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Abstract The suppression of oestrogen receptor o (ERo)
functions by silencing RNAs in association with or not with
anti-oestrogens (AEs) both in vitro and in breast cancer cell
xenografts was assessed. In vitro, a prolonged decrease
in ERa protein expression and an enhanced AE-induced
inhibition of ERa-mediated transcription, together with
antiproliferative activity, were observed. Incorporation
of ERa-siRNAs in pegylated nanocapsules (NC) was
achieved; and their intravenous injections in MCF-7 xeno-
grafts, in contrast to scramble siRNA containing NCs, lead
to decrease in ERa protein content and Ki67 labelling in
tumour cells. The pure AE RU58668 (RU) both free and
entrapped in stealth nanospheres (NS) at very low concen-
tration (8 pg/kg/week) had no effect on tumour growth
evolution. However, coinjection of the two nanocarriers
potentiated the decrease in ERa protein, concomitantly with
decreasing tumour vasculature and glucose transporter-1.
These data support that the targeted delivery of ERo-siRNA
in breast tumours potentiates the inhibition of E,-induced
proliferative activity by encapsulated AE through enhanced
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anti-vascular activity. In the hormone-independent MDA-
MB-231 xenograft model, RU-NS at 4 mg/kg/week induce
also a strong tumour vascular normalisation. Together, these
findings suggest that the anti-oestrogen activity of RU as
well as that of targeted ERo-siRNA leads to anti-angiogenic
activity. Their delivery in stealth nanocarriers may consti-
tute a new anti-cancer therapeutic strategy in solid tumours.

Keywords Oestrogen receptor - siRNA - Breast cancer -
Anti-oestrogen - Angiogenesis

Introduction

Oestrogens play key roles in the development and main-
tenance of sexual behaviour and reproductive functions. In
addition, they exert a number of biological effects in tis-
sues: some of them are beneficial, such as those affecting
the cardiovascular, musculoskeletal, immune and central
nervous systems. However, in both the mammary gland
and the uterus, oestrogens may have detrimental effects
including the promotion of cancers [1, 2]. The most active
natural oestrogen produced in the human body is 17p-
oestradiol (E,). E, binds two nuclear estradiol receptors
(ERa and ERp), both members of the steroid/thyroid
superfamily of transcription factors [3]. In normal breast,
ERo and ERp are present in small but similar levels. In
breast tumours, ERo tends to be more strongly expressed
than ERf, and E, increases the transcription of genes
involved in cell cycle progression (such as those encoding
c-myc, cyclins D, A and E) and decreases that of other
genes, such as that encoding the cyclin-dependent kinase
(cdk) inhibitor p21waf” Cipl, ER-positive breast cancers are
usually treated with aromatase inhibitors or anti-oestrogens
(AEs), to reduce hormone activity [4, 5].
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The selective oestrogen receptor modulator (SERM)
Tamoxifen (Nolvadex®) has been widely used in the
clinical treatment of ER-positive breast cancer for almost
30 years [6]. Other AEs, such as the selective oestrogen
receptor down-regulators (SERDs), are strong oestrogen
antagonists, independent of tissue type; this is the case
for the so-called pure antagonists ICI 182,780 (ICI, or
Faslodex® or Fulvestrant) [7] and RU58668 (RU) [8].
The main difference between SERMs and SERDs is that
SERMs form complexes with ERs and corepressors,
allowing DNA binding, whereas SERDs promote the
ubiquitinylation and the rapid proteasome-mediated deg-
radation of ERa [9-12]. In both cases, ER-AE com-
plexes inhibit the transcription of a number of genes in
breast cancers; however, ER-SERM complexes stabilise
both ER isoforms whereas SERD complexes result in the
degradation of ERo, but the stabilisation of ERf [13,
14].

Since ERo gene amplification is frequent in breast
cancers [15] and responsible for the mitogenic effects of
E,, the site-specific destruction of this nuclear receptor
may represent another way to stop E,-induced breast
cancer tumour progression. Such a strategy, based on the
delivery of AEs through intra venous injection of AE-
loaded nanocarriers, was previously developed in our
laboratory. Once encapsulated in stealth nanoparticles, AE
displayed a high anti-tumour potential [16]. However,
although RU-loaded nanoparticles strongly inhibit tumour
growth and increase apoptosis in tumour cells [17],
endogenous E, and exogenous oestrogens can still restore
ERa expression [12]. We then developed a new formu-
lation based on the incorporation of specific ERo-targeting
siRNAs to improve the down regulation of ERo [18]. Two
specific ERa-siRNAs were mixed and incorporated into
aqueous-core nanocapsules (NC) coupled to poly(ethyl-
ene)glycol (PEG). Such pegylated nanocarriers are well
known to remain in the circulation for a prolonged period
of time when they are injected intravenously [19-21].
Preliminary biological characterisation in vivo demon-
strated that they reduce tumour growth in a MCF-7 cell
xenograft model [18]. Here, we extended studies to
determine the biological effects of ERa-mix-siRNA-NCs.
We correlated the anti-tumour potential of siRNA target-
ing ERo with the suppression of oestradiol-induced vas-
cularisation, an effect strongly enhanced by low
concentrations of RU encapsulated in nanospheres. More
importantly, the anti-vascular effects of entrapped RU
were also observed in ER-negative breast cancer MDA-
MB-231 xenograft, well known to be non-responsive to
AE. These results thus support the use of a combination of
agents suppressing ERa and other anti-tumour agents
delivered via long-circulating nanocarriers to target breast
tumour cells.
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Materials and methods
Reagents

Two siRNAs targeting ERo were designed to recognise
sequences in the non-coding region of ERo-encoding
mRNA. ERo1-siRNAs (sense strand 5'-GACUUGAAUUA
AUAAGUGA-3', anti-sense strand 5'-UCACUUAUUAAU
UCAAGUC-3'), ERa2-siRNAs (sense strand 5'-CCUUUG
ACCUAUAGGCUAA-3', anti-sense strand 5'-UUAGCCU
AUAGGUCAAAGG-3') and scramble siRNAs (Scr-siR-
NA) were purchased from Qiagen (Courtaboeuf, France)
and carboxyfluorescein-labelled siRNAs (5'-FAM-siRNA)
were obtained from Eurogentec (Seraing, Belgium). SiR-
NAs were purified by high-performance liquid chroma-
tography and analysed by spectrometry. RU was a gift from
P. Van de Velde (HMR, Romainville, France). 4-Hydroxy-
tamoxifen (OHT) was provided by Besins Iscovesco (Paris,
France). PEG-PLGA, type RGP d 50105, Resomer (PLGA,
MW = 45 kDa, consisting of 50% lactic acid units and
50% glycolic acid units; PEG, MW = 5 kDa) was
obtained from Boehringer (Ingelheim, Germany). All other
laboratory chemicals were reagent grade, purchased from
standard suppliers.

Cell culture

Human breast cancer MCF-7 and MDA-MB-231 cells were
obtained from ATCC (Molsheim, France). MELN cells are
MCEF-7 cells stably transfected with a construct in which
the luciferase reporter gene is under the control of an
oestrogen responsive element (ERE) linked to the minimal
f-globulin promoter (ERE-f-globulin-LUC) [22]. All cells
were grown in Dulbecco’s modified Eagle medium
(DMEM/F12, Lonza, Vervier, Belgium) supplemented
with 10% foetal calf serum (FCS), L-glutamine (2 mM),
penicillin (50 IU/mL) and streptomycin (50 IU/mL) at
37°C in 5% CO, in a 95% humidified atmosphere. Prior to
treatment, the medium was replaced with phenol red-free
DMEM supplemented with 10% stripped FCS (charcoal
Norit A 1%, Dextran T70 0.1%, 30 min at room temper-
ature) for at least 48 h.

Transfection experiments and transactivation assay

Cells were seeded on 3-cm diameter plates 18 h before
transfection in phenol red-free DMEM/F12 supplemented
with 10% dextran-coated charcoal-stripped FCS. ERal-
siRNA, ERa2-siRNA, ERa-mix-siRNA and scramble siR-
NA (10 nM) were transfected using the Highperfect reagent
(Qiagen) according to the manufacturer’s instructions.
Cells were stimulated 32 h later with E,, RU or OHT for
16 h, then harvested and lysed in 250 pL of luciferase
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buffer (25 mM Tris, H3PO,4 pH 7.8, 10 mM MgCl,, 10%
Triton X-100, 15% glycerol, | mM EDTA, 1 mM DTT)
for 30 min at 4°C. Luciferase buffer (50 pL), supple-
mented with 100 mM ATP and 87 pg luciferine/mL, was
added to 50 pL of cell extract; and luciferase activity was
quantified in a luminometer (Lumat LB 9507, Berthold,
Bad Wildbad, DE). The protein concentration of each sam-
ple was determined by Biorad assay, and luciferase activity
was normalised with respect to protein concentration.

Cell proliferation assay

Twenty-four hours after siRNA transfection, MCF-7 cells
were seeded in 96-well plates at 5,000 cells/well in 100 pL
medium. Twelve hours later, E,, AE or vehicle were added.
Cell proliferation was analysed using the colorimetric Cell
Titer 96 Aqueous One Solution Cell Proliferation Assay
(Roche) with  3-(4,5-dimethylthiazol-2-yl)-(3-carboxy-
methoxyphenyl)-2-(4-sulphophenyl)-2H-tetrazolium, inner
salt (MTS), after different periods of treatment. MTS
(20 pl; 1.9 mg/mL) was added to each well. Cells were
then incubated for 2 h at 37°C. Optical density (OD) at
490 nm, correlating to the number of viable cells, was
determined using the microplate reader Metertech £ 960
(Fisher Bioblock, Illkirch, France).

Western blotting

Pelleted cells were resuspended in lysis buffer (50 mM
Hepes pH 7.5, 150 mM NaCl, 1.5 mM MgCl,, 1 mM
EGTA, 10% glycerol, 1% Triton X-100) with protease
inhibitors (Complete Reagent, Roche Diagnostics, India-
napolis, IN, USA) for 20 min and then boiled for 10 min in
Laemmli sample buffer. Protein content from cell extracts
was analysed in 8% polyacrylamide gels (except where
otherwise stated). Proteins were separated by electropho-
resis and electrotransferred onto a polyvinylidene difluo-
ride membrane (Immobilon P, Millipore Corp, Saint-
Quentin en Yvelines, France). The membrane was blocked
for 1 h at 37°C in 10% dried non-fat milk in PBS con-
taining 1% Tween 20 (PBST) or in 5% FCS in PBST. The
membrane was then incubated overnight at 4°C with anti-
ERa (HC-20, at 0.1 pg/mL) or anti-hsp70 (W-27, at
0.1 pg/mL), all purchased from Santa-Cruz Biotechnology
(Santa-Cruz, CA, USA). Appropriate horseradish peroxi-
dase-conjugated secondary antibodies and Luminol reagent
(Santa-Cruz) were used for detection.

RNA extraction and RT-PCR
Total RNA was extracted from 1 x 10° cells with Trizol

(Invitrogen, Carlsbad, CA) reagent according to the man-
ufacturer’s instructions. Total RNA (2 pL) was reverse

transcribed in cDNA using random primer and M-MuLV
reverse transcriptase (Invitrogen). PCR reactions contained
the following primers for target genes: PR forward, ACAG
GACCCCTCCGACGAAAA; PR reverse, AGCTGTCTCC
AACCTTGCACC; p-actin forward, TGACGGGGTCAC
CCACACTGTGCCCATCTA; p-actin reverse, CTAGAA
GCATTTGCGGTGGACGATGGAGGG. Amplification was
carried out with 2 pL. ¢cDNA, for 35 cycles (95°C, 1 min;
60°C, 1 min; 72°C, 1 min); PCR products were analysed on
2% agarose gels.

Synthesis of aqueous-core nanocapsules

Aqueous-core nanocapsules (NC) of PEG-co-poly(e-cap-
rolactone-co-dodecyl-f-malate) (PEG-PCL/MA) were
prepared by double emulsion water-in-oil-in-water solvent
evaporation technique following the protocol described
previously [18]. The final concentration of incorporated
siRNA was 3.3 uM in a 16 mg/mL polymer solution
(corresponding to 0.5 pg siRNA/mL).

RUS58668 nanospheres

Nanospheres (NS) of RU were prepared by interfacial
deposition of preformed polymers of poly lactic-co-gly-
colic acid coupled to poly(ethylene)glycol (PEG-PLGA)
after solvent evaporation, as previously described [17, 23].
Depending on the initial amount of RU added in the initial
polymer mixture, various drug-loading rates were obtained.
In the present work, we used two NS preparations con-
taining either 2 or 500 uM RU. These PEG-PLGA-RU
nanospheres had a small size (~ 120 nm) compatible with
crossing through tumour capillaries after i.v. injection.

Xenografts and in vivo experiments

The MCF-7 cell suspension (5-10 x 107 cells/mL) was
mixed with an equal volume of Matrigel (BD Bioscience,
Le Pont de Claix, France) and injected (200 pL total)
subcutaneously into the flanks of 6-week-old female nude
mice (Janvier, Le Genest Saint Isle, France) in the vicinity
of mammary glands. Mice were housed in a pathogen-free
isolation facility with a 12-h-light-/12-h-dark-cycle and fed
with rodent chow and water ad libitum. Mice were treated
weekly with 20 pL of a 107> M ethanolic solution of E,
applied to the neck skin. Tumours developed over a period
of 5-7 weeks, reaching sizes of 300-500 mm? [calculated
as Y (width x length?)]. They were then transplanted
(biopsies of 1-2 mm?®) under the skin of recipient female
5-week-old mice, in the vicinity of the nipple. Tumours
were allowed to grow under biweekly E, stimulation
(20 pL of a 10 mM ethanolic solution deposit on the neck
skin) until they reached 5-8 mm in diameter (8 weeks).
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Mice were then treated with nanoparticle formulations
administered twice a week by intravenous injection into the
retro-orbital sinus over 5 weeks. For siRNA-loaded PEG-
PCL/MA NCs, mice received 330 pg siRNA/kg/week; for
RU-containing PEG-PLGA NS, mice received 8.5 pg RU/
kg/week (10 mice in each group).

MDA-MB-231 tumours were generated similarly to
MCF-7 tumours by injected subcutaneously 200 pL of a
suspension of cells (1-2 x 107, vol/vol) in Matrigel.
Tumours developed faster than MCF-7 tumours in 4-
5 weeks and were treated by injected PEG-PLGA NS
loaded or not with RU at the highest concentration (4.3 mg/
kg/week).

Tumour volume was measured weekly, and tumour
progression was determined by the ratio of the volume at
each time point to the initial tumour volume (week 0). The
animals were killed by CO, exposure at the end of the
experiment; tumours were removed and fixed in Finefix
(Milestone s.r.., Sorisole, Italy). A number of tumour
samples were fixed in paraformaldehyde prior to confocal
fluorescence microscopy. All experiments were performed
in accordance with the principles of the Helsinki Declara-
tion and French animal welfare legislation.

Confocal fluorescence microscopy

Tumours were fixed for 4 days at 4°C in 4% paraformal-
dehyde (v/v in PBS) and then rinsed four times in PBS for
24 h. Tumours were then embedded in Tissue-Tek OCT
compound (Sakura Finetek, Zoeterwoude, The Nether-
lands) and frozen in liquid nitrogen. Frozen blocks were cut
with a cryotome (CM 3050S cryostat, Leica, Nussloch,
Germany) into 20-um thick sections. Cryo-sections were
mounted with Vectashield mounting medium (Vector
Laboratories, Burlingame, CA, USA) to ensure fluores-
cence protection. Slices were viewed with a LSM 510
META Zeiss (Jena, Germany) confocal inverted micro-
scope equipped with a plan-apochromat 63X/1,4 NA oil
immersion objective lens. All images were acquired with
an air-cooled argon laser (488 nm excitation wavelength).
Fluorescence emission was collected with a Long Pass 505-
nm filter. The pinhole was set at 1.0 Airy unit (0.8 pm
optical slice thickness).

Immunohistochemistry of tumour sections

Finefix-fixed, paraffin-embedded tumours were cut in 4-pm
thick sections. Paraffin was removed by incubation in
xylene and sections were rehydrated and stained for
immunohistochemical analysis. Heat-induced epitope
retrieval was carried out with pH8 Tris—EDTA at 98°C for
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40 min. Endogenous peroxidase activity was quenched with
3% H,0, for 10 min; then, sections were placed in cover
plates (Shandon, Detroit, MI) and incubated with blocking
serum in Biogenex wash buffer (1:10; San Ramon, CA) for
10 min. Sections were then incubated for 1 h with anti-
bodies: anti-mouse CD34 (endothelial cell marker), 1:20
(HyCult biotechnology b.v., Uden, The Netherlands); anti-
Ki67, 1:200 (Neomarkers, LabVision, Microm Microtech,
Francheville, France); anti-Glut-1, 1:300 (Neomarkers,) or
anti-ERa, 1:50 (HC-20, Santa-Cruz Biotechnology). Slides
were then incubated with a rabbit antibody 1:400 (Southern
Biotech., Birmingham, AL) directed against the corre-
sponding first antibody and diluted in blocking serum, 1:10.
Staining was revealed using a Rabbit PowerVision kit
(ImmunoVision Technologies, Norwell, MA) (20 min)
with diamine 3,3’ benzidine (tetrachloridrate) (DAB)
(10 min). Slides were counterstained with Mayer’s hema-
toxylin and mounted (Pertex, Goteborg, Sweden). All slides
were immunostained in cover plates the same day, guar-
anteeing a perfectly standardised intensity of staining, both
for the immunohistochemical signal and for the
counterstaining.

Quantification of Ki67-stained nuclei and of CD34-
stained micro-vessels on histological slides were achieved
using PIXCIT; a software package designed by the Groupe
Régional d’Etudes sur le Cancer (Centre Frangois Baclesse,
Caen, France) [24]. This system combines a dedicated slide
scanner and a computer-assisted image analysis. Only the
viable part of the tumours was analysed, the necrotic area
was excluded from the examinations.

Statistical analysis

Student’s t-test was used to compare the effects of for-
mulated and unformulated drugs. The difference was
considered statistically significant for P values < 0.05.

Results
Additive efficacy of ERa-siRNA and anti-oestrogens

The specificity of the siRNAs used and the optimum con-
centration needed to obtain maximum ERo blockade have
been previously shown; indeed, the ERoal/ERo2-siRNA
mixture affects ERa levels without affecting ERf [18].
Here, we demonstrated that, at 10 nM, this siRNA-mix
induces a prolonged degradation of ERa in MCF-7 cells
(Fig. 1a). Forty-eight hours after transfection, ERa levels
were reduced by at least 80% (Fig. 1, panel A). Seven days
after transfection with ERo-mix-siRNA, receptor expres-
sion was still inhibited by more than 50%, whereas
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Fig. 1 Effect of ERo-mix-siRNA on ERo levels a MCF-7 cells were
transfected or not (control) with 10 nM of scramble siRNA (Scr-
siRNA) or ERo-mix-siRNA. Cell extracts were prepared at various
times following transfection. ERa protein was detected by western
blot as described in “Material and methods”. Hsp70 was detected for
control of constant protein loaded. b Thirty-two hours after transfec-
tion or not (control) with 10 nM of Scr-siRNA or ERa-mix-siRNA,
MCEF-7 cells were treated for 16 h with vehicle, RU or OHT (1 pM)
in the presence or absence of 10 nM E,. Cell extracts were prepared
and receptor protein was analysed as described for panel A and
normalised to hsp70 (lower diagram). The blots shown are represen-
tative of three different experiments
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scramble siRNAs (Scr-siRNA) had no effect (Fig. 1, panel
A). Previous findings have established that SERDs like
Faslodex [11] and RU [12] induce a rapid and high level of
proteasome-mediated ERo degradation, contrary to mixed
AEs like OHT, which leads to ERa accumulation [25].
Such a SERD-induced degradation of ERx was enhanced
by siRNAs targeting ERe, and not by scramble siRNAs, in
both the presence and absence of E, (Fig. 1, panel B).

In order to look at the effect of siRNAs on E,-induced
transcription, MELN cells were transfected with each
siRNA (10 nM) and further incubated with or without
oestradiol (panel A) or AEs (panel B). Both ERa-siRNAs
and ERo-mix-siRNA reduced basal and oestradiol-induced
luciferase activity by at least 80% (Fig. 2, panel A). Scr-
siRNAs had no significant effect, although a tendency to
slightly reduce Ej-induced transcription was sometimes
observed (panels A and B). The marked decrease in ER«
levels was observed in Fig. 1, panel A was thus correlated
with a decrease in ERa function. As previously shown, 0.1
nM E, was sufficient to obtain maximum luciferase activity
in MELN cells [12]; both RU and OHT (10 nM) induced a
marked decrease in basal and E,-induced luciferase activity
(Fig. 2 panel B). Here, we showed that RU very efficiently
reduced the transactivation capacity of ERo and that a

M control
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Fig. 2 ERa-mix-siRNA efficiency upon ERo-mediated transcription;
MELN cells were transfected or not with 10 nM of Scr-siRNA, the
two different siRNAs targeting ERo (a) or ERo-mix-siRNA (b).
Twenty-four hours later, cells were seeded in 3-cm petri dishes and
treated with ethanol vehicle, 0.1 nM E,, 1 nM RU and 10 nM OHT
for 16 h. Luciferase activity was measured as described in “Material
and methods”, and results (mean of three independent experiments

performed in triplicate £ SEM) were expressed as relative activity,
with controls assigned to 100% activity. ¢ MCF-7 cells were
transfected or not with 10 nM of scramble siRNA or ERo-mix-
siRNA and treated similarly to MELN cells. Total RNA was extracted
and PCR was performed as described in “Material and methods” in
order to measure the effects of treatments on PR transcription
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concentration as low as 1 nM of RU potentiated the
decrease in luciferase activity induced by ERo-mix-siR-
NAs (Fig. 2 panel B). These results are consistent with the
ability of RU to potently enhance the siRNA-induced loss
of ERa signal (Fig. 1b). Scr-siRNA showed a slight
inhibitory effect, which mock transfection experiments
revealed to be attributed to the transfection procedure itself
(not shown).

We then studied the effect of ERa-mix-siRNA on a
well-characterised endogenous oestrogen-responsive gene,
the progesterone receptor (PR) [26, 27]. E, increased PR
mRNA levels in a time-dependent fashion, whereas, in the
presence of RU, PR mRNA levels were decreased
(Fig. 2c). As expected, transfection of ERo-mix-siRNA
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Fig. 3 Antiproliferative activity of ERz-mix-siRNA in MCF-7 cells;
MCEF-7 cells were transfected or not filled diamond with 10 nM ERa-
mix-siRNA filled triangle or Scr-siRNA open circle. Twenty-four
hours after transfection, cells were treated for 6 days with or without
10 nM E, (panel A) alone or with either 1 pM RU (panel B) or 1 tM
OHT (panel C). Cells were counted at various time intervals, and
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whether combined or not with RU strongly blocked the
E,-induced PR response.

Decreased proliferation in MCF-7 cells transfected
with ERo-mix-siRNA

Both scramble siRNA and the ERa-specific siRNA mixture
were transfected at concentrations of 10 nM. After 24 h,
cells were exposed to or not to 10 nM E, alone (Fig. 3,
panel A), or E, plus either RU (panel B) or OHT (panel C).
ERo-mix-siRNA induced a 50% decrease in the cell pro-
liferation rate both in presence and in absence of E,,
whereas Scr-siRNA had no effect (Fig. 3, panel A). This
decrease was still apparent after 6 days of treatment,
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cellular proliferation (mean == SEM of three independent experi-
ments) was expressed as the proliferation from time zero (index 1). In
panel D, after transfection or not with 10 nM ERa-mix-siRNA, MCF-
7 cells were exposed to different concentrations of RU or OHT in the
presence or absence of E,. Cells were counted 6 days after stimulation,
and cellular proliferation was expressed as described earlier
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correlating with the decrease in ER« levels (Fig. 1a). In the
presence of E;, 1 uM RU or OHT induced a time-depen-
dent inhibition of cell proliferation; this effect was greater
with RU than with OHT (Fig. 3, panels B and C, respec-
tively). After transfection of cells with siRNAs followed by
treatment with increasing concentrations of AEs, in the
presence or absence of E, only RU but not OHT (1 uM)
was seen to potentiate the ERa-mix-siRNA-induced inhi-
bition of cell proliferation (Fig. 3, panels C and D).

Inhibition of ERx-mediated transcription
by ERo-mix-siRNA-loaded NCs

The efficiency of siRNA-loaded NCs to alter ERa-medi-
ated transcription was measured. MELN cells were
exposed to siRNAs trapped in nanocapsules in the presence
or absence of E,, and luciferase activity was measured after
48 h, as described earlier (Figs. 2 and 4). E,-induced
luciferase activity was reduced by 50% only in cells
exposed to ERa-mix-siRNAs NC (Fig. 4). This decrease
was the highest inhibitory activity obtainable with the ERa-
mix-siRNA NC. However, a slight decrease in basal tran-
scription was observed in cells exposed to empty NC or
Scr-siRNA; this is probably due to weak cytotoxicity of the
PCL/MA copolymer and/or to the transfection process.

W -E2
O+ E2

Relative luciferase activity/mg protein

o m ol -

ERo-mix-
siRNA NC

control empty NC Scr-

siRNA NC

Fig. 4 Effect of ERo-mix-siRNA-loaded nanocapsules on ERo-
mediated transcription; MELN cells were exposed or not to 50 nM,
PEG-PCL/MA NC either empty or loaded with scramble siRNA or
ERo-mix-siRNA. After 32 h, MELN cells were stimulated with
0.1 nM E, for 16 h. Cellular extracts were prepared and luciferase
activity was measured. Results are expressed as the mean £ SD of
three independent experiments

Uptake of siRNA-loaded NCs by tumour cells in vivo

In order to study the capacity of PEG-PCL/MA NCs to
deliver siRNA into tumour cells, we incorporated 5'-6-
FAM-siRNA at the same concentration as ERo¢-mix-siRNA
in PEG-PCL/MA NCs and injected them intravenously into
mice bearing MCF-7 xenograft tumours. Mice were killed
at different time intervals and tumours were removed,
sliced and analysed by confocal laser fluorescence
microscopy (Fig. 5). We observed substantial levels of
fluorescence in tumour sections accumulating over time in
the cytoplasm of tumour cells already at 6 h (white arrow);
no fluorescence was observed in the untreated control
tumours or in tumours from mice injected with equal
amounts of free 5’-6-FAM-siRNA, whatever the time at
which images were taken. After 24 h, diffuse fluorescent
siRNA signal had accumulated outside the cells (red
arrow), with some signal remaining strongly associated
with the cytoplasm of tumour cells. This could reflect an
enhanced concentration of entrapped siRNAs as well as of
released siRNAs from internalised NCs at the tumour level
brought by the long circulation capacity of “stealth” NC
through the important vasculature network. Alternatively,
this could also be due to variability in tumours. Together
with previous data showing uptake of **P-ERa-mix-siR-
NAs in MCF-7 cells [18], these data suggest that encap-
sulation in aqueous-core NCs protects siRNAs and
promotes their internalisation by tumour cells both in vitro
and in vivo. Additionally, pegylated NC displays a pro-
longed circulation in the bloodstream, remaining stable for
at least 24 h, with fluorescent siRNAs still observed in the
cell cytoplasm.

Encapsulated ERa-siRNAs act synergistically
with RU-NS to inhibit ERo expression and vasculature
in breast cancer tumours

Preliminary experiments showed that trapped siRNAs tar-
geting ERoa, but not Scr-siRNAs, injected intravenously
into mice bearing MCF-7 cell tumours at 330 pg/kg/week,
induced a decrease in ERa levels and a slight but signifi-
cant decrease in the proliferation rate in tumour cells [18].
Since ERa-siRNA inhibitory activity was able to potentiate
AE-mediated effects in cells, we investigated these effects
in vivo. Since RU trapped in NS markedly reduces tumour
growth in MCF-7 cell xenografts after i.v. injection of
4.3 mg RU/kg/week [17], we then injected RU encapsu-
lated in PEG-PLGA NS at very low concentrations. In pilot
experiments, not shown here, we found that RU at con-
centrations as low as 80 pg/kg/week was not able to affect,
even slightly, the tumour growth in MCF-7 cells xeno-
grafts. We then decided to use a tenfold lower amount of
AE trapped in nanocarrier (in fact 8.6 pg/kg/week). At
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Fig. 5 siRNA-loaded NC
uptake by tumour cells 5'-6-
FAM-siRNA, free or loaded in
NC (165 pg siRNA/kg), were
i.v. injected into mice bearing
xenografts of breast cancer
MCEF-7 cells. Mice were killed
at different times and tumour
cryo-sections were prepared.
Slices were analysed by
confocal microscopy (excitation
at 488 nm, emission collected at
505-550 nm) at x63
magnification. Nomarski image
shows living cells in good
conditions confirming that 3h
MCEF-7 cells viability was not
affected by the treatments. After
siRNA-loaded NC, white arrow
indicates cytoplasmic
localisation at 6 h and at 24 h
and red arrow indicates
extracellular localisation; both
areas are shown at x250
magnification in corresponding 6h
inserts

24h

such concentrations, neither free RU [8, 28] nor encapsu-
lated RU (our unpublished observations) had an effect on
MCF-7 tumour growth.

The effects of the combined treatments were estimated
by measuring with callipers the tumour evolution volumes
and by studying the levels of various targets of E, by
immunohistochemistry. Unfortunately, tumour measure-
ment did not reveal significant differences (not shown)
between the tumour volumes in the group of mice treated
with ERa-mix-siRNA NCs and the group of mice treated
with the coadministration of the two treatments. This must
be ascribed to imprecision in the measurements. However,
even with RU-NS at RU concentration as low as 8.6 pg/kg/
week, the number of tumour cells and ERw labelling after
treatment over 5 weeks was lower than in tumours from
mice injected with Scr-siRNA-loaded NC (Fig. 6a). Pro-
liferating cells were mostly found at the tumour periphery,
with necrotic tissue concentrated in the centre of the
tumours. Analysis performed with the PIXCIT automatised
software demonstrated that the Ki67 proliferative index
was also decreased significantly in these tumours, as well
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as in tumours from mice treated with ERo-mix-siRNA
trapped in NC (Fig. 6b).

Notably, the down regulation of ERx and the decrease
in Ki67 labelling were more marked in tumours treated

with both types of nanoparticles than in tumours
receiving RU-loaded NS or trapped siRNAs alone. This
suggests an additive anti-tumour effect of both treatments
(Fig, 6a, b).

Effect of the inhibition of ERa protein expression
on the vascularisation in solid tumours

It has been largely documented that ER« regulates vascular
endothelial growth factor (VEGF) expression both in
tumour and in endothelial cells leading to inhibit
E;-induced neo-angiogenesis [29-31]. In MCF-7 cells,
tumours exposed to ERaz-mix-siRNA NCs and to RU-NS,
the immunostaining demonstrated a weaker immunolabel-
ling of the vascularisation marker CD34 (Fig. 6a). Note-
worthy, the number and shape of tumour capillaries
became more normalised after both treatments consistent
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Fig. 6 Examination of paraffin-embedded sections from MCE-7
subcutaneous tumours a Mice bearing MCF-7 xenografts received
scramble siRNA- or ERo-mix-siRNA-loaded NC twice a week
(330 pg/kg/week), with or without treatment with RU-loaded NS
(8.5 pg/kg/week). After 5 weeks, mice were killed and tumours were
removed fixed as described in “Material and methods” and treated for
analysing ERa, Ki67, CD34 and Glut-1 protein content by
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immunohistochemistry. Sections were observed under a microscope
at x200 original magnifications for ERa and Ki67 and x100 for
CD34 and Glut-1. B. Quantification of anti-Ki67 antibody-stained
tumour sections using automatised PIXCYT software. Results are
expressed as mean = SD (n = number of tumours; five fields
measured per tumour). Significant differences are indicated by the
asterisk; results are considered statistically different for P < 0.05
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Control

RU-NS

401

20

0_

Control

Fig. 7 Anti-vascular RU-stealth nanocarriers in MDA-MB-231
tumours. a Mice bearing ER-negative MDA-MB-231 cells tumours
were treated or not with PEG-PLGA NS containing RU at 4.3 mg/kg/
week. After 5 week treatment, tumours were analysed as in Fig. 6 for
KI67 and CD34 labelling. b Histogram depicting the PIXCYT

with the regulation of tumour vessels by ER« signalling
[32]. Quantification with PIXCYT software confirmed
these results (not shown). Moreover, the use of the bi-
therapy indicated a synergistic decrease in CD34, in
agreement with an enhanced anti-angiogenic activity.
Importantly, it has to be largely observed that many
solid tumours, which need to be richly vascularised to
proliferate and resist apoptosis, contain several necrotic
areas and a number of destructurated angiogenic vessels.
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quantification of panel A. Five different fields from three independent
tumours were quantified. A significant strong decrease in CD34
labelling was observed in tumours from mice treated with the RU-
loaded nanospheres P < 0.0005

Cells in hypoxia surround the necrotic areas and secrete the
hypoxia-inducible factor-1 which itself regulates the glu-
cose transporter-1 protein (GLUT-1), an intrinsic marker of
hypoxia [33]. We then analysed Glut-1 by immunohisto-
logical chemistry and found that if RU-NS had a weak but
significant inhibitory effect of Glut-1, the effect of ERu-
mix-siRNA NC treatment was more pronounced and the bi-
therapy strongly indicated an almost total suppression of
Glut-1 (Fig. 6a).
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Following the observation that the pure AE RU strongly
affects the tumour vasculature in xenografts, we wondered
if such an effect could occur in a xenograft model of ER-
negative human breast cancer cells. As shown in Fig. 7,
when mice bearing MDA-MB-231 tumours were treated
with RU-NS at 4.3 mg/kg/week for 5 weeks, as expected, a
significant decrease in CD34 labelling was seen. PIXCIT
software analysis confirmed the significant decrease in the
number of vessel density (Fig. 7b). However, no variation
in the Ki67 labelling was observed, in good correlation
with the absence of decrease in the tumour growth (not
shown). This observation strongly indicates that AE
delivery at high concentration in the environment of solid
tumours affects angiogenesis.

Discussion

RNA interference (RNAi) is triggered by small double-
stranded RNA (siRNA) and has sought to become a
promising new therapeutic approach. RNAi-based strate-
gies involve post-transcriptional gene silencing, resulting
from the degradation of an mRNA target. Given their large
molecular weight (approximately 15 kDa, corresponding to
19-23 nucleotides) and their polyanionic nature, few siR-
NAs cross biological barriers. Moreover, unmodified siR-
NAs are unstable in serum and blood, where they are
rapidly degraded by nucleases; consequently, they have a
short half-life in vivo. Thus, the main obstacle to achieving
in vivo gene silencing using RNAI technology is the need
for delivery systems to protect siRNA and facilitate its
access and cellular uptake at target sites. Indeed, various
strategies for in vivo siRNA delivery by systemic injection
have been studied: lipoplexes, liposomes, polymers or
chemically modified siRNA [34-36]. Numerous studies
have investigated the use of in vivo siRNA directed against
various targets, i.e. vascular endothelial growth factor
(VEGF), bcl-2, Raf-1 or Erb-B2 (for review [37]).

In a previous report [18], we described, for the first time,
the synthesis and the physico-chemical properties of a new
type of pegylated nanocapsule incorporating a mixture of
two specific siRNAs targeting ERo (siRNA-ERo-mix). The
formulation incorporated up to 0.5 pg siRNA/mL and
injected at the dose of 330 pg/kg/week, the highest dose
injected so far, it was able to reduce by 50% the growth of
the MCF-7, E,-dependent tumours. In order to augment the
anti-tumour efficiency of the siRNA-ERa-nanocarrier, it is
quite possible that increasing amounts of administered
siRNA would be necessary. This would only be performed
by increasing the administration frequency of the i.v.
injections since it was not possible to obtain a higher
encapsulation rate. Nevertheless, this amount is in the
range of concentrations of siRNA targeting Raf-1 [38],

VEGF [39-41] or the growth factor receptor Erb-B, [34,
35] used in other studies to target other mRNAs in nude
mice bearing xenografts.

In vitro, the coadministration of AE with siRNA-ERa-
mix-NC revealed a synergistic effect (Fig. 3), although
surprisingly more pronounced with RU than OHT. This
apparent discrepancy could be attributed to different
behaviour of AE-ER complexes. RU-ER« complexes, as
other pure AE-ER complexes and contrary to OHT-ER«
species are well known to be rapidly delocalised and then
degraded through the proteasome pathway [12, 42].
Remaining OHT-ER could then be phosphorylated and the
phosphorylated ER could activate certain genes encoding
factors upregulating cell rate proliferation. As an example,
exposure of MCF-7 cells transfected or not with ERf to
either estradiol or OHT induced the expression of the
“stromal-derived factor-1” (SDF-1) which in turn activates
its membrane CXCR4 receptor leading to phosphorylate
ER through the p42-44 MAPKinase pathway and activa-
tion of SDF-1 [43, 44]. Thus, a complete autocrine loop
between CXCR4/SDF-1 and ERs signalling dictates ER-
dependent gene expression and growth of breast cancer
cells. It is also possible that different signalling pathways
emanating from the blockade [45] of the membrane ER by
AE such as RU and OHT may affect the cell growth
proliferation.

Our data show here that E,-induced transcription was
not fully suppressed when cells were exposed to NC con-
taining siRNA-ERo-mix in MELN cells. This may reflect a
lower efficiency of the trapped siRNA than that of the
transfected siRNAs by the conventional transfection sys-
tem, likely associated with the time-dependent endocytosis
opposed to rapidly induced effects, respectively. As a
consequence, siRNA released from NC may thus exert a
smaller effect on ER« than transfection with siRNA, for the
same duration. Under each condition, the same number of
cells would not be equally transfected and remaining ER«
could still be susceptible to activation by E,. It is likely that
siRNA-ERa-mix are more efficient over a short period of
time following transfection than siRNA-ERa-mix-NC,
which are themselves more efficient than free siRNA-ERa-
mix, when they are exposed to cells. This is consistent with
the long-lasting decrease in ER« level following exposure
of MCF-7 cells to NC. These inhibitory effects well cor-
relate with a long time decrease in tumour ERo protein
(Fig. 6). However, both free and encapsulated siRNA-ERa-
mix potentiates the RU-induced decrease in E,-induced
transcription.

Many different parameters play an important role in the
efficiency of the nanosystems used, particularly the
administration route and the species from which the tumour
is derived. Several of the preclinical assays based on the
use of various nanocarriers that revealed anti-tumour
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efficiency used intratumour injection. This type of admin-
istration does not need pegylation of the nanoparticles;
unfortunately, the pressure within the tumour in our MCF-7
xenograft model was too high to allow injected material to
remain inside the tumour, and even low volumes lead to
immediate leakage. Others have obtained satisfactory
results following intraperitoneal injection of siRNA-loaded
nanocarriers with amounts of siRNA at 120, 600 and
700 pg/kg/week [34, 38, 46], respectively. However, all
these studies suggest that tumour-targeted liposomes and/or
nanoparticles would improve efficiency of the anti-cancer
agent [39, 47].

In another work, we showed that a nanocarrier trans-
porting the pure AE RU was able to block the growth of
MCEF-7 cells tumours [17]. We chose to give very small
concentrations of entrapped RU to these MCF-7 xeno-
grafts. At this low amount, neither free [8, 28] nor
encapsulated RU (our unpublished observations) had an
effect on the growth of the tumours. Nevertheless, as
depicted in Fig. 6a, a decrease in ERa levels after 5 weeks
of treatment with RU-NS was noticed. This decrease was
potentiated by ERo-mix-siRNA from NCs. At the same
time, a decrease in the number of proliferating cells
occurred, as revealed by the decreased number of Ki67-
labelled tumour cells in parallel to a decrease in CD34
labelling, indicating normalisation of the tumour vascular
network. The decrease in ERa expression may lead to a
decrease in E,-triggered mitogenic activity. In fact, it has
been shown that E, induces the activation of both the
transcription factor hypoxia-inducible factor-1 (HIF-1) and
the vascular endothelium growth factor (VEGF) in breast
cancer cells [48] as well as in normal endothelial [31] and
endometrial cells [49]. The decrease in levels of the Glut-1
may be associated with a decreased level of hypoxia in the
treated tumours, resulting from a decreased tumour growth
rate [50]. Indeed, VEGF-targeted therapy also induces a
normalisation of the tumour vasculature, theoretically
leading to a more uniform blood flow and thus leading to
increased chemotherapeutic drug delivery [51]. Impor-
tantly, it should be noted that siRNA-ERa released from
nanocapsules, even at the low dose injected, affect the
tumour vasculature. Several reports have indicated that
both ERa and ERf} are present in endothelial cells [52] and
that oestradiol induces synthesis and excretion of VEGF
and soluble VEGF receptor-1, an effect inhibited by AE
such as OHT, raloxifen and ICI 182,780 [53]. Moreover,
there are a variety of ER splice variants and a truncated
ERa (ER46) localised at the membrane mediates the rapid
effects of oestradiol which are abrogated by AE [54]. Other
data have demonstrated that AE acts as strong anti-angio-
genic compounds on the chorioallantoic membrane [55].
Altogether, the data from the present paper indicate an
effect on the E,-induced synthesis of VEGF through
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diminution of ER« in epithelial tumour cells, which could
act via a paracrine and an autocrine action on both epi-
thelial and endothelial cells by decreasing VEGF as already
observed in another type of solid tumour [56]. In addition,
siRNA-ERa released from nanocapsules may directly
suppress VEGF production by endothelial cells. Given that
siRNA-ERa-mix-NC and RU-NS-induced normalisation of
the vasculature, we would expect their use in combination
with another chemotherapy agent to potentiate their anti-
tumour activity [57, 58]. Such a perspective is strengthen
by recent works demonstrated that anti-angiogenic target-
ing liposomes enhance the therapeutic efficacy of liposo-
mal doxorubicin [59].

Our data support the use of ERx-siRNA incorporated in
long-circulating nanocarriers as an efficient tool for inhibiting
the growth of oestrogen-dependent breast cancer tumour
growth. Selective uptake by tumours could be further
enhanced by coupling tumour recognition molecules to the
ends of PEG chains. Indeed, and despite some contradictory
findings [60], it has been mostly shown that specific tumour
targeting increases the delivery of an encapsulated anti-cancer
agent by enhancing endocytosis of targeted nanosystems [61].
The coupling of herceptin [62]—or any other antibody spe-
cific for a surface receptor considered a potential therapeutic
target—could be of particular interest for use in a “double
shotgun” approach to delivering a specific anti-cancer drug.
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