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Resveratrol (RSV) is classified as a phytoestrogen due to its ability to interact with estrogen receptors
(ERs). We assessed structure—activity relationships of RSV and the analogs 4,4’-dihydroxystilbene
(4,4'-DHS), 3,5-dihydroxystilbene (3,5-DHS), 3,4'-dihydroxystilbene (3,4-DHS), 4-hydroxystilbene
(4-HS) using as model systems the ERa-positive and negative MCF7 and SkBr3 breast cancer cells,
respectively. In binding assays and transfection experiments RSV and the analogs showed the follow-
ing order of agonism for ERa: 3,4'-DHS > 4,4"-DHS > 4-HS > RSV, while 3,5-DHS did not elicit any
ligand properties. Computational docking analysis and real-time PCR revealed for each analog a dis-
tinct ERa binding orientation and estrogen target gene expression profile. Interestingly, the aforemen-
tioned order of ligand activity was confirmed in proliferation assays which also showed the lack of
growth stimulation by 3,5-DHS. Our data suggest that subtle changes in the structure of the RSV
derivatives examined may be responsible for the different ERo-mediated biological responses

observed in estrogen-sensitive cancer cells.
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1 Introduction

Breast cancer is the most frequent tumor and the major
cause of death among women in the United States [1]. The
proliferation of many breast tumor cells is stimulated by the
binding of 17f-estradiol (E2) to the estrogen receptor (ER)
isoforms, ERa and ERf3, which belong to the nuclear recep-
tor super-family. The transcriptional activity of the ERs is
mediated by both an N-terminal ligand-independent activa-
tion function (AF-1) and a ligand-dependent activation
function (AF-2) located in the ligand binding domain
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(LBD) [2]. The LBD contains a molecular switch helix—
helix 12-which regulates the communication between
ligand- and coactivator-binding sites [2, 3]. In ERa, as in
other steroid hormone receptors, the ligand-binding pocket
is a compact ellipsoid cavity, closely resembling the surface
of'the steroid ligands [4]. In the presence of agonist ligands,
helix 12 is stabilized in a conformation that allows it to
form one side of the coactivator-binding site and to com-
pletely encapsulate the ligand in the pocket. Antagonist
ligands, such as the selective ER modulator (SERM)
tamoxifen, resemble agonist ligands but contain an addi-
tional extended group [2—4]. The bulky side chain on
tamoxifen protrudes between helices 3 and 11, and physi-
cally obstructs helix 12 from adopting the agonist confor-
mation, thus preventing coactivator recruitment to the LBD
[3]. The binding of E2 to the LBD of ERa induces confor-
mational changes allowing receptor—chromatin interaction
and the transcriptional regulation of target genes [5, 6]. A
large body of data indicates that dietary factors play a sig-
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Figure 1. Chemical structures of E2, 3,4’,5-trihydroxystilbene
(RSV), 4,4-dihydroxystilbene (4,4-DHS), 3,5-dihydroxystil-
bene (3,5-DHS), 3,4'-dihydroxystilbene (3,4'-DHS), and 4-HS.

nificant role in breast tumor development [7, §]. For exam-
ple, the low incidence of breast cancer in Asian women,
who consume a high soy diet containing a significant
amount of phytoestrogens [9], has been associated with the
possibility that phytoestrogens may antagonize the effects
of E2 [10]. However, there is no conclusive evidence that
phytoestrogens act as antiestrogens [11—13]. Another pos-
sibility is that phytoestrogens exert antiproliferative and
cancer-protective effects through an ER-independent path-
way [14, 15].

Resveratrol (RSV) (Fig. 1) is a phytoalexin predomi-
nantly ingested with red grapes, peanuts, and berries [16—
18]. RSV has been classified as a phytoestrogen due to its
ability to interact with ERa and ER [6, 19—-21]. On the
basis of the estrogenic and antiestrogenic properties, RSV
has also been considered a selective ER-modulator [19,
22-24]. It has been shown that high RSV levels may exert
an antiproliferative effect in breast cancer cells regardless
their ER status [25-27]. However, as reported for other
phytoestrogens [6, 21, 28, 29], a biphasic response to RSV
on cell growth has been reported depending on the concen-
tration of RSV exposure. To date, the chemopreventive and
cardioprotective effects of RSV have been attributed to its
antioxidant and anticoagulant properties [30, 31].

Despite our detailed knowledge on the activities elicited
by RSV through ERa, much less is known regarding
whether different analogs of RSV could be accommodated
in the receptor binding cavity and consequently induce the
expression of genes such as pS2, Cathepsin D, progesterone
receptor (PR), c-fos, Cyclin A, Cyclin D1, largely involved
in the biological response to estrogens [32—34].

Using an in vitro screening model based on ERa-positive
MCF7 and ER-negative SkBr3 breast cancer cells, we have
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investigated the structure—activity relationships of RSV
and four hydroxystilbene analogs (Fig. 1), which were syn-
thesized to assess the influence of the number and position
of the hydroxyl groups present in the aromatic ring(s).

2 Materials and methods

2.1 Chemistry

Melting points were determined with a Reichert Thermovar
apparatus and are uncorrected. 'H NMR and *C NMR spec-
tra were recorded at 25°C on a Bruker DPX Avance 300 or
on a Bruker DPX Avance 500 spectrometer in CDCl; or
DMSO-ds solutions at 300 or 500 and 75 or 126 MHz,
respectively, with Me,Si as internal standard. Chemical
shifts (8) and coupling constants (J) are given in ppm and in
Hz, respectively. IR spectra were taken with a Perkin-Elmer
Paragon 1000 PC FT-IR spectrometer. Mass spectra were
obtained using a Shimadzu QP-2010 GC-MS apparatus at
70 eV ionization voltage. Microanalyses were carried out
with a Carlo Erba Elemental Analyzer Mod. 1106. All reac-
tions were analyzed by TLC on silica gel 60 F,ss and by
GLC using a Shimadzu GC-2010 gas chromatograph and
capillary columns with polymethylsilicone + 5% phenylsi-
licone as the stationary phase (HP-5). Column chromatog-
raphy was performed on silica gel 60 (Merck, 70—230
mesh). Evaporation refers to the removal of solvent under
reduced pressure.

2.1.1 General procedure for the preparation of
hydroxystilbenes 4aa-E (RSV), 4ab-E, 4ba-E,
and 4cb-E

First step: Wittig reaction followed by isomerization to give

methoxystilbenes 3-E. To a solution of 2 (4.4 mmol) and

t-BuOK (494 mg, 4.4 mmol) in anhydrous THF (50 mL)

maintained under nitrogen at —10°C with stirring was

added 1 (dropwise in the case of 1b and lc¢, in small portions
in the case of 1a) (3.67 mmol). After additional stirring at

—10°C under nitrogen for 1 h, the mixture was poured into

water (ca. 100 mL). The resulting mixture was neutralized

with 1 N HCl and then extracted with diethyl ether

(3 x20 mL). The collected organic phases were dried over

Na,SO,. After filtration, the solvent was evaporated and the

residue purified by column chromatography on silica gel,

using 8:2 hexane—Et,O (3aa, 3ba) or 9:1 hexane—Et,0O

(3ab, 3cb) as eluent, to give 3 as an E + Z mixture. To a sol-

ution of 3 (Z+ E mixture) in THF (50 mL) maintained

under nitrogen with stirring was added PhSSPh (120 mg,

0.55 mmol in the case of 3aa; 143 mg, 0.65 mmol in the

case of 3ab; 156 mg, 0.71 mmol in the case of 3ba; 68 mg,

0.31 mmol in the case of 3cb) and the resulting mixture was

allowed to reflux for 1 h (in the case of 3aa), 2 h (in the case

of 3ba), 4 h (in the case of 3ab), 6 h (in the case of 3cb). The
solvent was evaporated and the residue was purified by col-
umn chromatography on silica gel using 8:2 hexane—Et,O
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(3aa, 3ba) or 9:1 hexane—Et,0 (3ab, 3cb) as eluent, to give
pure isomers 3-£. The yields obtained in each case (based
on starting 1) together with the characterization data for
compounds 3-£ are given below.

Second step: Deprotection of methoxystilbenes 3-E to
give hydroxystilbenes 4-E. To a solution of 3-E (1.43 mmol)
in anhydrous CH,Cl, (30 mL) maintained under nitrogen at
—20°C with stirring was added BBr; dropwise (2.51 g,
10.0 mmol in the case of 3aa-E, 3ab-E, and 3ba-F; 1.07 g,
4.27 mmol in the case of 3¢cb-F). The mixture, maintained
under nitrogen with stirring, was allowed to warm up to
room temperature (ca. 4—5 h), and then it was poured into
water (ca. 100 mL) and extracted with AcOEt (3 x 20 mL).
The collected organic phases were washed with brine
(20 mL) and then dried over Na,SO,. After filtration, the
solvent was evaporated and the residue purified by column
chromatography on silica gel using 6:4 hexane—acetone
(4aa-E), 7:3 hexane—AcOEt (4ab-E, 4ba-E), 8:2 hexane—
AcOEt (4cb-E) as eluent, to give pure 4-E. The yields
obtained in each case (based on 3-F) together with the char-
acterization data for compounds 4-E are given below.

2.1.2 Preparation of (E)-4,4'-dihydroxystilbene
4cd-E (stilbestrol)

A mixture of 4-hydroxybenzaldehyde 1d' (1.04g,
8.52 mmol), 4-hydroxyphenylacetic acid 2¢’ (1.96 g,
12.88 mmol), Ac,O (15 mL), and Et;N (3 mL) was heated
at 180°C under nitrogen for 6 h. After cooling to room tem-
perature, 5% HCI (30 mL) and AcOEt (30 mL) were added
to the mixture. Phases were separated, and the aqueous layer
was extracted with AcOEt (3 x30mL). The collected
organic phases were washed with brine (50 mL) and dried
over MgSO,. After filtration, the solvent was removed
under reduced pressure to obtain diacetylated o-(p-hydrox-
yphenyl)-p-hydroxycinnamic acid, which was then deacety-
lated at room temperature with K,CO; in MeOH. After
removal of the solvent under reduced pressure, the residue
was diluted with 5% HCI (30 mL) and AcOEt (30 mL).
Phases were separated, and the aqueous layer was extracted
with AcOEt (3 x30mL). The collected organic phases
were washed with brine (50 mL) and dried over MgSO,.
After filtration, the solvent was removed under reduced
pressure to obtain crude o-(p-hydroxyphenyl)-p-hydroxy-
cinnamic acid. Quinoline (12 mL) and CuCrO; (500 mg)
were added to crude o-(p-hydroxyphenyl)-p-hydroxycin-
namic acid (2.5 g), and the reaction flask was heated at
240°C under nitrogen for 5 h. After cooling, the mixture
was filtered through celite and washed with AcOEt
(2x30mL). The filtrate was washed with 5% HCI
(2’ x 30 mL) and dried over MgSO,. After filtration, the sol-
vent was removed under reduced pressure. The black oil
thus obtained was purified by chromatography on silica gel
using petroleum ether— AcOEt from 8:2 to 6:4 as the eluent,
to give pure (E)-4,4'-dihydroxystilbene 4dc-E as an off-
white solid (430 mg, 24% based on starting 1d").
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(E)-3,4',5-Trimethoxystilbene (3aa-E). Yield: 735 mg,
starting from 610 mg of 3,5-dimethoxybenzaldehyde
(74%). Colorless solid, mp 56°C, lit. [35] 55-56°C. IR
(KBr): v=3074 (w), 2991 (m), 2934 (m), 2834 (m), 1592
(s), 1511 (m), 1460 (m), 1279 (m), 1251 (m), 1071 (m),
1033 (m), 955 (m), 859 (m), 773 (m) cm™!; 'H NMR
(500 MHz, CDCl;): 6 =7.42-7.38 (m, 2 H, H-2' + H-6'),
7.01 (distorted d, J = 16.5, 1 H, CH=CH), 6.87 (distorted d,
J=16.5, 1 H, CH=CH), 6.87-6.83 (m, 2 H, H-3' + H-5'),
6.63(d,J=22,2 H,H-2 + H-6), 6.36 (t,/=2.2, 1 H, H-4),
3.77 (s, 6 H, 2 OCH3), 3.75 (s, 3 H, OCH;); *C NMR
(126 MHz, CDCl;): 6 =161.0, 159.4, 139.7, 129.9, 128.7,
127.8, 126.5, 114.1, 104.3, 99.6, 55.25, 55.20; GC-MS:
m/z =270 (100) [M*], 269 (17), 255 (6), 239 (14), 227 (6),
224 (10), 212 (8), 197 (6), 196 (10), 195 (9), 181 (7), 169
(8), 165 (8), 153 (11), 152 (14), 141 (8), 115 (8); anal. calcd
for Cy,H;505(270.32): C, 75.53; H, 6.71; found C, 75.62; H,
6.69.

(E)-3,5-Dimethoxystilbene (3ab-E). Yield: 764 mg, start-
ing from 610 mg of 3,5-dimethoxybenzaldehyde (87%).
Colorless solid, mp 56°C, lit. [35] 55°C. IR (KBr): v = 3074
(w), 3027 (w), 3001 (w), 2967 (m), 2941 (w), 2842 (w),
1592 (m), 1515 (s), 1464 (m), 1419 (m), 1313 (w), 1268 (s),
1226 (m), 1155 (m), 1140 (m), 1027 (m), 959 (m), 861 (w),
749 (m) cm~'; '"H NMR (500 MHz, CDCl;): 6 = 7.49-7.46
(m, 2 H, H-2'+H-6"), 7.35-7.30 (m, 2 H, H-3'+ H-5),
7.26—7.21 (m, 1 H, H-4"), 7.06 (distorted d, /= 16.5, 1 H,
CH=CH), 7.01 (distorted d, J=16.5, 1 H, CH=CH), 6.66
(d,J=2.2,2 H,H-2 + H-6),6.38 (t,J=2.2, 1 H, H-4),3.78
(s, 6 H, 2 OCH;); *C NMR (126 MHz, CDCl;): & = 161.0,
139.3,137.1,129.2,128.7, 127.7, 126.6, 104.6, 100.0, 55.3;
GC-MS: m/z =240 (100) [M'], 239 (37), 225 (11), 224 (9),
209 (19), 208 (11), 194 (14), 178 (9), 166 (10), 165 (34),
153 (12), 152 (13); anal. calcd for C;¢H;60, (240.30): C,
79.97; H, 6.71; found C, 80.03; H, 7.70.

(E)-3,4'-Dimethoxystilbene (3ba-E). Yield: 847 mg,
starting from 500 mg of 3-methoxybenzaldehyde (96%).
Colorless solid, mp 109-110°C, lit. [35] 108—109°C. IR
(KBr): v=3074 (w), 3027 (w), 3001 (w), 2967 (m), 2941
(w), 2842 (w), 1592 (s), 1515 (s), 1464 (m), 1419 (w), 1312
(W), 1268 (s), 1226 (m), 1155 (w), 1140 (m), 1027 (m), 959
(m), 861 (w), 810 (m), 749 (m) cm™'; "H NMR (500 MHz,
CDCly): 6 =7.43-7.39 (m, 2 H, H-2' + H-6'), 7.25-7.21
(m, 1 H, H-5), 7.08—6.99 (m, 3 H, H-2 + H-6 + CH=CH),
6.92 (distorted d, J=16.5, 1 H, CH=CH), 6.88—6.84 (m,
2 H, H-3' + H-5"), 6.77 (dd, J= 8.2, 2.2, 1 H, H-4), 3.79 (s,
3 H, OCH3), 3.76 (s, 3 H, OCH3); *C NMR (126 MHz,
CDCL): 6=159.9, 159.3, 139.1, 130.0, 129.6, 128.5,
127.8,126.5,119.0, 114.1, 112.9, 111.5, 55.23, 55.16; GC-
MS: m/z = 240 (100) [M*], 239 (10), 210 (7), 209 (16), 197
(9), 194 (10), 182 (13), 166 (11), 165 (30), 153 (15), 152
(12); anal. calcd for C¢H;s0, (240.30): C, 79.97; H, 6.71;
found C, 79.89; H, 6.73.

(E)-4-Methoxystilbene (3cb-E). Yield: 623 mg, starting
from 500 mg of 4-methoxybenzaldehyde (81%). Colorless
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solid, mp 134-136°C, lit. [35] 134-134.5°C. IR (KBr):
v=3023 (w), 3004 (w), 2965 (w), 2838 (w), 1603 (m),
1513 (s), 1447 (m), 1297 (w), 1252 (s), 1180 (m), 1031 (s),
968 (m), 860 (w), 813 (m), 750 (s), 689 (m) cm '; '"H NMR
(500 MHz, CDCl;): 6 =7.48—7.45 (m, 2 H, H-2' + H-6'),
7.44-7.41 (m, 2 H, H-2 + H-6), 7.34-7.30 (m, 2 H, H-
3'+H-5"), 7.23-7.19 (m, 1 H, H-4), 7.05 (distorted d,
J=16.5, 1 H, CH=CH), 6.95 (distorted d, J=16.5, 1 H,
CH=CH), 6.89-6.84 (m, 2 H, H-3 + H-5), 3.78 (s, 3 H,
OCH;); BC NMR (126 MHz, CDCl;): 6 =159.3, 137.7,
130.1, 128.6,128.2,127.7, 127.2, 126.6, 126.3, 114.1, 55.3;
GC-MS: m/z =210 (100) [M'], 209 (17), 195 (20), 194 (7),
179 (13), 178 (8), 177 (6), 167 (39), 166 (17), 165 (53), 152
(29), 139 (10), 115 (11), 89 (9), 76 (5), 63 (12); anal. calcd
for CysH,40 (210.27): C, 85.68; H, 6.71; found C, 85.59; H,
6.72.

(E)-3,4',5-Trihydroxystilbene (4aa-E, trans-RSV). Yield:
293 mg, starting from 386 mg of (E)-3,4’,5-trimethoxystil-
bene (90%). Colorless solid, mp 255-257°C, lit. [35] 256—
257°C. IR (KBr): v=3289 (s, br), 1603 (m), 1588 (s), 1510
(m), 1456 (w), 1324 (w), 1252 (m), 1154 (m), 965 (m), 830
(m) cm~'; '"H NMR (500 MHz, DMSO-ds): 8 = 9.57 (s, br,
1 H, OH), 9.23 (s, br, 2 H, 2 OH), 7.43-7.39 (m, 2 H, H-
2"+ H-6"), 6.96 (distorted d, J=16.5, 1 H, CH=CH), 6.84
(distorted d, /= 16.5, 1 H, CH=CH), 6.80—6.76 (m, 2 H, H-
3'+H-5"),6.43(d,J=2.2,2 H,H-2 + H-6), 6.16 (t,J= 2.2,
1 H, H-4); *C NMR (126 MHz, DMSO-d;): 6= 1584,
157.1, 139.2, 128.0, 127.81, 127.77, 125.6, 115.5, 104.3,
101.7; MS (direct injection): m/z =228 (100) [M*], 227
(18), 213 (4), 211 (10), 210 (5), 199 (5), 182 (4), 181 (14),
165 (4), 157 (4), 152 (4); anal. calcd for C,4H,,0; (228.24):
C, 73.67; H, 5.30; found C, 73.75; H, 5.28.

(E)-3,5-Dihydroxystilbene (4ab-E). Yield: 242 mg, start-
ing from 343 mg of (£)-3,5-dimethoxystilbene (80%). Col-
orless solid, mp 154—155°C, lit. [35] 157-158°C. IR
(KBr): v=13289 (s), 1617 (m), 1599 (s), 1588 (s), 1501 (w),
1472 (m), 1358 (w), 1252 (m), 1169 (m), 1148 (m), 1008
(m), 963 (m), 840 (w), 689 (m) cm'; '"H NMR (300 MHz,
DMSO-ds): 8 =9.34 (s,2 H, 2 OH), 7.62—7.56 (m, 2 H, H-
2'+H-6'), 7.41-7.32 (m, 2 H, H-3' + H-5"), 7.30-7.22 (m,
1 H, H-4"), 7.15-7.03 (AB system, J = 16.9, 2 H, CH=CH),
6.53(d,J=2.1,2 H,H-2 + H-6), 6.26 (t,J=2.1, | H, H-4);
BC NMR (75 MHz, DMSO-ds): & = 158.6, 138.8, 137.1,
129.1, 128.6, 127.9, 127.4, 126.4, 104.9, 102.6; MS (direct
injection): m/z =212 (100) [M'], 211 (36), 197 (10), 195
(7), 194 (6), 193 (5), 183 (4), 181 (2), 165 (12), 153 (2), 141
(2); anal. caled for C\4H,O, (212.24): C, 79.22; H, 5.70;
found C, 79.34; H, 5.68.

(E)-3,4'-Dihydroxystilbene (4ba-E). Yield: 197 mg, start-
ing from 343 mg of (E)-3,4’-dimethoxystilbene (65%). Col-
orless solid, mp 216-218°C, lit. [35] 216-218°C. IR
(KBr): v=13290 (s), 1616 (m), 1598 (s), 1588 (s), 1501 (w),
1472 (m), 1358 (w), 1252 (m), 1169 (m), 1149 (m), 1008
(m), 963 (m), 840 (w), 689 (m) cm'; "H NMR (300 MHz,
DMSO-ds): 8 =9.58 (s, br, 1 H, OH), 9.39 (s, br, 1 H, OH),
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7.45-738 (m, 2H, H-2'+H-6"), 7.18-6.88 (m, 5H,
H-2 + H-5 +H-6 + CH=CH), 6.80-6.74 (m, 2H,
H-3' + H-5"), 6.64 (dd, J=38.1, 2.1, 1 H, H-4); *C NMR
(75 MHz, DMSO-ds): 6=157.6, 157.3, 138.9, 129.4,
128.3, 127.7, 125.5, 117.1, 115.6, 114.3, 112.7; MS (direct
injection): m/z =212 (100) [M'], 211 (25), 197 (10), 195
(7), 195 (13), 194 (8), 193 (11), 183 (10), 181 (11), 177 (8),
167 (6), 166 (7), 165 (33), 153 (8), 63 (5); anal. calcd for
CisHx0, (212.24): C, 79.22; H, 5.70; found C, 79.15; H,
5.72.

(E)-4-Hydroxystilbene (4cb-E). Yield: 168.2 mg, starting
from 300 mg of (E)-4-methoxystilbene (60%). Colorless
solid, mp 196-197°C, lit. [35] 195-196°C. IR (KBr):
v=3409 (s, br), 1633 (w), 1455 (w), 1372 (m), 1327 (w),
1207 (w), 1075 (m), 929 (m), 903 (m) cm'; 'H NMR
(300 MHz, DMSO-di): 6=9.61 (s, br, 1 H, OH), 7.57—
7.51 (m, 2 H, H-2' + H-6"), 7.47-7.40 (m, 2 H, H-2 + H-6),
7.38-7.31 (m, 2 H, H-3' + H-5), 7.26—7.18 (m, 1 H, H-4),
7.16 (distorted d, J = 16.4, 1 H, CH=CH), 7.02 (distorted d,
J=16.4, 1 H, CH=CH), 6.82-6.75 (m, 2 H, H-3 + H-5);
BC NMR (75 MHz, DMSO-ds): & = 157.3, 137.6, 128.5,
128.1, 127.8, 126.9, 126.0, 1252, 115.6; GC-MS:
m/z=196 (100) [M'], 195 (37), 181 (19), 179 (11), 178
(12), 177 (28), 176 (7), 167 (20), 166 (8), 165 (25), 152
(16), 115 (6), 89 (9), 77 (7), 76 (8), 63 (7); anal. calcd for
CisH,0 (196.24): C, 85.68; H, 6.16; found C, 85.76; H,
6.15.

(E)-4,4'-Dihydroxystilbene (4dc-E). Yield: 430 mg, start-
ing from 1.04 g of 4-hydroxybenzaldehyde (24%). Off-
white solid, mp 297-300°C, lit. [36] 291-292°C. '"H NMR
(300 MHz, DMSO-dq): & (ppm) = 9.41 (s, 2 H, 2 OH), 7.33
(BB’ multiplet, 4 H, H-2 + H-6 + H-2' + H-6'), 6.88 (s, 2 H,
HC=CH), 6.72 (AA’ multiplet, 4 H, H-3 + H-5 + H-3' + H-
5"); BC NMR (75 MHz, DMSO-ds): & (ppm)= 157.2,
129.1, 127.8, 125.7, 115.9; GC-MS: m/z =212 (100) [M"],
197 (10), 165 (22), 141 (2), 115 (4), 77 (6); anal. calcd for
CisH,0, (212.26): C, 79.22; H, 5.70; found: C, 79.29; H,
5.78.

2.2 Biological assays and molecular modeling

2.2.1 Reagents
E2 was purchased from Sigma—Aldrich and ICI 182,780
(ICT) was obtained from Tocris Chemicals.

2.2.2 Plasmids

Firefly luciferase reporter plasmids used were XETL [37]
for ERa and GK1 [38] for the Gal4 fusion proteins. XETL
contains the estrogen response element (ERE) from the
Xenopus vitellogenin A2 gene (nucleotides —334 to —289),
the herpes simplex virus thymidine kinase promoter region
(nucleotides —109 to + 52), the firefly luciferase coding
sequence, and the SV40 splice and polyadenylation sites
from plasmid pSV232A/L-AAS. Gal4 chimeras Gal-ERa,
Gal-ER(G521R), Gal-ER(L525A), and Gal-ER(M543A/
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L544A) were expressed from plasmids GAL93.ER(G),
GAL93.ER(G521R), GAL93.ER(L525A), and GAL93.ER
(M543A/L544A), respectively. They were constructed by
transferring the coding sequences for the hormone binding
domain (HBD) of ERa (amino acids 282—595) from HEGO
[37], pPCMVhERGS521R [39], pPCMVhERLS525A [39], and
a PCR270 mutagenized intermediate with the point muta-
tions M543A-L544A, respectively, into the mammalian
expression vector pPSCTEVGal93 [40]. The Renilla renifor-
mis luciferase expression vector pRL-CMV (Promega) was
used as a transfection standard.

2.2.3 Cell culture

Human breast cancer MCF7 cells were maintained in
DMEM with phenol red supplemented with 10% FBS. ER-
negative SkBr3 human breast cancer cells were maintained
in RPMI 1640 without phenol red supplemented with 10%
FBS. MCF7 cells to be processed for immunoblot and RT-
PCR assays were switched to medium without serum and
phenol red 24 h before treatments.

2.2.4 ER binding assay

MCF-7 cells were stripped of any estrogen by keeping them
in medium without serum for 2 days. Cells were incubated
with 1 nM [2,4,6,7-3H]E2 (89 Ci/mmol; Amersham Bio-
science) and increasing concentrations of nonlabeled E2,
RSV or each derivative for 1 h at 37°C in a humidified
atmosphere of 95% air/5% CO2. After removal of the
medium, cells were washed with ice-cold PBS/0.1% meth-
ylcellulose twice, harvested by scraping and centrifugation,
and lysed with 100% ethanol, 500 uL per 60 mm dish, for
10 min at room temperature [41]. The radioactivity of
extracts was measured by liquid scintillation counting.

2.2.5 Transfections and luciferase assays

Cells were transferred into 24-well plates with 500 pL of
regular growth medium/well the day before transfection.
MCF7 cell medium was replaced with DMEM supple-
mented with 1% charcoal-stripped (CS) FBS lacking phe-
nol red and serum on the day of transfection, which was per-
formed using the Fugene6 Reagent as recommended by the
manufacturer (Roche Diagnostics, Mannheim, Germany)
with a mixture containing 0.2 pg of reporter plasmid and
1 ng of pRL-CMV. After 5—6 h the medium was replaced
again with serum-free DMEM lacking phenol red and sup-
plemented with 1% CS-FBS, ligands were added at this
point and cells were incubated for 16—18 h. SkBr3 cell
medium was replaced with RPMI without phenol red and
serum on the day of transfection, which was performed
using the Fugene6 Reagent with a mixture containing
0.5 pg of reporter plasmid, 1 ng of pRL-CMV, and 0.1 pg of
effector plasmid where applicable. After 5—6 h ligands
were added and cells were incubated for 16—18 h. Lucifer-
ase activity was then measured with the Dual Luciferase kit
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(Promega) according to the manufacturer's recommenda-
tions. Firefly luciferase activity was normalized to the inter-
nal transfection control provided by the Renilla luciferase
activity.

2.2.6 Reverse transcription and real-time PCR
Total RNA was extracted using Trizol commercial kit (Invi-
trogen, Milan, Italy) according to the manufacturer's proto-
col. RNA was quantified spectrophotometrically, and its
quality was checked by electrophoresis through agarose
gels stained with ethidium bromide. Only samples that were
not degraded and showed clear 18S and 28S bands under
UV light were used for RT-PCR. Total cDNA was synthe-
sized from the RNA by reverse transcription using the mur-
ine leukemia virus reverse transcriptase (Invitrogen) fol-
lowing the protocol provided by the manufacturer. The
expression of selected genes was quantified by real-time
PCR using Step One (TM) sequence detection system
(Applied Biosystems, Milano, Italy), following the manu-
facturer's instructions. Gene-specific primers were
designed using Primer Express version 2.0 software
(Applied Biosystems). Assays were performed in triplicate,
and the mean values were used to calculate expression lev-
els, using the relative standard curve method. For pS2,
Cathepsin D, PR, c-fos, Cyclin A, Cyclin D1, and the ribo-
somal protein 18S, which was used as a control gene to
obtain normalized values, the primers were: 5'-GCCC-
CCCGTGAAAGAC-3k (pS2 forward) and 5'-CGTCGAA-
ACAGCAGCCCTTA-3" (pS2 reverse); 5'-CTGGATC-
CACCACAAGTACAACA-3" (Cathepsin D forward),
5'-CGAGCCATAGTGGATGTCAAAC-3" (Cathepsin D
reverse); 5'-GAGTTGTGAGAGCACTGGATGCT-3' (PR
forward) and 5-CAACTGTATGTCTTGACCTGGTGAA-
3" (PR reverse); 5'-CGAGCCCTTTGATGACTTCCT-3'
(c-fos forward), 5'-GGAGCGGGCTGTCTCAGA-3' (c-fos
reverse); 5-TGCACCCCTTAAGGATCTTCCT-3' (Cyclin
A forward), 5-GTGAACGCAGGCTGTTTACTGT-3'
(Cyclin A reverse); 5-GTCTGTGCATTTCTGGTTGCA-
3’ (Cyclin D1 forward), 5'-GCTGGAAACATGCCGGTTA-
3’ (Cyclin D1 reverse); and 5-GGCGTCCCCCAACT-
TCTTA-3' (18S forward); 5'-GGGCATCACAGACCTGT-
TATT-3' (18S reverse).

2.2.7 Immunoblotting

MCF7 cells were grown in 10 cm dishes and exposed to
ligands for 18 h before lysis in 500 uL of 50 mM HEPES,
pH 7.5, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 10%
glycerol, 1% Triton X-100, a mixture of protease inhibitors
(Aprotinin, PMSF), and Na-orthovanadate. Equal amounts
of total protein were resolved on a 10% SDS-polyacryl-
amide gel. Proteins were transferred to a nitrocellulose
membrane, probed with the antibodies F-10 against ERa
and B-actin (Santa Cruz Biotechnology), and revealed using
the ECL Western Blotting Detection Reagents (GE Health-
care, Amersham).
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2.2.8 Proliferation assays

For quantitative proliferation assays 1 x 10* MCF7 cells
were seeded in 24-well plates in regular growth medium.
Cells were washed once they had attached and further incu-
bated in medium without serum for 24 h. Thereafter, the
medium of MCF7 cells was changed and supplemented
with 5% CS-FBS. Ligands were added at this point;
medium was changed every day (with ligands). On day 6
(after 5 days of treatment), cells were trypsinized and
counted using a hemocytometer.

2.2.9 Molecular modeling

(1) preparation of ligands and receptor molecules for dock-
ing. Molecular structures of E2, RSV, 4,4'-DHS, 3,5-DHS,
3,4'-DHS, and 4-hydroxystilbene (4-HS) were built and
energy minimized with the programs Insightll and Dis-
cover3 (Biosym/MSI, San Diego, CA, USA). To model the
receptor—ligand complexes, the coordinates of ERa
(PDB:1G50) receptor in complex with the corresponding
steroid hormone were used. The receptor and the ligands
were prepared for docking using ADT, the AutoDock tool
graphical interface [42]. For each receptor structure polar
hydrogens were added, Kollman charges were assigned and
atomic solvatation parameters were added. Polar hydrogen
charges of the Gasteiger-type were assigned and the nonpo-
lar hydrogens were merged with the carbons, the internal
degrees of freedom and torsions were set for all the
designed small molecules. Protein mutations were intro-
duced into the crystallographic structure of ERa. using the
program O [43]. The resulting atomic models were then
submitted to different cycles of molecular dynamics fol-
lowed by energy minimization using the programs Insight IT
and Discover3. The resulting models were used as targets
for molecular docking simulations using the program Auto-
Dock 3.05. (i1) Docking simulations. In a first phase, each
moiety was docked into the active site using the program
AutoDock 3.05 [44] with the macromolecule considered as
a rigid body and the ligands being flexible. The search was
extended over the whole receptor protein. Affinity maps for
all the atom types present, as well as an electrostatic map,
were computed with a grid spacing of 0.375 A. The search
was carried out with the Lamarckian Genetic Algorithm:
populations of 256 individuals with a mutation rate of 0.02
were evolved for 100 generations. Evaluation of the results
was performed by sorting the different complexes with
respect to the predicted binding energy. A cluster analysis
based on root mean square deviation values, with reference
to the starting geometry, was subsequently performed and
the lowest energy conformation of the more populated clus-
ter was considered as the most promising bioactive candi-
date. When clusters of molecules were almost equipopu-
lated, and their energy distribution is spread, the corre-
sponding moiety was not considered a good ligand.
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Scheme 1.

All calculations were performed on a Linux workstations
equipped with 2 XEON processors, figures were realized
with CCP4MG [45].

3 Results and discussion

3.1 Synthesis of Hydroxystilbenes 4aa-E (RSV),
4ab-E (3,5-DHS), 4ba- E (3,4'-DHS), 4cb-E (4-
HS), 4dc-E (4,4'-DHS)

Hydroxystilbenes 4aa-FE, 4ab-E, 4ba-E, and 4cb-E were pre-
pared by Wittig reaction between the appropriate methoxy-
benzaldehyde 1a, 1b, or 1c and the appropriate benzyltri-
phenylphosphonium bromide 2a or 2b followed by isomer-
ization and deprotection, according to Scheme 1. (E)-4,4'-
dihydroxystilbene 4dc (stilbestrol) was prepared by con-
densation between 4-hydroxybenzaldehyde 1d’ and
4-hydroxyphenylacetic acid 2¢’ followed by decarboxyla-
tion, according to Scheme 2. RSV and the analogs were syn-
thesized to evaluate the role of the number of the hydroxyl
groups present in the aromatic ring(s) as well as the influ-
ence of their relative position on the biological activity
exerted by each compound.
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Figure 2. ERo binding assay using increasing concentrations
of RSV and analogs. Each point represents the mean of three
separate experiments performed in triplicate.

3.2 ERo binding assay

We began our study evaluating whether RSV and deriv-
atives might interact with ERa in extracts of MCF7 cells,
which do not express ERf as judged by RT-PCR (data not
shown). Competition binding studies confirmed that RSV
is a weak ligand for ERa [20, 21, 46], while all derivatives
displayed a higher affinity respect to RSV except 3,5-DHS
which did not bind ERa even at the highest concentration
used (Fig. 2).

RSV and analogs activate but do not down-regulate
endogenous ERa. We then examined whether RSV and the
four analogs activate a transiently transfected ER reporter
gene (XETL) in MCF7 cells. The reporter plasmid XETL
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Figure 3. RSV and analogs activate endogenous ERa. (A)
MCF?7 breast cancer cells were transfected with the luciferase
reporter plasmid XETL and treated with increasing concentra-
tions (logarithmic scale) of E2, RSV, and analogs. Luciferase
activities were standardized to the internal transfection control
and expressed as the ratio of induced activity in absence of
ligand. (B) Activation by E2, RSV, and analogs is mediated by
ERa. MCF7 cells transfected with the reporter plasmid XETL
were treated with 1 nM E2 or 1 uM RSV and analogs with and
without 10 uM ER-antagonist ICIl. Each data point represents
the mean of three experiments performed in triplicate. (C)
Immunoblot of ERa from MCF7 cells treated for 24 h with 1 nM
E2 or 1 uM RSV and analogs. The results shown are repre-
sentative of three independent experiments. 3-actin serves as
loading control.
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Figure 4. RSV and analogs are ERa agonists in a heterologous system. (A) Fusion proteins consisting of the Gal4 DNA-binding
domain and the ERa-LBD are activated by RSV and analogs in transfected SkBr3 breast cancer cells. (B—D) Transactivating
response of fusion proteins consisting of the Gal4 DNA-binding domain and ERa-LBD point mutations as indicated. Each data point

represents the mean of three experiments performed in triplicate.

carries firefly luciferase sequences under the control of an
ERE upstream of the thymidine kinase promoter. As an
internal transfection control, we cotransfected a plasmid
expressing Renilla luciferase, which is enzimatically distin-
guishable from firefly luciferase, from the strong cytome-
galovirus enhancer/promoter. The highest luciferase activ-
ity was observed in the presence of 1 nM E2 and 100 pM
treatment produced a half maximal stimulation (Fig. 3A).
RSV and all the analogs, except 3,5-DHS, were also able to
induce luciferase expression, although with lower efficacies
compared to E2 even at the highest concentration used,
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according to the results obtained in competition experi-
ments. Moreover, the transcriptional activity induced by the
compounds tested was mediated by ERa since it was no lon-
ger evident in the presence of the pure ER antagonist ICI
(Fig. 3B). In breast cancer cells, an additional hallmark of
full ERa activation by agonists including E2 is represented
by the down-regulation of receptor levels through an
increased turnover of the E2-activated ERa protein and a
reduced transcription of its own gene [47]. Accordingly, a
24 h treatment with 1 nM E2 strongly reduced ERa protein
expression in MCF7 cells. RSV and analogs did not show

www.mnf-journal.com



Mol. Nutr. Food Res. 2009, 53, 845—858

any modulatory ability at a concentration of 1 uM (Fig.
3C), as recently reported using RSV [48]. Altogether, our
results show that, although RSV and three analogs are able
to transactivate ERa, they do not trigger all mechanisms
involved in ERa down-regulation induced by the cognate
ligand E2, likely due to their weak binding affinity for ERa.

3.3 Transcriptional activation of ERa by RSV and
analogs in a heterologous system

To examine whether RSV and the analogs transactivate ERa
directly, we turned to a completely heterologous system. A
chimeric protein consisting of the DNA binding domain
(DBD) of the yeast transcription factor Gal4 and the ERa
LBD was activated by RSV and all the compounds synthe-
sized, except 3,5-DHS (Fig. 4A) in ER-negative SkBr3
cells. These data demonstrate that the LBD of ERa is suffi-
cient for the transcriptional response and that these com-
pounds act as agonists for the AF-2 domain. We also
assessed the response of ERo LBD mutants using Gal4
fusion proteins. The two point mutants L525A and G521R,
which require a considerably higher E2 concentration for
activation [39], failed to respond to RSV and the analogs,
with the exception of the G521R mutant which was sensi-
tive to 4,4'-DHS (Fig. 4B—D). The latter compound also
activated the M543/L544 A mutant which did not respond to
any of the other compounds including E2. These findings
suggest that an intact hormone binding pocket of ERa is
required for the transactivation elicited by 4,4’-DHS, 3,4'-
DHS, and 4-HS whereas in the presence of LBD mutations
each compound assumes a particular orientation which may
lead to the activation of ERa. (see later).

3.4 Docking simulations of wild-type and mutated
ERa

The crystal structure of human ERa LBD in complex with
its natural ligand E2 (PDB Code 1G50) [49] was used as tar-
get for all our docking simulations. Visual inspection of the
three dimensional structure of the protein showed that the
hormone binding pocket is a mainly hydrophobic buried
pocket in which two hydrophilic residues (Arg 394 and His
524) contribute to stabilize the ligand through hydrogen
bonds with their hydroxyl groups. The natural ligand E2,
RSV and a set of four RSV analogs (Fig. 5) were docked
into the hormone binding pocket of ERa to studying the
binding modes at a molecular level. In order to investigate
the binding of ligands to ERa and evaluate the binding ener-
gies of the resulting complexes, we used the computer pro-
gram AutoDock 3.05/ADT [42, 44]. For each ligand tested,
we performed a “blind docking”: the docking of small mol-
ecules to their targets was done without a priori knowledge
of the location of the binding site by the system. A prelimi-
nary global docking of the natural ligand E2, obtained from
the crystal structure of wild-type ERa (PDB code 1G50)
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Figure 5. Representation of the binding modes between the
tested ligands and ERq, as derived from docking simulations.
In all the panels, residues Arg 394 and His 524 involved in
hydrogen bond formation with the —OH groups of the ligands,
are drawn in blue while hydrophobic residues delimiting the
pocket are reported in pink. (A) E2 bound to the ERa, as
derived from crystallographic structure (lemon, PDB
code:1G50) superposed to the best result of docking simula-
tions (green). (B) RSV (red) superposed to E2 (green). (C)
4,4-DHS (purple) superposed to E2 (green). (D) 3,5-DHS
(tan) superposed to E2 (green). (E) 3,4-DHS (yellow) super-
posed to E2 (green). (F) 4-HS (cyan) superposed to E2
(green).

[49], was performed with AutoDock using a grid encom-
passing the whole protein surface. The docking experiment
consisted of 100 simulations which were ranked in order of
increasing docking energy values and grouped in clusters
with similar conformations (RMSD 0.5 A). The resulting
lowest energy solution was superposed over the crystallo-
graphic structure, displaying an RMDS value of 0.112 A,
thus confirming the computational procedure applied with
X-ray experiment results. For each compound tested, the
solution of docking simulations was grouped by AutoDock
in several clusters with comparable binding energies. From
the structural analysis of the best solutions (lowest energy)
of each cluster, we could highlight differences in the bind-
ing orientation. Although the results from AutoDock simu-
lations did not support the hypothesis of a single binding
mode, we were able to assess the quality of docked ligands
by using, as choice criteria, the evaluation of the hydropho-
bic contributions as well as visual inspection and compari-
son of complexes to the crystallographic complex ERo:E2.
The final results of docking simulations using the wild-type
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Table 1. Hydrogen-bonds and hydrophobic interactions between ligands and the ERa wild-type docking site

Hydrogen bonds length (A)

Hydrophobic contacts

Arg 394 His 524 Leu 525 N-pept.
E2 2.73 2.71 = Leu387, Met388, Phe404, Met421, lle424, Leu525
RSV 2.64 = = Leu384, Leu387, Leu391, Phe404, Leu525
4,4-DHS 2.69 2.78 = Met343, Leu346, Thr347, Ala350, Leu387, Phe404,

Leu525

3,5-DHS = = = Met343, Leu387, Met388, Leu391, Phe404, Leu525
3,4-DHS 2.74 3.08 2.97 Met343, Leu387, Phe404, Leu525
4-HS 2.74 = = Met343, Thr347, Ala350, Leu387, Phe404, Leu525

Table 2. Affinity constants Ki as calculated by the program AutoDock 3.05

Wt ERa G521R L525A M543A/L544A
E2 7.7x107°M NB 52x1078 8.2x107°
RSV 3.4x10°°M NB NB 3.6x10°¢
4,4-DHS 2.1x10°°M 6.7x10°° 1.7x107° 2.7x10°°
3,5-DHS NB NB NB NB
3,4-DHS 2.1x10°°M NB NB 2.8x10°°
4-HS 3.7x107°M NB NB 3.5x10°¢

Ki = exp (AG x 1000)/(Rcal x TK) AG representing docking energy, Rcal = 1.98719 and TK = 298.15 K, NB = not a ligand.

protein as target, were in good agreement with experimental
data, confirming a strong affinity of the protein for E2, a
good binding capacity for 4,4’-DHS and 3,4’-DHS ligands,
low affinity for RSV and 4-HS, and no affinity for 3,5-DHS
(Table 1).

In order to study the mode of binding of RSV analogs, the
best docked complexes were subjected to LIGPLOT [50]
analysis which allowed us to identify and specify the
ligand-protein contacts. Residues involved in ligand bind-
ing are reported in Table 1. As expected, the type of interac-
tion is mainly hydrophobic, due to the characteristics of the
tested molecules. Two hydrophilic residues (Arg 394 and
His 524) are involved in a H-bond through the hydroxyl
groups of the bound moieties. The wild-type ER0.:E2 com-
plex, as derived from docking simulations, is represented in
Fig. SA; docked E2 (green), resulting from the simulations,
is superposed to the crystallographic moiety (purple) for
comparison. Panels B-F report the most probable binding
mode of the tested ligands (different colors) superposed to
the docked E2 (green). Remarkably, some of the residues
involved in ligand binding are common for all the tested
molecules. The absence of a OH group in one of the two
aromatic rings of some moieties, makes the interaction with
the target less favored. Being highly hydrophobic and
smaller than hormones, these ligands can be accommodated
with multiple conformations in the wide binding cavity,
mainly lined by hydrophobic residues. Because of these
characteristics, the specificity of binding is lower than that
for the natural ligand E2.

After performing the simulation using the wild-type pro-
tein as target, we attempted to dock the same six ligands on

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

three protein mutants: G521R, L525A, and M543 A/L544A,
whose structures were built by performing mutations on the
coordinates of the wild-type moiety. Table 2 summarizes
the results obtained with these new calculations. In particu-
lar, the G521R mutation involves the substitution of a resi-
due with a very small side chain (hydrogen atom) with a
branched, long and positively charged residue. The cavity
hosting the ligand binding site in the wild-type protein is
partially occupied by the arginine side chain and therefore
the docking simulation indicated only a small affinity for
4,4'-DHS. Docking of E2 on this mutant was not successful,
even though we observed a small increase in transcriptional
activity. This may be explained considering that in our sim-
ulations the protein target is considered as a rigid body
whereas real proteins are flexible molecules. The substi-
tuted residue R521 could be somehow displaced by the
incoming ligand, accommodating some room for binding.
Leu525 is important for binding with all the ligands tested
here, as reported in Table 1, facilitating hydrophobic con-
tacts between the protein and the skeleton of the ligands
thus acting as a “driving force” for the docking. Also in this
case, the simulations are in agreement with the in vitro tests,
displaying a small residual affinity only for E2 to the pro-
tein. Different is the case concerning the double mutant
MS34A/L544A. Although docking simulation reported the
same magnitude of activity for the ligands as for the wild-
type protein, almost no fold induction was detected in vitro.
The two mutations, in fact, occur in helix 12, which is not
very close to the binding site, however still distant enough
to be considered by the docking software as important. At
the same time it is known that helix 12 is essential for ER
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Figure 6. mRNA expression of pS2, Cathepsin D, PR, c-fos, Cyclin A and Cyclin D1 evaluated by real-time RT-PCR. MCF-7 cells
were treated with vehicle (=), 100 nM E2 (A), 1 uM RSV (B), 4,4'-DHS (C), 3,5-DHS (D), 3,4'-DHS (E), or 4-HS (F) for the indicated
times. Results obtained from experiments performed in triplicate were normalized for 18S expression and shown as fold change of

RNA expression compared to cells treated with vehicle.

transcriptional activation function. In fact, when an agonist
is bound to the ER, helix 12 is oriented anti-parallel to helix
11, capping the ligand binding pocket. This leaves a hydro-
phobic groove exposed for the binding of coregulator pro-
teins. When an antagonist is bound, helix 12 is displaced
via an extended side chain. Helix 12 moves outward,
rotates, and packs into the hydrophobic groove between
helices 3, 4, and 5. As a result, coactivators needed for tran-
scription cannot bind. What may happen is that this double
mutation does not prevent ligand binding, but can perturb
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the correct displacement of helix 12, thus preventing the
binding of cofactors needed for transcription.

3.5 Gene expression changes elicited by RSV and
analogs

Having determined that RSV and analogs activate ERa, we
evaluated by real-time RT-PCR the potential of each com-
pound to regulate the expression of genes known to be
involved in the biological response to estrogens, such as
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Figure 7. RSV and analogs stimulate proliferative effects in
MCF7 breast cancer cells. (A) Cells were treated for 5 days
with increasing concentrations (logarithmic scale) of E2, RSV
and analogs and counted on day 6. (B) The proliferative
effects induced by RSV and analogs are ERa mediated. Cells
were treated with 1 nM E2 or 1 uM RSV and analogs with and
without 10 uM ER-antagonist ICI. Proliferation of cells receiv-
ing vehicle (—) was set as 100% upon which cell growth
induced by treatments was calculated. Each data point is the
average of three independent experiments.

pS2, Cathepsin D, PR, c-fos, Cyclin A, and Cyclin D1 [32—
34]. All compounds, except the 3,5-DHS, rapidly (1-h) up-
regulated the mRNA expression of PR and c-fos (Fig. 6).
The expression levels of Cathepsin D, PR, and Cyclin A
increased following longer exposures to 4,4’-DHS, 3,4'-
DHS, and 4-HS, while pS2 was up-regulated only by 4,4'-
DHS and 3,4-DHS and Cyclin D1 by 3,4'-DHS (Fig. 6).
These results suggest that RSV and the analogs studied may
have overlapping and yet distinct abilities to regulate the
expression of estrogen target genes. Accordingly, it has
been reported that different ligands promote distinct molec-
ular conformations and positioning of helix-12 when bound
to the ER [32, and references therein]. Interestingly, the lat-
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ter findings demonstrate that the conformation of the
ligand—receptor complex and its ensuing biological activity
are tightly connected to the subtle changes in the structure
of ligands and not only to dramatic alterations.

3.6 RSV and analogs induce proliferative effects in
MCF7 breast cancer cells

On the basis of the above results, we aimed to evaluate a
more complex physiological response. We analyzed the
effects of RSV and analogs on the proliferation of MCF7
breast cancer cells. Cells were treated for 5 days with
increasing concentrations of E2, RSV, and analogs and
counted on day 6. Figure 7A shows the results obtained
with treatments compared to cells treated with vehicle.
RSV and analogs, with the exception of 3,5-DHS, were all
able to stimulate the proliferation of MCF7 cells in line
with the ability exhibited in transfection experiments. The
growth effects elicited by the compounds tested were no
longer evident in the presence of the ER antagonist ICI
(Fig. 7B), suggesting that ERa mediates cell proliferation
in this cell context.

4 Concluding remarks

In the present study, using cell based assays we demon-
strated that RSV and analogs exhibit the following order of
agonism for ERa: 3,4-DHS > 4,4’-DHS > 4-HS > RSV.
Moreover, the 3,5-DHS derivative did not elicit any ligand
activity. Computer modeling indicated that subtle changes
in the structure of the compounds examined lead to differ-
ent binding positions and ERa-LBD conformations which
may be responsible for selective gene regulation and growth
stimulation in estrogen-sensitive cancer cells.
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