tam modulates the transcription of genes under the
control of ERs. ER modulators can produce a transcriptional
signature that will differ according their chemical structure
(McDonnell et al., 1995) and will affect the functionality of
ERs by controlling their subcellular localization and stabili-
zation (Wittmann et al., 2007). SERM have been shown to
block the mitogenic action of low doses of 17B-estradiol (E2)
and to prevent against the occurrence of ER(+) breast can-
cers (Jordan, 2004). More recently, the importance of ERs in
the cause of colonic cancers was proposed, and it was shown
that ER modulation could reduce the formation of preneoplastic
lesions in the colon (Weige et al., 2009) and control colon cancer,
cell proliferation, and death (Xu and Thomas, 1994; Booth et al.,
1999; Janakiram et al., 2009) showing that ER modulation
could prevent the occurrence of colonic cancer.

We have reported that Tam inhibited the Acyl-CoA:Cho-
lesterol Acyl Transferase (ACAT) activity in macrophages
and tumor cell lines (de Médina et al., 2004; de Medina et al.,
2004, 2006; Payré et al., 2008). It is noteworthy that cho-
lesteryl esters have been reported to accumulate in tumors
and to be involved in cell proliferation and invasiveness that
are blocked by the inhibition of ACAT (Tosi and Tugnoli,
2005; Paillasse et al., 2009). The AEBS is a hetero-oligomeric
proteinaceous binding site made up of multifunctional en-
zymes involved in cholesterol metabolism (Kedjouar et al.,
2004) that include cholesterol-5,6-epoxide hydrolase activity
(ChEH) (de Medina et al., 2010). We recently showed that
Tam induced the differentiation and death of breast cancer
cells through the accumulation of cholesterol precursors and
cholesterol oxidation products (Payré et al., 2008; de Medina
et al., 2009a,b). We have also done structure-function studies
that allowed us to identify pharmacophores involved in the
inhibition of ACAT (de Medina et al., 2004b), ER modulation
(de Medina et al., 2006), and AEBS binding (Poirot et al.,
2000). The structure of auraptene led us hypothesize that it
might modulate some of these targets of Tam, which may ex-
plain its action in chemoprevention and cell growth control.

In the present article, we have compared auraptene with
pharmacophores that target ERs, ACAT, and the AEBS and
characterized its effect on different tumor cell lines. We show
that auraptene is a modulator of ERs and an inhibitor of
cholesterol esterification.

Materials and Methods

Chemicals. [H]17B-Estradiol, [*H]tamoxifen, [*“Cloleyl-CoA,
and [**Clcholesterol were purchased from GE Healthcare (Chal-

font St. Giles, Buckinghamshire, UK). The radiochemical purity of
the compounds was verified by thin-layer chromatography (TLC)
and was greater than 98%. [(N-n-Butyl-N-methyl-11-[3,17-di-
hydroxyestra-1,3,5(10)-trien-7a-yl]-undecanamide] (ICI 164,384)
was provided by Zeneca Pharmaceuticals ple (Macclesfield, UK). N-[4-
(2-Chlorophenyl)-6,7-dimethyl-3-quinolyl]-N'-(2,4-difluorophenyl)urea
(TMP-153) was from Enzo Life Sciences (Plymouth Meeting, PA). 3-[de-
cyldimethylsilyl]-N-[2-(4-methylphenyl)-1-phenylethyl]-propanamide (Sah
58-035) was kindly provided by A. Suter at Novartis (Basel, Switzerland).
7-Geranyloxycoumarin (auraptene) and 7-hydroxycoumarine (umbellifer-
one) were synthesized as described previously (Curini et al., 2004). Other
compounds and chemicals were from Sigma-Aldrich (St. Louis, MO), sol-
vents from VWR (Fontenay sous Bois, France), and TLC plates were
obtained from Whatman (Clifton, NdJ).

Molecular Structure Analysis. The structure analysis and the
comparisons between the structure of compounds was done ex-
actly as described previously (de Medina et al., 2006). Superim-
position of the energy-minimized structure of auraptene and the
active structures of Sah 58-035 and ICI 164,384 was done by
superimposing the benzopyrone ring of auraptene on the
tolylethanamine part of the diphenyl ethane backbone of Sah
58-035 and rings A and B of the steroid backbone of ICI 164,384,
respectively. For the superimposition with ICI 164,384, carbon 3
of the phenyl ring of the steroid was adjusted to carbon 3 of the
benzopyrone part of auraptene, and the benzylic carbon linked to
carbon 6 of the phenyl of the steroid was superimposed on carbon
7 of the oxycoumarin part of auraptene. For the superimposition
with Sah 58-035, carbon 4 of the diphenyl ethane part of Sah
58-035 was adjusted to carbon 3 of the oxycoumarin part of au-
raptene, and the benzylic carbon of the phenyl of the diphenyl
ethane of Sah 58-035 was superimposed on carbon 7 of the oxy-
coumarin part of auraptene. The percentage of superimposition
was calculated by measuring the ratio of the intersection of the
van der Waals volume of the compounds with the van der Waals
volume of the diphenyl ethane of Sah 58-035.

Assays for ACAT Activity. Rat liver microsomes were prepared
as described previously (de Medina et al., 2004b). The 105,000g
microsomal pellet was resuspended in 0.1 M phosphate buffer, pH
7.4, 1 mM EDTA, and 2 mM dithiothreitol at a protein concentration
of 5 mg/ml. The ACAT activity was assayed by measuring the for-
mation of cholesteryl [**Cloleate from the endogenous cholesterol in
the microsomal fraction and exogenous [1*Cloleyl-coA as the sub-
strate, following the procedure described previously (de Medina et
al., 2004b). The ACAT activity was expressed as the percentage of
the activity measured in the absence of inhibitors (control assay with
solvent vehicle). The ACAT control was 48.3 = 2.3 pmol of cholesteryl
[**Cloleate - mg protein ! - min~! and the background represented
less than 1% of the specific signal. ACAT activity was assayed using
40 uM [*C]oleyl-CoA in the presence or absence of 1, 5, 10, 25, and
50 uM concentrations of the tested compounds. The concentration of
compound required to inhibit ACAT by 50% (IC;,) was calculated
using Prism software, version 4.0 (GraphPad Software Inc., San
Diego, CA). The IC;, values were calculated with data from triplicate
assays at each drug concentration.

Cell Culture. SW-620, MDA-MB-231, and MCF-7 cells were from
the American Type Culture Collection (Manassas, VA), and NIH-3T3
and CCK2R-E151A cells (E151A) were obtained as described previ-
ously (Galés et al., 2003). SW-620 and MCF-7 were, unless otherwise
indicated, routinely grown in RPMI 1640 growth medium containing
5% fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA), 2 mM
glutamine, and 50 U/ml penicillin, and 50 U/ml streptomycin. E151A
were grown in DMEM containing 10% FBS, 2 mM glutamine, and 50
U/ml of both penicillin and streptomycin. Cells were incubated at
37°C in a humidified 5% COy/air atmosphere.

Assay for ACAT Activity in Intact Cells. SW-620, MDA-MB-
231, E151A, and MCF-7 cells were plated on six-well plates (40,000
cells/well). ACAT activity in intact cells was measured as described
previously (Paillasse et al., 2009). Cells were preincubated for 15 min



with solvent vehicle or increasing concentrations of auraptene or Sah
58-035 ranging from 0.1 to 100 uM in complete medium. [**C]Cho-
lesterol (0.2 uCi/well) was added, and the cells were incubated for
24 h. At the end of the incubation, intracellular and secreted lipids in
the supernatant were extracted and then separated by TLC as de-
scribed previously (Paillasse et al., 2009). Free and esterified choles-
terol were identified using purified **C commercial standards, and
the radioactivity of each individual lipid was quantified using a
phosphor screen (Storm; GE Healthcare). The ACAT activity was
expressed as the percentage of the ACAT activity measured in the
absence of inhibitors (cells were treated with solvent vehicle).

Molecular Modeling with Estrogen Receptors. Molecular
modeling experiments were conducted exactly as described previ-
ously (de Medina et al., 2006).

Estrogen Receptor Binding Assay. Competition binding to
ERa and ERB was measured exactly as described previously (de
Medina et al., 2006).

Reporter Cell Lines and Luciferase Assay. MELN cells ex-
pressed luciferase in an estrogen-dependent manner, and MRLN
cells expressed luciferase in a retinoid-dependent manner (de Me-
dina et al., 2006). Cells were routinely grown in RPMI 1640 growth
medium and MELN in DMEM, supplemented with 5% FBS. For
experiments, cells were grown for 5 days in phenol red-free medium
containing 5% dextran-coated charcoal-treated FBS. Luciferase as-
say were carried out exactly as described previously (de Medina et
al., 2006).

Microsomal Antiestrogen Binding Site and ChEH Assays.
Competition of binding to the rat liver microsomal AEBS was mea-
sured exactly as described previously (Payré et al., 2008). Inhibition
of ChEH activity was measured as described previously on a whole-
cell assay using MCF-7 cells (de Medina et al., 2010). [**C]a-CE (10
Ci/mol) was synthesized as described previously (de Medina et al.,
2010). Cells were treated for 24 h with 0.6 uM [**C]a-CE. The final
assay volume was 150 ul of with 130 ul of buffer (50 mM Tris, pH 7.4,
and 150 mM KCl), 10 ul of microsomal proteins (15 mg/ml), and 10
ul of acetonitrile (6.7%) containing the test compound/drug and the
labeled a-CE. Tubes were incubated at 37°C for increasing periods of
time from 0 to 30 min. The reaction was stopped by immersing the
samples in ice water and adding 1.5 ml of chloroform/methanol (2:1)
and 500 pl of reaction buffer. After shaking, the lower phase was
removed and saved, and the aqueous phase was extracted with 1.5
ml of chloroform. The two organic layers were mixed, reduced to
dryness under a flux of nitrogen, and the residue was resuspended in
60 ul of ethanol. More than 95% of the radioactivity was recovered in
the organic layers. Samples were applied to TLC plates that had
been heated previously for 1 h at 100°C and were developed using
ethyl acetate. The regions corresponding to authentic CE and cho-
lestane-38,5a,6B-triol standards were visualized by iodine vapor.
Radioactive metabolites were visualized using a Storm apparatus
(GE Healthcare) and quantified by densitometry with the software
ImageQuant (GE Healthcare).

Cell Fractionation and Western Blot Analysis. MCF-7 cells
were treated with solvent vehicle (ethanol or dimethyl sulfoxide), 10
nM E2; 1 uM 4-hydroxytamoxifen (OH-Tam), 1 uM ICI 164,384, or
25 uM auraptene for 3 h. The cell fractionation protocol was adapted
from Wittmann et al. (2007) as follows: cells were treated and
washed with ice-cold PBS, scraped, and centrifuged at 300g for 10
min at 4°C. The pellets were resuspended in 100 ul of cytoplasmic
extraction buffer at 25°C [10 mM HEPES, pH7.3, 10 mM KCI, 0.1
mM EDTA, 0.1 mM EGTA, 0.63% NP-40 (IGEPAL), 1 mM dithio-
threitol, and protease inhibitor cocktail], kept 15 min on ice, vortexed
for 10 s, and centrifuged at 15,000g for 5 min at 4°C to obtain the
cytosolic fraction (C). The pellets were resuspended in 100 ul of
nuclear soluble buffer (20 mM HEPES, pH 7.3 at 25°C, 10% glycerol,
0.5 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, and
protease inhibitor cocktail), incubated for 30 min at 4°C, vortexed,
and centrifuged at 15,000¢ for 5 min at 4°C to obtain the soluble
nuclear fraction (S). The last pellets were resuspended in 100 pl of
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nuclear insoluble buffer (95% Laemmli buffer and 5% B-mercapto-
ethanol) and incubated for 5 min on ice before boiling them for 20
min at 95°C to obtain the insoluble nuclear fraction (I). The different
fractions were electrophoresed, transferred to nitrocellulose mem-
brane, and subjected to Western blot analysis. The membrane was
blotted with the primary polyclonal antibodies anti-human ERa
(HC20) and anti-human cytokeratin 18 (H-80) purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). The secondary antibody used
was alkaline phosphatase-conjugated anti-rabbit immunoglobulin G
(Sigma-Adrich). For signal detection, an enhanced chemilumines-
cence substrate was used (Roche Diagnostics, Indianapolis, IN), and
bands observed on a Biolmager (Fujifilm, Tokyo, Japan) and quan-
tified using MultiGauge software (Fujifilm).

Quantitative RT-PCR. MCF-7 cells (5 X 10%) were grown in
phenol red-free medium containing 5% dextran-coated charcoal-
treated FBS for 3 days and then incubated with 10 nM E2 in the
presence or absence of 1 uM ICI 164,384 or 25 uM auraptene, 25 uM
auraptene in the presence or absence of 10 nM E2, or 1 uM ICI
164,384 or solvent vehicle for 16 h. Total RNAs were extracted using
TRIzol reagent (Invitrogen) and the quality of the RNA samples
assessed by electrophoresis on an agarose gel followed by ethidium
bromide staining, in which the 18S and 28S RNA bands could be
visualized under UV light. RNA was quantified by spectrophotome-
try at 260 nm. RNA samples were stored in Rnase-free distilled
water at —80°C. Total RNA (1-5 pg) was reverse-transcribed in a
final volume of 20 ul of using a SuperScript III Reverse Transcrip-
tase kit (Invitrogen). cDNA was stored at —80°C. All target tran-
scripts were detected using quantitative real-time RT-PCR (Syber-
Green) assays. The experiments were performed on a Mastercycler
real-plex device, and TBP was used as endogenous control for nor-
malization of the data. The following primer pairs were used to
amplify cDNA after reverse transcription: for TBP, 5'-CGGCTGTT-
TAACTTCGCTTTC-3" and 5'-CCAGCACACTCTTCTCAGCA-3’; for
Ps2/TFF1, 5'-CCCCTGGTGCTTCTATCCTAAT-3' and 5'-CAGATC-
CCTGCAGAAGTGT CTA-3’; for PR, 5-CTTAATCAACTAGGC-
GAGAG-3' and 5'-AAGCTCATCCAAGAATA CTG-3’; and for TGFq,
5'-ATCTCTGGCAGTGCTGTCCCT-3" and 5'-CTTGCTGCCACTCA
GAAACA-3'. The thermal cycling conditions comprised 2 min at
55°C and 2 min at 95°C followed by 40 cycles at an appropriate
annealing temperature depending on the primer set for 1 min. The
results were quantified by the comparative C, method using gBASE
software (available at http://www.qbase.net).

Progesterone Receptor Expression. For each condition, 9 X
10° cells were seeded in 140-mm diameter dishes and treated, as
described above, in a final volume of 15 ml. Cells were incubated for
48 h with E2 or auraptene. Quantification of the PR was carried out
on the cytosolic fraction of cells exactly as described in a previous
article (de Medina et al., 2006). In brief, after treatment, the culture
medium was removed, and the cells were washed twice with PBS and
scraped into 350 ul of homogenization buffer (10 mM Tris buffer, pH
7.4, containing 20 mM molybdic acid, and 12 mM monothioglycerol).
The cells were lysed by three cycles of freeze/thawing (—170 /20°C)
and then centrifuged at 100,000g for 60 min at 4°C. We used the
Abbott progesterone receptor-EIA monoclonal kit, according to the
manufacturer’s instructions (Abbott, Rungis, France). Cytosolic pro-
tein concentrations were measured using the Bradford technique to
normalize the progesterone receptor expression data. For each con-
dition, the mean receptor concentration was calculated from the data
of two independent dishes.

Proliferation Assays. Cells were seeded in RPMI 1640 with 5%
FBS into 12-well plates at 30,000/well and treated for 3 days with 50
uM auraptene or 25 pM Sah 58-035 and 2.5 uM Tam in the presence
or absence of 10 nM E2. Drugs and medium were changed after 48 h.
For proliferation assays, cells were grown for 5 days in phenol red-
free medium containing 5% dextran-coated charcoal-treated FBS.
Cells were seeded into 96-well plates at 2000 cells/well. Treatment
media (150 ul/well) were added on the following day and replaced at
48-h intervals until the end of the experiment. Cell density was
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measured using the tetrazolium reduction assay (Sigma-Aldrich).
The absorbance at 540 nm of the formazan was measured directly in
the 96-well plates with a Multiscan Multisoft plate reader from
Thermo Fisher Scientific (Waltham, MA).

Clonogenic Assay. Cells were trypsinized and plated in 60-mm
tissue culture plates at a density of 500 to 1000 per plate. The cells
were allowed to adhere for 24 h, and drugs were added to the final
concentrations from concentrated stocks. After 24 to 72 h of incuba-
tion, the plates were washed twice with serum-free medium, fresh
medium was added, and the cells were incubated until colonies were
visible. The plates were washed once with PBS and stained with
Coomassie brilliant blue. Visible colonies were counted and reported
as the percentage of control cells [ethanol-treated, 0.01% (v/v)].

Cell Invasion Assays. Cells were seeded in six-well plates
(40,000 cells/well) in DMEM with 10% FCS. After 24 h, the cells
were pretreated for 24 h in the presence of the indicated test
compounds or vehicle in DMEM with 2% FCS and then harvested
and counted. Cells (20,000 cells) were layered in serum-free
DMEM on top of Nunc filters (8-mm diameter, 8-um pore size;
Nalge Nunc International, Rochester, NY) coated with growth
factor-reduced Matrigel (250 pg/ml Matrigel; BD Biosciences, San
Jose, CA) in the presence of the appropriate test compound or
vehicle. The bottom of the filter was filled with 10% FCS/DMEM.
After 48 h at 37°C, cells that had invaded the Matrigel and were
attached to the lower face of the filter were fixed, stained with
Giemsa stain, and counted under the microscope.

Statistical Analysis. Values are the mean = S.E. of three inde-
pendent experiments, each carried out in duplicate. Statistical anal-
ysis was carried out using a Student’s ¢ test for unpaired variables.
% and #+* in the figures refer to P values of <0.001 and <0.0001,
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respectively, compared with control cells that received the solvent
vehicle alone.

Results

Auraptene shares structural similarities with ACAT inhibi-
tors and ER ligands. The secondary structures of auraptene,
Sah 58-035 and ICI 164,384, are depicted in Fig. 1. We have
investigated the structural similarities that exist between
minimal energy conformations of auraptene and the active
conformations of Sah 58-035 and ICI 164,384 in a three-
dimensional representation (Fig. 1B). The van der Waals
volumes of auraptene, Sah 58-035, and ICI 164,384 were 250,
425, and 469 A3, respectively. An overlay of the compounds is
shown in Fig. 1C and shows that auraptene shares a common
volume of 173.77 and 184.38 A® with Sah 58-035 and ICI
164,384, respectively, 69% of the auraptene volume in com-
mon with the ACAT inhibitor, and 73% of the auraptene
volume in common with the ER ligand. The hydrophobic side
chain of auraptene perfectly superimposes on the side chains
of Sah 58-035 and ICI 164,384. The benzopyrone ring of
auraptene is planar and superimposes on the tolyl-ethyl-
amine group of the diphenylethane backbone of Sah 58-035
and the ring A and B of the steroid backbone of ICI 164,384.
These results show that auraptene shares strong three-di-
mensional structural homologies with compounds with dual
functions of inhibitors of ACAT and estrogen receptor ligands
(i.e., Sah 58-035 and ICI 164,384).

Fig. 1. Chemical structure of auraptene, Sah 58-035, and
ICI 164,384. A, the parts of the molecules that are super-
imposable are in boldface type. B, three-dimensional struc-
tures of the calculated minimal energy conformation of
auraptene and of the active conformations of Sah 58-035
and ICI 164,384 are shown. The calculated minimal energy
was obtained using the Discover module of Insight II. The
overlay of auraptene with Sah 58-035 or with ICI 164,384,
as well as van der Waals volume calculations and intersec-
tion measurements, were done using the Search-Compare
module as described under Materials and Methods. C, the
van der Waals volume intersection is depicted as the red
grid and illustrates the structural similarities between au-
raptene, Sah 58-035, and ICI 164,384. The van der Waals
volume of auraptene, SAH 58-035, and ICI 164,384 are
250.05, 425.03, and 468.77 A® respectively. The intersec-
tion volume between auraptene and SAH 58-035 is 173.77
A3, This gives 69% of the auraptene volume in common
with the ACAT inhibitor. The intersection volume between
auraptene and ICI 164,384 is 184.38 A? (i.e., 73% of the
auraptene volume in common with the ER ligand).

ICl 164,384 + Auraptene



Auraptene Is an Inhibitor of ACAT in Rat Liver Mi-
crosomes and Intact Cells. The auraptene inhibition of
ACAT in vitro was first measured with rat liver microsomes.
Sah 58-035 and ICI 164,384 inhibited ACAT with IC;, values
0of 0.38 = 0.12 and 0.61 = 0.22 uM, similar to those reported
in the literature (de Medina et al., 2004b), whereas au-
raptene inhibited ACAT in a concentration-dependent man-
ner with an IC;, 0of 4.18 + 0.31 uM (Fig. 2A). Umbelliferone,
which is an analog of auraptene but lacks the prenyl side
chain, did not inhibit ACAT (Fig. 2A). The inhibition of cho-
lesterol esterification was then evaluated with intact cells:
auraptene inhibited cholesterol esterification in a concentra-
tion-dependent manner with an ICy, of 2.37 uM for MCF-7
cells, 3.02 uM for MDA-MB-231 cells, 3.20 uM for SW-620
cells, and 6.94 uM for E151A cells (Fig. 2, B and C), confirm-
ing that auraptene inhibited cholesterol esterification in rat
liver microsomes and in intact cells in the range of 1 to
10 uM.

Molecular Modeling of the Complex ER o/Auraptene.
We then investigated possible interactions of auraptene with
ERs by molecular modeling. The docking of auraptene into
the ERa taken from the X-ray structure of the complex ER-
OH-Tam (Shiau et al., 1998) and energy minimization gave a
complex in which the auraptene fitted well into the ligand
binding domain (Fig. 3, A and B). In Fig. 3B, chemical inter-
actions between auraptene and the ER are shown. The dihy-
dropyranone part of the benzopyrone ring of auraptene is
planar and produced a stacking interaction with the phenyl
side chain of Phe404 and van der Waals contacts with the
methyl groups of Leu391 and Leu384, as observed for the
phenol of estradiol (Brzozowski et al., 1997). The carboxyl
group from the pyran-141-one group of auraptene estab-
lished a hydrogen bond with Arg394 and defined a cluster of
van der Waals interactions with the side chains of Glu353
and Leu349. The phenyl ring of the benzopyrone moiety of
auraptene made van der Waals contacts with Leu346 and
Leu384. These data show that the benzopyrone ring of au-
raptebfene can occupy the same cavity as E2 or diethylstil-
bestrol (Brzozowski et al., 1997; Shiau et al., 1998). The side
chain of auraptene protrudes into the 118 cavity of the ligand
binding domain of the ER and produced multiple van der
Waals interactions with hydrophobic amino acids such as
Ala350, Leub525, and Trp383. No interaction could be ob-
served between auraptene and Asp351, which is involved in
the antiestrogenic activity of SERMs such as raloxifene (Lev-
enson and Jordan, 1998). Our molecular model shows strong
similarities with those described for the partial estrogen
receptor agonist Sah 58-035 (de Medina et al., 2006). Indeed,
both compounds fit well with the ERa taken from the X-ray
structure of the complex ER-OH-Tam, and no interactions
with Asp351 were observed for auraptene and Sah 58-035.
These studies established that auraptene was well accommo-
dated within the ligand binding site of the ER, thus reinforc-
ing the results of our binding experiments.

Auraptene Binds to the Estrogen Receptors but Has
No Detectable Affinity for the AEBS and Does Not
Inhibit ChEH. We next examined whether auraptene inter-
acted with ERs in competition binding assays with [PH]E2.
We found that auraptene bound to both ERa and ERB in a
concentration-dependent manner (Fig. 3C), with IC,, values
of 7.8 and 7.9 uM, respectively. By contrast, auraptene did
not bind to the AEBS (Fig. 3C) and does not inhibit ChEH
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(Fig. 3C) carried out by the AEBS. These data established
that auraptene is a ligand of ER with no subtype-selectivity
and has no affinity for the AEBS.

A
Compound ICso
uM
Sah 58-035 0.38+0.12
ICI 164,384 0.61+0.22
Auraptene 4.18 +0.31
Umbelliferone N.M.
B

Cholesteryl esters

Soemes

Cholesterol oo™

g 8§ 8§ § §

[auraptene], uM 0011 2 5 10 2050 100

C

O MCF-7
e MDA-MB-231
A SW-620
O E151A

% Cholesterol esterification
n
<

7 6 5 4
Log ([Auraptene], M)

Fig. 2. A, the effect of Sah 58-035, ICI 164,384, auraptene, and umbellifer-
one on cholesterol esterification (ACAT activity) in rat liver microsomes. Rat
liver microsomes (60 ug of protein) were incubated with 10 different concen-
trations of each drug and 40 uM [**C]-oleyl-CoA. Cholesteryl esters were
quantified as described under Materials and Methods. The ACAT activity
was expressed as the percentage of the ACAT activity measured in the
absence of inhibitors (control with solvent vehicle). Curves were analyzed
using the curve-fitting program GraphPad Prism (version 4.0). Values are
the average of three experiments + S.E.M., each carried out in duplicate (in
some cases, S.E.M. values were less than the size of the symbol, and the
error bars are not visible). B, representative autoradiograph of the dose-
dependent inhibition of cholesterol esterification by auraptene in RCCK2-
E151A (E151A) cells. Cells were incubated with solvent vehicle (control) or
auraptene at the indicated concentrations for 24 h in the presence of
[**C]cholesterol (0.2 uCi/well). Synthesized cholesterol esters were sepa-
rated by thin-layer chromatography after labeling of the cells with [**C]cho-
lesterol as described under Materials and Methods. The positions of free and
esterified cholesterol were determined using *C standards. C, auraptene
inhibition of ACAT activity in MCF-7 cells ((J), MDA-MB-231 (®), SW-620
(1), and E151A (O). Cells were treated as described in the legend to Fig. 3A.
Free and esterified cholesterol were quantified as described under Materials
and Methods. The ACAT activity was expressed as the percentage of the
ACAT activity measured in the absence of inhibitors (control with solvent
vehicle). Curves were analyzed using the curve-fitting program GraphPad
Prism (version 4.0). Values are the average of three experiments + S.E.M.,
each carried out in duplicate (in some cases, S.E.M. values were less than the
size of the symbol, and the error bars are not visible).
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Effect of Auraptene on the Cellular Distribution of
Estrogen Receptor a. We next evaluated the effect of au-
raptene on the stability of ERa and its distribution in MCF-7
cells. Cells were fractionated into cytoplasmic, nuclear-solu-
ble, and nuclear-insoluble fractions (Fig. 3D). In the presence
of E2, OH-Tam, and auraptene, the ERa was translocated
from the cytoplasm to the nuclear fractions (approximately
20% of the total cellular ER). The nuclearization of the ER
showed that the interaction between auraptene and the re-
ceptor was functional. By contrast, in the presence of ICI, the
ER was enriched in the nuclear-insoluble fraction compared
with solvent vehicle-treated cells (Fig. 3D). These data estab-
lished that, similarly to SERMs, auraptene induces nuclear
relocalization of the ERa.

Auraptene Is a Partial Agonist of Estrogen Receptor-
Dependant Transcription. The ability of auraptene to
bind to ERs raised the possibility that it might act as an ER
agonist or antagonist, and so we decided to evaluate experi-
mentally the agonist/antagonist properties of auraptene. We
used MCF-7 cells stably transfected with a plasmid encoding
an estrogen-responsive promoter fused to the luciferase gene
that were called MELN (de Medina et al., 2006). Auraptene
stimulated the expression of luciferase in MELN cells in a
concentration-dependent manner with an EC,, of 3.6 = 1.1
uM and reached a plateau at 20 uM (Fig. 4A), representing
51% of the maximal response observed with E2 (Fig. 4B).
This agonist activity was observed in a range of concentra-

A B

tions consistent with the binding affinity of auraptene to the
ER, and this stimulation was inhibited by cotreatment with
the antiestrogen ICI 164,384 (Fig. 4B). Transient expression
experiments in COS-7 cells showed that auraptene was an
agonist of ER-dependent expression of luciferase with equal
potency on the ERa and ERB subtypes (data not shown).

Auraptene Modulates the Expression of Endogenous
Estrogen Receptor-Regulated Genes. To determine
whether auraptene could modulate the expression of endog-
enous E2-regulated genes and reporter genes, the expression
of the PR, TFF1 (Ps2), and TGFa were measured by quanti-
tative RT-PCR in MCF-7 cells treated with or without au-
raptene (20 uM) or E2. Figure 4C shows that auraptene
slightly modulated the transcription of TGFa (X1.1) and
inhibited the expression of Ps2 (Xx0.5). In addition, we
showed that auraptene antagonized the stimulation by E2 of
Ps2 and TGFa« expression with IC;, values of 4.50 = 0.9 and
3.38 = 0.8 uM, respectively (Fig. 4D). Auraptene stimulated
the expression of PR at the mRNA (Fig. 4C) and at the
protein levels (Fig. 4E). These data established that au-
raptene is a modulator of the transcription of genes that are
known to be under the control of ER.

Auraptene Controls the Proliferation of Tumor Cell
Lines and Blocks the Invasiveness and Colony Forma-
tion of Tumor Cells. We next evaluated the effect of au-
raptene on the proliferation and invasiveness of cell lines.
Auraptene induced concentration-dependent growth control

Fig. 3. A, cross-sectional view of the auraptene interactions
with the ERa ligand binding domain. Red, auraptene.
Amino acid side chains that interact with auraptene are
represented. Gray, carbon atoms; white, hydrogen atoms;
red, oxygen atoms; blue, nitrogen atoms; yellow, sulfur
atoms. B, ribbon representation of the molecular model of

Y
S/ ] L auraptene bound to the ERa. Auraptene is drawn in stick
‘\t‘g 4 form and colored in red. Helical elements or the ER is
( P ( H3 numbered (H3, H5, H8, and H12) and colored in green.
. f NS C, binding of auraptene and umbelliferone to ERs, AEBS,
~ N VA ﬂ’\,\ N [, and inhibition of ChEH. Binding of radiolabeled E2 to the
o \\ N J/) t—{ ERa and ERB or tritiated tamoxifen to the AEBS were
& N/ N measured at different concentrations of E2, Sah 58-035,
auraptene, or umbelliferone as described under Materials
and Methods. For the ChEH inhibition tests, 150 ug of rat
C liver microsomal proteins and 10 and 20 uM concentrations
of [14C]a-CE with increasing concentrations of compounds
Compound ERa (ICso) ERB (ICs0) AEBS (ICs0) ChEH (ICso) ranging from 0.01 to 1000 uM were used under the condi-
nM nM nM nM tions described under Materials and Methods. N.M., no
E2 08+0.1 1.1+0.1 N.M. N.M. measurable inhibition up to the maximal concentration of
Sah 58-035 2,944 £ 412 3,128 + 204 N.M. N.M. inhibitor used. Values are the mean = S.E.M. from three
Tamoxifen 424104 31.9£0.5 123£0.2 128+9 independent experiments. N.M., no measurable inhibition
Auraptene 7,785+1,202 7,937 + 1,364 N.M. N.M. £ bindi D ind bilizati d
Umbeliiferone NM. N.M. NM. N.M. of binding. D, auraptene induces a stabilization and a re-
localization of ERa in the soluble nuclear fractions of
MCF-7 cells. MCF-7 cells were grown as described under
D Auraptene ICI OH-Tam 701 mm E=ms c Materials and Methods and treated with either solvent
I s ¢ I s ¢c | s c vehicle (EtOH, dimethyl sulfoxide), 100 nM E2, 100 nM ICI
ERo. P o pr— 601 164, 384 (ICI), 100 nM 4-hydroxy-tamoxifen (OH-Tam), or

CK18 .—. _é__"__ :

4071

E2 DMSO EtOH 301
/I S ¢ I s Cc | s C
g 201
ERa s w - — -

107

Cellular repartition of ER® in %

R e .

25 uM auraptene for 3 h. After treatment, cells were har-
vested and lysed to obtain separated soluble cytoplasmic
fractions (C), soluble nuclear fractions (S), and insoluble
nuclear fraction (I) as described under Materials and Meth-
ods. Fractions were subjected to Western analysis to detect
ERa and cytokeratin 18. The Western blot is representative
of three independent experiments. The percentage of ERa
was determined by densitometry using ImageQuant and
comparing ERa density in each fraction with the sum of
ERa density found in the three fractions.



(Fig. 5A) through an arrest of the cell cycle in the Gy,—G; phase
in the four tumor cell lines (Fig. 5B), showing that auraptene
inhibited both the proliferation of ER+ (MCF-7) and ER—
(MDA-MB-231) human breast cancer cells; it inhibited the stim-
ulation of MCF-7 proliferation by E2 as observed with estrogen
antagonists (Fig. 5C). In addition, Fig. 5D shows that auraptene
reduced cell survival in a clonogenic assay causing a 50, 69, 68,
and 70% reduction in the number of colonies of MCF-7, MDA-
MB-231, SW-620, and E151A cells, respectively. Moreover, au-
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raptene inhibited the motility of these cells, showing that it can
inhibit invasiveness (Fig. 5E). These data establish that au-
raptene reduces the proliferation, viability, and invasiveness of
tumor cells of different origins.

Discussion

In this study, we report the identification of two molecular
targets of auraptene that explains its chemopreventive and

Fig. 4. A, dose-response curve of au-
raptene on MCF-7 cells stably trans-
fected with ERE-B-globin-tk-Luc
(MELN cells) as described under
Materials and Methods. Results are
represented as the ER-dependent
luciferase activity obtained with 10
nM E2. B, ER-dependent transcrip-
tional modulatory activity of au-
raptene on MELN cells. Cells were
incubated with solvent vehicule, 1
uM concentration of the antiestro-
gen ICI 164,384 (ICI), 10 nM E2, or
50 uM auraptene with or without 10
nM E2 or with 50 uM auraptene in
combination with 1 uM antiestro-
gen ICI 164,384 and assayed for lu-
ciferase activity. C, auraptene mod-
ulated the expression of endogenous
genes under the control of ER. Cells
were treated with solvent vehicle,
10nM E2, 1 uM ICI, 1 uM OH-Tam,
or 20 uM auraptene with or without
10 nM E2. The relative expression of
TGFa, PR, and Ps2 was analyzed by
quantitative RT-PCR. Data shown
are the mean values = S.E.M. from
three independent experiments.
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D, dose-response curve of auraptene
on MCF-7 cells on the expression of
Ps2 and TGFa expression after
stimulation with E2. MCF-7 cells
were treated with 10 nM E2 and
increasing concentrations of au-
raptene ranging from 10 nM to 50
uM and assayed for TGFa and Ps2
expression by quantitative RT-PCR.
E, auraptene stimulated the expres-
sion of progesterone receptors. Cells
were treated for 48 h with solvent
vehicle, 10 nM E2, and 5 and 10 uM
auraptene. Analyses were per-
formed as described under Materi-
als and Methods. Results are ex-
pressed as the ratio of the amount of
PR protein in treated cells versus
the amount in solvent vehicle-
treated cells. Error bars, mean val-
ues = S.E.M. from three indepen-
dent experiments.
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anticancer properties. Using a pharmacophore approach, we suggesting that cholesterol esterification is part of its mech-
hypothesized that auraptene could be both an inhibitor of anism of action and was a direct estrogen receptor modula-
cholesterol esterification and a modulator of ERs, and this tor. No affinity for the AEBS was observed, consistent with
was confirmed experimentally. Auraptene was a potent the absence of the required protonatable dialkylaminoethoxy
ACAT inhibitor with liver extracts and intact tumor cells, side chain on auraptene (de Médina et al., 2004). Consis-

A B
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o
2 0.75 A SW-620 . i ) GO-
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Fig. 5. Effect of auraptene on estrogen- and nonestrogen-regulated growth and invasiveness of MCF-7, MDA-MB-231, SW-620, and RCCK2-E151A
cells. A, cells were treated with increasing concentrations of auraptene ranging from 1 to 100 uM. Cell growth was determined as described under
Materials and Methods. Each point represents the mean values = S.E.M. B, cell cycle distribution of MCF-7, MDA-MB-231, (MB-231), SW-620, and
RCCK2-E151A (E151A) treated with 50 uM auraptene over 48 h. Cell cycle distribution was measured as described under Materials and Methods by
FACS flow analysis using the BD Biosciences FACS system. C, comparison of the treatment of estrogen-sensitive cells (MCF-7 and SW-620) and
estrogen-unresponsive cells (MDA-MB-231 and E151A) with E2 and auraptene with or without pure antiestrogen ICI 164,384, 1 uM ICI 164,384 alone,
25 uM auraptene alone, or 10 uM TMP-153 alone. Values are the mean *= S.E.M. of three separate experiments. D, effect of auraptene on colony
formation. Cells were treated with solvent vehicle or 20 uM auraptene, and the number of colonies was measured compared with solvent
vehicle-treated cells (taken to be 100%). E, after 24 h of pretreatment with either the solvent vehicle or 25 uM auraptene, cell invasion was assayed
using Matrigel-coated filters as described under Materials and Methods. After 48 h, cells on the lower surface of the filters were stained and counted
under a phase-contrast microscope. For C, D, and E, values are expressed relative to those of cells treated with the solvent vehicle (control) and are
the mean = S.E.M. of three to six separate experiments performed in triplicate.



tently with its lack of affinity for the AEBS, auraptene did
not inhibit the cholesterol-5,6-epoxide hydrolase activity,
which is carried out by the AEBS. Because auraptene bound
to ERs with micromolar affinities and modulated the tran-
scription of reporter and endogenous genes under their tran-
scriptional control, we established that it stimulates the ex-
pression of the progesterone receptor but acted as an
antagonist to the expression of TGF-a or Ps2. Moreover,
auraptene brought about the relocalization of ERs from the
cytoplasm to the nucleus as observed with E2 and SERMs.
Auraptene did not stimulate the growth of ER-expressing
cells, showing that it showed one of the expected properties of
a SERM in that it acts as an antagonist on TGF-«a expression
and sustains the lack of mitogenicity on estrogen-responsive
cells. This makes it unlikely that auraptene risks causing
endometrial cancer development, as observed with certain
SERMs such as tamoxifen (Jordan, 2003). The involvement
of ERs in the anti-inflammatory properties of aurapene (Epi-
fano et al., 2008) deserves further investigation.

In vitro tests with auraptene are usually conducted at
concentrations ranging from 10 to 50 uM (Epifano et al.,
2008). At these concentrations, both ER modulatory activity
and ACAT inhibition occurred. Auraptene is well tolerated in
rodents and does not show any toxicity up to 1000 mg/kg
(Tanaka et al., 2000). When used at 500 ppm (40 mg/kg) as a
dietary additive, it has been shown to be present in the
mammary glands of treated animals at concentrations rang-
ing from 0.5 to 3.5 uM (Krishnan et al., 2009). Given that the
IC;, values of the regulation of ER-dependent transcription
in our study were 3.5 and 4.5 uM, ER modulation will be fully
obtained at pharmacological concentrations in auraptene. It
is noteworthy that auraptene acts as an antagonist of TGFa
expression, blocking a mitogenic pathway involving EGF re-
ceptor signaling. Auraptene inhibits ACAT in intact cells at
pharmacological concentrations. Both mechanisms are rele-
vant to the anticancer and chemopreventive properties of
auraptene. Estrogens were shown to stimulate proliferative
pathways involving signaling pathways such as TGFa sig-
naling, and cholesteryl esters have been reported to accumu-
late in cells and to stimulate cell proliferation and invasive-
ness (Paillasse et al., 2009). It is noteworthy that both
SERMs and ACAT inhibitors have been reported to induce
cell cycle inhibition through the inhibition of the expression
of cyclin D1 (Batetta et al., 2003; Renoir et al., 2008). ACAT
inhibition may lead to the accumulation of free oxysterols
that can inhibit cyclin-D1 expression and inhibit human
breast cancer cell proliferation through the oxysterol recep-
tors LXR (Vedin et al., 2009), which are widely expressed in
tumor cell lines (Holbeck et al., 2010). This mechanism can
contribute to the antiproliferative effect of auraptene in both
ER + and ER— cells. It is noteworthy that we have shown
auraptene to inhibit not only cell proliferation but also colony
formation and invasiveness, which are valuable anticancer
properties for this compound. It counteracted the stimulation
of MCF-7 and SW-620 cell proliferation by E2 but induced a
greater cell growth control than the ICI 164,384 antagonist
that did not inhibit the ACAT activity of intact cells. Au-
raptene had an antigrowth effect on cell lines in the absence
of stimulation by E2 that was comparable with the selective
ACAT inhibitor TMP-153, showing the contribution of ACAT
inhibition to the antigrowth effect.

In summary, we have identified two new targets for au-

835

Identification of Targets for Auraptene

raptene that are potentially responsible for its chemopreven-
tive and anticancer action. The dual action of inhibiting
ACAT and modulating the ER supports its application for the
long-term treatment and prevention of cancer and offers a
rationale for its evaluation in the treatment and the preven-
tion of atherosclerosis and Alzheimer’s disease.
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