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Abstract
In most of multiple myeloma (MM) cells, the “pure” antiestrogen (AE) RU 58668 (RU) induced either a G1-arrest (LP-1, OPM-2, NCI-
H929, U266 cells) or apoptosis (RPMI 8226 cells). In RPMI 8226 cells, RU activates a caspase-dependent cell death pathway leading to
the release of cytochrome c, the decrease of the essential MM survival factor Mcl-1, the cleavage of Bid and the activation of caspases-3
and -8. Incorporation of RU in pegylated cholesterol-containing liposomes allowed a controlled RU release, improving its anti-proliferative
and apoptotic effects in cells. In RPMI 8226 xenografts, i.v. injected RU-liposomes but not free RU, exhibited antitumor activity. In vivo,
RU-liposomes triggered the mitochondrial death pathway, concomitantly with a down-regulation of Mcl-1 and Bid cleavage. The decrease
of CD34 immunoreactivity indicated a reduction of angiogenesis. The decrease of VEGF secretion in vitro supported a direct effect of RU
on angiogenesis. These pro-apoptotic and antiangiogenic effects were explained by a prolonged exposure to the drug and to the endocytosis
capacity of liposomes which might increase RU uptake and bypass a membrane export of free RU. Thus, these combined enhanced activities
of RU-liposomes support that such a delivery of an AE may constitute a strategy of benefit for MM treatment.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Multiple myeloma (MM) is an incurable B hemopathy
with a median survival of 2–3 years, characterized by plasma
cells accumulating in the bone marrow and by the develop-
ment of osteolytic lesions [1]. The need for efficient therapy
has become obvious and a number of new agents such as
antiangiogenic compounds like thalidomide and inhibitors of
the vascular endothelium growth factor (VEGF), proteasome
inhibitors like bortezomib, and farnesyltransferase inhibitors
seem to be promising [2].

Estrogens regulate many functionally unrelated processes
in numerous tissues and exert their effects on growth, devel-
opment and differentiation on various cell types, through
binding to their specific nuclear estrogen receptors (ERs) [3].
Moreover, estrogens are negative regulators of B-lympho-
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poiesis [4,5]. In some MM cells, 17�-estradiol (E2)
inhibits IL-6-mediated cell growth signaling, an effect over-
comed by the specific antiestrogen (AE) ICI 182,780 (ICI,
Faslodex®, Fulvestrant®) [6]. It was also reported that 2-
methoxyestradiol (2ME2), a natural metabolite of E2 which
does not bind to ERs is a potent antitumor and antiangio-
genic agent in leukemic cells with the capacity to overcome
drug resistance in MM cells [7]. The anti-proliferative effects
of 2ME2 are mediated independently of ERs and its apop-
totic capacity proceeds through production of reactive oxygen
species [8] and Akt-dependent process [9].

In breast cancer cells, the mitogenic effects of E2 are
inhibited by AEs and the selective estrogen receptor modula-
tor (SERM) tamoxifen is routinely used for the treatment of
estrogen-dependent breast cancers [10]. The “pure” AE ICI
is used in deep intramuscular injections in cases of tamox-
ifen resistance [11]. Besides their therapeutic role in breast
cancer therapy, AEs down-regulate normal B-lymphopoiesis
[12], significantly inhibit proliferation and/or induce apop-
tosis in several MM cell lines [13–16] as well as in MM
patient cells [13]. Previous studies have established that both
estrogen receptors � and � isotypes (ER� and ER�, respec-
tively) are expressed in some MM cells [13,14,16,17]. ERs
are traditionally thought to function as transcription fac-
tors which target a number of genes [18]. Delineation of
the molecular targets whereby AEs affect MM cell growth
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2. Materials and methods

2.1. Preparation and characteristics of stealth liposomes

In a previous work [27], we described the preparation
of different types of liposomes containing or not choles-
terol at the following molar ratios: EPC/DSPE-PEG2000

(94:6) or EPC/CHOL/DSPE-PEG2000 (64:30:6). Their size
(105 ± 31 nm) are compatible with the capacity to extrav-
agate towards a subcutaneous solid tumor following i.v.
injection. The introduction of cholesterol known to rigid-
ify the bi-layer, in EPC/DSPE-PEG2000 formulation slightly
decreased the encapsulation rate (from 3.6 mM RU/100 mM
lipids in EPC/DSPE-PEG2000 to 3.2 mM RU/100 mM lipids
in EPC/CHOL/DSPE-PEG2000).

2.2. Biological kinetic activity of RU-trapped liposomes

MELN cells are MCF-7 cells stably expressing the
luciferase (LUC) reporter gene controlled by an estrogen
responsive element linked to the minimal �-globin promoter.
They were cultured in Dulbecco’s modified Eagle’s medium
(Eurobio, Les Ulis, France) supplemented with l-glutamine
(2 mM), penicillin (50 UI/mL), streptomycin (50 UI/mL),
10% fetal calf serum (FCS). Prior AE treatment, cells were
grown for 3 days in phenol-red free medium supplemented
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nd survival might enhance our understanding of their action
nd might suggest novel therapies. Recently, we showed that
n ER-positive MM cells, 4-hydroxy-tamoxifen (4-HT), the
ctive metabolite of tamoxifen, induces cell death through the
itochondrial caspase-dependent apoptotic pathway [15,16].
owever, the role of ERs in MM cells is still unclear since E2
as no impact on MM cell proliferation [13] and since both
amoxifen and 4-HT inhibit MM cell proliferation and induce
rogram cell death at micromolar concentrations [13–16].

RU 58668 (RU), a poorly water-soluble “pure AE”, acts
owerfully in human breast cancer xenografts, but has a weak
ral bioavailability [19–21]. Similarly to ICI, it induces qui-
scence as well as apoptosis in human breast cancer MCF-7
ells [22,23]. In the present work, we evaluated its activity on
M cell lines. At micromolar concentrations, we found that

t decreases the proliferation of several MM cell lines, mainly
y arresting cells at the G1-phase of the cell cycle. Previous
nvestigations have shown that both tissue and cell distribu-
ion profiles of anticancer drugs can be controlled by their
ntrapment in submicronic colloidal systems [24,25]. Fur-
hermore, we previously reported that drug delivery nanosys-
ems improve the antitumoral activity of RU in breast cancer
ells and tumors from MCF-7 cells xenografts [26].

RU incorporation in stealth liposomes was achieved lead-
ng to its controlled release. RU-loaded liposomes displayed
oth pro-apoptotic and antiangiogenic properties in vitro and
ad a strong antitumoral effect in xenografts at dosage at
hich the free RU had no effect. These results suggest that
E-loaded stealth liposomes could represent a therapeutic

dvantage for the treatment of MM.
ith charcoal-stripped FCS. Steroids, free or incorporated in
iposomes, were placed in inserts (NUNC Anapore, mem-
rane 0.02 �m, Nalge Nunc Inc., USA) disposed in culture
ishes. Only free RU and E2 can cross the membranes. Inserts
ere removed from the dishes at 2, 6, 10 and 24 h and the

ncubations were further continued for 24 h. Cells were then
insed and lysed in 700 �L of Tris/HPO4 25 mM, MgCl2
0 mM, Triton X100 1%, glycerol 15%, EDTA 1 mM, pH
.8 buffer on ice for 15 min. Cell lysates were cleared by
entrifugation (10 min, 14,000 rpm at 4 ◦C). LUC activities
ere measured in a luminometer (Lumat LB 9507, Berthold,
rance). For control, MELN cells were treated or not with E2
lone (0.1 nM) in order to get 100% transcription, and with
mpty liposomes or RU (0.5 nM free or liposomes incorpo-
ated).

.3. MM cell lines and normal B-cells

MM cell lines LP-1, OPM-2, NCI-H929, RPMI 8226,
266 and Karpas 620 (described previously [28]) grew

n RPMI 1640 medium (Eurobio) supplemented with 10%
ecomplemented FCS. RU was obtained from P. Van de
elde (Roussel-Uclaf, Romainville, France) and ICI from
stra-Zeneca (Macclesfield, UK). For cell proliferation

tudies, cells were seeded in 6-well plates in triplicate
2 × 105 cells/well), in medium containing either vehicle or
arious RU concentrations. In some experiments, the spe-
ific P-glycoprotein (P-gp) inhibitor RU 49953 [29] (5 �M)
as added 1 h 30 prior to RU. Tonsils were obtained from
ealthy donors with their informed consent in accordance
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with the Helsinki protocol. Mononuclear cells were isolated
by centrifugation through Ficolle-Hypaque gradient. CD19+
(B-cells) subsets were isolated using specific antibodies cou-
pled to magnetic microbeads (Miltenyi Biotec, Auburn, CA,
USA). Purified B-cells were cultured in complete RPMI 1640
medium and were in vitro-activated 2 h before AE treatment
by pokeweed mitogen (PWM, 5 �g/mL). In some experi-
ments, living cell content in culture exposed to drugs was
estimated by Tripan blue exclusion as described in [16].

2.4. Flow cytometry

Cells (1.3 × 105 cells/mL) were cultured in the presence
or not of free RU, or of RU-loaded liposomes (1 �M each),
or with unloaded liposomes at the same lipid concentration.
After treatment, cells were washed and fixed in PBS/ethanol
(30/70). For cytofluorometric examination, cells (104) were
incubated for 30 min in PBS/Triton X100 0.2%/EDTA 1 mM
/propidium iodide (PI, 50 �g/mL) supplemented by RNase
(0.5 mg/mL). Analyses were performed with a FACS Calibur
(Becton Dickinson, Le Pont de Claix, France). Cell Quest
software was used for data acquisition and analysis.

2.5. Cellular uptake of fluorescent liposomes

Fluorescent label N-(lissamine rhodamine-B sulfonyl)-
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Bcl-2 (sc-783), anti-Bax (sc-493), anti-�-tubulin (sc-9104),
anti-cytochrome c (sc-13560), anti caspase-8 (sc-7890), anti
caspase-3 (sc-7148), anti-PARP (sc-8007) from Santa Cruz
Biotechnologies (Santa Cruz, CA, USA), and anti-Bid (no
2002) from Cell Signaling Technology (Beverly, MA, USA).

2.7. Xenografts

Female NMRI nude mice (7–8 week-old, Janvier, France)
were exposed 5 min to � irradiation from a 137Cs irradia-
tor at a dose rate of 50 cGy/min. The next day, RPMI 8226
cells (107/100 �L) were s.c. inoculated. Tumors were let to
grow during 6–8 weeks until to reach 300–500 mm3 then
mice were treated in conditions similar to those described
previously [27]. Free RU (12 mg/kg/week) dissolved in
0.9% NaCl containing 5% EtOH, RU-loaded liposomes
(12 mg RU/kg/week) and unloaded liposomes at the same
lipid concentration were i.v. injected once a week. Tumors
were excised and bisected: half the tumor was immediately
fixed in Finefix (Milestone s.r.l., Sorisole, Italy) for TUNEL
or immunohistochemistry and the other half was homoge-
nized in Hepes 50 mM, NaCl 0.4 M, EDTA 1 mM, glycerol
10%, DTT 1 mM, pH 7.8 buffer containing protease inhibitors
in a glass/glass homogenizer. During the experiments, mice
were maintained in accordance with the principles of the Dec-
laration of Helsinki and in respect of the French legislation
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hosphatidylethanolamine-(N-Rh-PE, Avanti Polar, Coger,
aris, France) (0.5%) containing liposomes (total lipids
50 �M) were added to RPMI 8226 cells. After overnight
ncubation at either 4 or 37 ◦C, cells were rinsed five times
ith ice-cold PBS and visualized using a Nikon TE-2000S
uorescent microscope (Nikon, Champigny/Marne, France)
oupled to a Nikon Coolpix digital camera. Lucia Image was
sed for image processing. In other experiments, the cellu-
ar localization of the fluorescent N-Rh-PE liposomes was
arried out using a LSM510 Zeiss laser scanning confocal
icroscope equipped with a C-Apochromat 40×/1.2 W, and
water immersion objective. Observations were based on
erged and unmerged (Nomarski) series of optical sections

f 0.5 �m analyzed at 543 nm.

.6. Western blotting

Cell lysates were obtained by resuspending MM cells
n the following buffer: 1% NP40, 50 mM Tris, 10% glyc-
rol, 150 mM NaCl, 1 mM EDTA, pH 7.5, plus protease
nhibitors (Roche Diagnostics, Meylan, France). For obtain-
ng total cell extracts (TCEs), cells were resuspended in
he same buffer containing 0.4 M NaCl. Centrifuged cells
r tumor homogenates were boiled for 10 min in Laemmli
ample buffer, and centrifuged (205,000 × g, 1 h, 4 ◦C).
roteins were separated by electrophoresis on SDS/PAGE,
lotted onto cellulose membranes (Hybond-C super, Amer-
ham Biosciences, Les Ulis, France) and incubated with
arious antibodies (Abs) as described previously [16]. Abs
sed were: anti-Mcl-1 (sc-819), anti-Bcl-XS/L (sc-634), anti-
n animal welfare.

.8. Terminal deoxynucleotidyl transferase-mediated
UTP nick-end-labeling (TUNEL)

Paraffin sections (4 �m-thick) from fixed tumors were
repared. After deparaffinization and xylene treatment, sec-
ions were rehydrated, TUNEL was performed using the
n Situ Cell Death Detection Kit, AP (Roche Diagnostics,
mbH, Mannheim, Germany) according to the manufac-

urer’s instructions. The sections received microwave pre-
reatment in citric acid buffer for antigen retrieval. Samples
ere submitted to image analysis. TUNEL-positive cells,
isplaying compaction or segregation of the nuclear chro-
atin or breaking of the nucleus into discrete fragments, were

ounted.

.9. Immunohistochemistry

Paraffin sections were xylene treated then rehydrated. Fol-
owing antigen retrieval, immunohistochemistry of murine
ndothelial cells (anti-mouse CD34+ Ab clone MEC14.7,
yCult biotechnology b.v., The Netherlands) was performed.
ections were incubated with blocking serum (Biogenex
uffer 1:10, San Ramon, CA, USA) for 10 min, followed
y incubation with anti-CD34 Ab diluted 1:20 in blocking
erum during 1 h. Slides were then incubated with a rab-
it anti-rat Ab (Dako, Denmark) diluted 1:200 in blocking
erum. The following step consisted in a rabbit PowerVi-
ion kit (ImmunoVision Technologies, CA) 20 min and DAB
0 min. Slides were counterstained with Mayer’s hematoxilin
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and mounted (Pertex). Anti-CD138 Ab (Clone MI 15, Dako,
Denmark) was used at 1:50 dilution and visualized with Histo
Mouse Max kit (Zymed, CA) for MM cell characterization
in tumors. Analyses were then performed as for CD34.

2.10. VEGF quantification

Human VEGF was measured with the Quantikine® Kit
(R&D systems, GmbH, Germany). Briefly, cells (5 × 106)
were exposed or not to free RU or RU-liposomes (1 �M) or
to empty liposomes for 24 or 48 h. Cells were removed by
centrifugation and the supernatant was further treated accord-
ing to the manufacturer’s instructions.

2.11. Statistical analysis

The Student t-test was used to determine the significance
of differences between two experimental groups. Mean of

triplicates were analyzed by a two-sided test and P < 0.05
was considered significant. Repeated measures ANOVA test
was used for comparisons of tumor proliferation groups.

3. Results

3.1. RU impairs the proliferation of MM cells

We previously reported that 4-HT treatment inhibited in
a dose- and time-dependent fashion the proliferation of sev-
eral MM cell lines [15,16]. We now extended these studies
to two other “pure” AEs: RU and ICI. Fig. 1 revealed a
RU-sensitive, time- and dose-dependent proliferation inhibi-
tion of OPM-2, NCI-H929, RPMI 8226, LP-1 and U266 cell
lines. Among the cell lines studied, OPM-2 and RPMI 8226
were the most sensitive since as soon as 48 h post-treatment,
10 �M RU decreased significantly their proliferation. In NCI-

F
(
w

ig. 1. Proliferation of RU-treated MM cells. Exponentially growing MM cells we
EtOH) (�). Cells were counted every day during the 4-day period of culture. The n
ere performed in triplicate, values are means ± S.D. *P < 0.05.
re seeded and treated with 1 ( ), 5 ( ), or 10 �M RU (�) or with vehicle
umber of viable cells excluding trypan blue is plotted vs. time. Experiments
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H929, LP-1 and U266, such a RU concentration displayed an
inhibitory effect later (72 h). Similar results were observed
using ICI (data not shown). The proliferation rate of Karpas
620 cells was very low avoiding precise assessment of sen-
sitivity towards RU. Nevertheless, as for 4-HT inhibition of
proliferation in several MM cells occurring at high AE con-
centration (>5 �M) is puzzling and severely questioned the
involvement or nor of ER.

3.2. Release properties of RU-loaded liposomes

Since RU effects were observed at micromolar concen-
trations, in order to perform further in vivo experiments, we
incorporated it in liposomes known to get high incorporation
capacity. Several formulations with various lipid composi-
tion and containing or not CHOL were realized [27]. The
total concentration of RU in all formulations was higher than
1 mM. It is known that the AE-mediated inhibitory capacity
of E2-induced LUC expression is dose- and time-dependent.
We then measured the luciferase activity of MELN cells
exposed or not to free and encapsulated RU at various
concentrations. Fig. 2 shows that 50% inhibition of E2-
induced luciferase activity occurred quite similarly with both
free and RU from EPC/DSPE-PEG2000 liposomes (69 and
89 min, respectively). In case of CHOL-containing formu-
lation, 50% inhibition was reached at 296 min, suggesting
t
l
e

3
b

w

Fig. 2. Time-dependent release of RU from liposomes. Influence of the lipid
composition upon RU release from liposomes. MELN cells were exposed
to inserts containing or not free RU or RU-containing liposomes in the pres-
ence of 0.1 nM E2 for various times. After each incubation time, the inserts
containing RU-liposomes were removed and cells were further cultured for
24 h then LUC activities were measured. The figure summarizes the data
obtained with free RU (�) at 0.5 nM, RU-loaded EPC/DSPE-PEG2000 lipo-
somes (♦) at 0.5 nM and RU-loaded EPC/CHOL/DSPE-PEG2000 liposomes
(�) at 0.5 nM. Means of triplicates ± S.D. are indicated but not always visi-
ble on the curves when too small to be distinguished from the mean. Empty
liposomes had no effect on E2-induced luciferase activity in MELN cells
(not shown).

induction was detected as soon as 48 h at 5 �M RU simul-
taneously with an arrest in the G1-phase. Importantly, at
1 and 10 �M, RU has no effect neither on cell cycle nor
on apoptosis in normal B-cells (Table 1). On the contrary,
RU-loaded liposomes triggered apoptosis in all tested cells
[27] and in RPMI 8226 cells (this work). Indeed, a high
proportion of cells in the sub-G1 fraction increased time-
and dose-dependently. Empty liposomes were devoid of any
effect in RPMI 8226 as well as in other MM cells and in
B-cells (data not shown). Thus, the encapsulation of RU in
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hat RU released slowly from EPC/CHOL/DSPE-PEG2000

iposomes. The later formulation was then chosen in further
xperiments.

.3. RU-loaded liposomes induce apoptosis in MM cells
ut not in normal B-cells

In contrast to other MM cells [27], RPMI 8226 cells
ere extremely sensitive since a dose-dependent apoptosis

able 1
ell cycle distribution of RPMI 8226 MM and B-cells treated with RU

ell Treatment G0/G

PMI 8226

EtOH 33.3
RU 1 �M 34.1
RU 5 �M 46.4
RU 10 �M 31.2
RU-loaded lip. 1 �M 39.2

-cells (CD 19+)

EtOH 82.2
RU 1 �M 82.2
RU 10 �M 78.3
Liposomes 81.3
RU-loaded lip. 1 �M 80.5

M cells were treated for 48 or 72 h (percentages in parentheses) with veh
iposomes (RU-loaded lip.) at 1 �M RU. Cell cycle analyses were perform
ifferent phases of the cell cycle as well as cells exhibiting a sub-G1 DN
xperiments have been repeated 2–4 times for each free RU concentration (1
asis of CD19 expression. B-cells were cultured in complete medium with 5
iposomes or RU-loaded liposomes (1 �M RU) for 48 h then analyzed with t
solated from a MM patient, CD138+ cells were purified, incubated with ve
or 48 h. Cells were PI-stained and analyzed with the cytofluorometer.
ent are indicated. Representative experiments are shown in all cell lines,
). Normal human B-lymphocytes isolated from tonsils were purified on the
PWM 12 h, then treated with vehicle (EtOH), 1–10 �M free RU, unloaded
fluorometer after PI staining. Mononuclear bone marrow cells were freshly
tOH), 1–10 �M RU, empty liposomes or RU-loaded liposomes (1 �M RU)
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liposomes provokes apoptosis in all tested MM cell lines
including those in which free RU had no apoptotic effect.

3.4. RU-loaded liposomes induce apoptosis in
xenografts

Nude mice injected with RPMI 8226 cells developed solid
tumors localized at the inoculation site. An example of the
tumor aspect at 5 week treatment is given (Fig. 3A). Histolog-
ically, a dense malignant population of cells of hematopoietic
origin was observed in the tumors, displaying dark granu-
lar cytoplasm characteristic of malignant plasma cells (not
shown). In good correlation with the initial characteristics
of the parental cells, tumor cells were CD38+, CD138+
(Fig. 3A), CD56−, and sm�−/�−. In order to evaluate the
in vivo anti-proliferative activity of RU, free RU, RU-loaded

liposomes or empty liposomes were i.v. injected once a week
(12 mg/kg). Such a RU dosage was not toxic in vivo as
previously observed [26]. Previous experiments [27] indi-
cated that the mean volume of tumors at 8 weeks treatment
increased 18-fold in the control group, similarly to mice
treated with free RU and with unloaded stealth liposomes. In
contrast, the mean size of tumors from mice treated with RU-
loaded stealth liposomes increased only three times. Density
of CD138+ cells decreased in tumors from mice injected with
RU-liposomes, in agreement with the reduction of the tumor
size and was not affected in tumors from unloaded liposomes-
treated mice (Fig. 3A). On histological stained sections,
we observed, within tumors treated with RU-liposomes, a
destruction of individual cells within a preserved environ-
ment suggestive of an increased apoptotic activity. This was
confirmed by TUNEL experiments. Remarkably, a strong
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ig. 3. Effects of RU-loaded liposomes on RPMI 8226 xenografts. (A) Tumors from
iposomes were removed after 5 weeks of treatment and fixed for further immun
hown (left column). CD138 staining at 100× original magnification, TUNEL-stain
agnification are presented for each group of mice. Images are representative of

uantified from TUNEL experiments performed in panel A. Histograms are the me
n a population of around 900 cells per image from five different tumors. **P < 0.01
mice injected or not (control) with empty liposomes or with RU-charged
ostaining. Examples of representative treated mouse from each group are
ing at 200× original magnification and anti-CD34-staining at 100× original
five different similarly treated tumors. (B) The increase of apoptosis was
an (±S.E.M.) of counts performed on five fields (200×) of apoptotic cells
.
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increase of apoptotic nuclei labeling was noticed in samples
treated with RU-liposomes for already 5 weeks, significantly
different from the control groups (Fig. 3A and B).

3.5. RU-liposomes reduce the tumor vasculature in vivo
and VEGF secretion in vitro

Blood vessel immunohistological staining on tumor sec-
tions from mice treated or not with RU-liposomes was per-
formed with the anti-CD34 Ab. Necrotic areas were excluded
from the microscopical examinations, since microvasculature
features may be artifactual in these regions. Concomitantly
with an increase of apoptotic cells in tumors, a strong diminu-
tion of the tumor capillaries labeling was observed after
injection of RU-liposomes for 5 weeks (Fig. 3A). Mean-
while, no differences were seen in control tumors as well as
in tumors from mice injected with empty liposomes. Since
VEGF is the major stimulator of tumor vessel growth in
MM [30], we further checked for the influence of RU on
the expression level of VEGF in RPMI 8226 cells. As shown
in Fig. 4, a decrease of VEGF secretion was observed at 24 h
when cells were exposed to free RU but not in cells treated
with RU-loaded or unloaded liposomes. On the contrary, at
48 h, a 25% inhibition was obtained in cells treated with free
RU and a 50% with RU-loaded liposomes. This is in agree-
ment with a slow RU-release from the liposomes and a better
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Fig. 5. Consequence of endocytosis inhibition and of selective membrane
efflux blockade in RPMI 8226 cells exposed to liposomes and/or to RU. (A)
RPMI 8226 cells were incubated overnight with rhodamine-labeled lipo-
somes (150 �M final lipids) at 4 or 37 ◦C and analyzed by fluorescence
microscopy. A substantial fluorescent signal was located at the cell surface
when endocytosis was blocked (left panel; 4 ◦C). At 37 ◦C, fluorescence
appeared as a heterogeneous population of red spots (right panel) within the
cell (depicted by white arrows). (B) N-Rh-PE liposomes were introduced
in the culture medium of RPMI 8226 cells growing at 37 ◦C and cells were
analyzed 18 h later by laser confocal microscopy. The fluorescence is shown
in (a) and the differential interference contrast (Nomarski) is shown in (b).
The superimposition of the dye and the cells is shown in (c) revealing both
a strong perinuclear labeling in all planes of the cells and some labeling
inside the cells. (C) RPMI 8226 cells were treated or not (Vhcl) for 90 min
with 5 �M RU 49953 prior to or not incubation with RU 10 �M during
24 h (n = 3). Cell viability was then evaluated by trypan blue exclusion. One
hundred percent viability was affected to control (Vhcl) at 24 h. *P < 0.05.
U activity following its liposomal delivery. Thus, one of
he mechanism by which RU-liposomes inhibit tumor pro-
ression could be due to the ability of RU to inhibit VEGF
ynthesis.

.6. RU-liposomes endocytosis may counteract RU
xtrusion from MM cells

N-Rh-PE-labeled liposomes were incubated with RPMI
226 cells and analyzed by fluorescent microscopy. Fig. 5A

ig. 4. In vitro decrease of VEGF in RPMI 8226 cells following RU 58668
reatment. RPMI 8226 cells were exposed or not (control) to free RU
10 �M), or to empty liposomes or to RU-loaded liposomes (1 �M RU) for
4 and 48 h. After removal of cells, living cells were quantified with a MTT
est and the culture media were analyzed for VEGF secretion measurement.
esults are expressed as percentage of secreted VEGF normalized to the

iving cell number determined by Tripan blue exclusion with 100% affected
o the control at 24 h.
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suggests that liposome uptake by the cells occurred follow-
ing incubation only at 37 ◦C. No intra-cellular labeling was
depicted at 4 ◦C, a temperature known to inhibit endocyto-
sis [31,32]. Since it was previously shown that rhodamine
is a substrate for P-glycoproteins (P-gps) [33], we further
checked for the intra-cellular uptake of rhodamine-labeled
liposomes by laser scanning confocal microscopy and mea-
sured the influence of a P-gp inhibitor upon the AE-induced

inhibition of MM cell viability. Fig. 5B (panel c) depicted a
strong fluorescence in the periphery as well as inside RPMI
8226 cells in all the planes of the cells. This experiment sug-
gests that rhodamine accumulated inside the cells through
likely endocytosis of N-Rh-PE-labeled liposomes because in
case of free rhodamine released from the formulation, the dye
cannot enter the cells and would have been extruded by the
P-gps.
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ig. 6. Analysis of apoptotis regulators in RPMI 8226 cells and in xenografts. (A) To
−) or stimulated with 10 �M RU (+) for 48 h were subjected to immunoblotting wi
oading. (B) TCEs (100 �g proteins) from RPMI 8226 xenografts, injected or not
RU-loaded lip.), harvested at 5 week treatment were prepared and immunoblotted
chematic representation of the caspase cascade activated by RU. RU could mediate
eath pathway (1) and/or mitochondrial activation (1′) allowing the release of cyto
roteolysis of PARP (6) leading to the completion of apoptosis. As a consequence of
cting on the release of pro-apoptotic molecules from mitochondria (4). Alternative
tal cell extracts (TCE, 30 �g proteins) from RPMI 8226 cells vehicle-treated
th the corresponding antibodies. �-Tubulin was shown as marker of protein
with either unloaded liposomes (Unloaded lip.) or RU-loaded liposomes
. Tumor extracts from five animals from the same group were mixed. (C)
either the activation of caspase-8 through activation of TRAIL-DR extrinsic
chrome c (5), the activation of caspase-9, the activation of caspase-3, the
activation of caspase-8 (2), Bid is cleaved (3) and t-Bid amplifies apoptosis
ly caspase-8 could be directly the target of caspase-3 (7).
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Like many steroids, RU could be exported from cancer
cells displaying a multidrug resistance (MDR) phenotype
due to the activity of P-gps [34,35]. RU 49953 is a specific
P-gp inhibitor, stronger than verapamil itself and capable of
reverting MDR [29]; we further analyzed its effects upon RU-
mediated inhibition of MM cell viability. RU 49953 had no
cytotoxic effects compared to vehicle-treated cells (Fig. 5C).
Compared to RU-treated RPMI 8226 cells, significantly less
cells survived when they were exposed to RU in the presence
of RU 49953. Similar results were obtained with 4-HT (data
not shown), suggesting that blocking P-gp could enhance AE
capture. Altogether, data from Fig. 5A–C suggest that uptake
of RU in MM cells could be modulated by P-gps and that its
incorporation in liposomes facilitates its intra-cellular accu-
mulation.

3.7. RU mediates apoptosis through the mitochondrial
cell death pathway

In order to decipher the mechanisms involved in RU-
mediated apoptosis, we investigated the expression of Bcl-2
family members, the caspases status and the level of apop-
tosis modulators in RPMI 8226 cells and xenografts treated
in vitro and in vivo with RU, respectively. Exposure to RU
had no significant effects on the levels of Bcl-2, Bcl-X, Bax
(Fig. 6A and B). On the contrary, Mcl-1 (FL, 37 kDa) was
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sis. With regard to the molecular target of AE in MM cells, due
to the high concentrations needed, no evidence emerged for a
classical ER-mediated mechanism by which not only RU and
Faslodex (this work) and other AE like tamoxifen (our previ-
ous work [15,16] and that of others [13,14]) could induce cell
cycle arrest and/or apoptosis. It is still unclear why so high
AE amounts are needed in MM cells to get such effects. Part
of an explanation could imply a membrane extrusion P-gp-
mediated mechanism, more active in MM cells than in breast
cancer cells. It could be also possible that ER ligands target
a species of AE-binding protein, leading to ER-unreliable
effects. Indeed, ER was shown to localize at the membrane
of breast cancer cells and a small amount of ER exists in some
cells as a functional non-traditional G-protein coupled recep-
tor at the plasma membrane [38,39]. Whether such receptors
mediate the effects of AEs in MM cells remains to be estab-
lished and is the matter of current investigations. However,
part of their activity is mediated through ER� and ER� since
their transient transfection in ER-null and AE-insensitive
MM cells restore the capacity of 4-HT to inhibit cell pro-
liferation [16]. In addition, both ER isotypes are functional
in the RPMI 8226 cells as demonstrated by the E2-increased
luciferase activity measured after transfection of an ERE-tk-
LUC construct (our unpublished work).

The liposomes we synthesized contained at least five times
more RU than that contained in stealth nanospheres of PEG-
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leaved in a product of 25–27 kDa (CF, Fig. 6A) in vitro
nd was down-regulated in vivo (Fig. 6B) Treatment with
U initiates a spectrum of events characteristics of mito-
hondrial apoptosis: the release of cytochrome c in cytosolic
xtracts, the processing of caspase-3 proform (36 kDa) into
wo mature cleaved forms (19 and 17 kDa, CF-19 and CF-17),
nd finally the proteolysis of caspase substrate, poly(ADP-
ibose)polymerase or PARP (the 110 kDa long form FL giv-
ng a 85 kDa proteolytic fragment CF). Caspase-8 was also
ctivated following RU-treatment. The proform of caspase-8
ave two cleaved products (CF-43 and -41 of 43 and 41 kDa),
nd its substrate Bid, a pro-apoptotic BH3 domain-containing
ember of the Bcl-2 family, is also cleaved to give truncated
id (t-Bid). Activation of caspases occurred both in RPMI
226 cells and xenografts leading us to conclude that the
itochondrial death pathway is triggered by RU.

. Discussion

The main goal of our work was the development of
drug delivery system for the administration of an AE

ble to induce apoptosis in MM tumor cells. The pegy-
ated liposomes we developed resist the opsonization pro-
ess and the macrophage capture once injected in the blood
tream. Indeed, surface-grafted PEG (polyethylene glycol)
ydrophilic chains of many colloidal injectable systems
trongly prolong the half-lives of formulations [36,37]. In
M cell lines, only high RU concentrations lead to a signifi-

ant slowdown of cell proliferation and induction of apopto-
oly-(dl lactic acid) (PEG-PLA) we formulated previously
40]. RU-containing liposomes composed of EPC/DSPE-
EG2000 (94:6) were not appropriate for in vivo use since

hey released RU rapidly. The leakage of RU on one hand,
nd the high encapsulation rate on the other hand were quite
imilar to those obtained with other amphiphilic drug loaded
iposomes [41]. A significant release reduction was obtained
y including cholesterol within the bi-layer. We have reported
arlier that RU incorporated in nanoparticles made of PEG-
LA enhance the antitumor activity in a MCF-7 human breast
ancer cell xenograft model by accumulation of the drug for-
ulation in the tumor [26]. Such an accumulation is thought

o be the consequence of several factors: the long-circulating
ime of the colloidal systems and the non-linear vasculature
f the tumor tissues which consequently induce a high local
rug-containing liposome concentration at the tumor level,
ltering the drug biodistribution and increasing its thera-
eutic index [37,41]. We found that cholesterol-containing
iposomes were good candidates to do so. We further eval-
ated in vivo the capacity of these RU-liposomes to affect
umor growth in RPMI 8226 xenografts. Although not really
eproducing the exact human pathology, this commonly
sed model [7,42,43] preserves neo-angiogenesis character-
stics necessary for the development of the disease. In such
enografts, the antitumor activity of RU-liposomes reveals
he potent efficiency of the combined association between
n AE and its disease-adapted drug delivery. TUNEL exper-
ments confirmed the permissiveness of RU-mediated apop-
osis when packaged in liposomes while unloaded liposomes
ere devoid of any activity. This capacity was also observed
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in vitro by the increasing number of cells in sub-G1 after RU-
liposome treatment (Table 1). Previous reports showed a com-
parable enhancing effect of other pegylated colloidal systems.
For example, incorporation of anthracyclines in liposomes
improve both the cytotoxicity and the drug accumulation in
murine solid tumor models [44–46] as well as in MM [47].

Analysis of molecular regulators and effectors of apop-
tosis showed that the same pathways are recruited in vitro
and in vivo (Fig. 6A and B). From the present data, RU
seems to trigger apoptosis through the intrinsic mitochondrial
death pathway. Indeed, under RU-treatment, cytochrome c
is released from mitochondria, and activates the executioner
caspase-3 which cleaves its cellular target poly (ADP-ribose)
polymerase-1 (PARP). Whether caspase-9 is involved is
likely but remains to be demonstrated. We also found that
RU-treatment resulted in the activation of caspase-8 and in
turn in Bid cleavage (Fig. 6A and B). Truncated Bid (t-Bid)
can then enhance the release of mitochondrial proteins estab-
lishing a cross-talk between extrinsic and intrinsic pathways.
Indeed, caspase-8 is the apical caspase of the extrinsic death
receptor pathway [48]. Caspase-8 traditionally is associated
with Fas receptor-induced apoptosis. We have previously
reported that Fas expression was not modified after 4-HT
treatment in MM cells [16] and in both human MCF-7 breast
cancer cells and RPMI 8226 MM cells, we did not get acti-
vation of Fas through RU (our unpublished work). As a
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MM cells against apoptosis [50]. Thus, the decrease of VEGF
in MM cells and in tumors correlates with Mcl-1 decrease or
cleavage during RU-induced apoptosis.

Several arguments are in favor of the increased apop-
totic effect of RU following its incorporation in liposomes.
First, in vitro and as shown in Fig. 5B, a P-gp-like mem-
brane extrusion export of RU may affect the intra-cellular
availability of RU necessary for its biological activity. Nev-
ertheless, as RPMI 8226 cell entry of liposomes is suggested
to be the consequence of endocytosis (Fig. 5A), it may
bypass the P-gp-like detrimental effect. Furthermore, evi-
dence was provided that similar liposomes directly interact
with membrane-associated P-gps as shown by their ability to
inhibit photoaffinity labeling of the protein [55]. It is possible
that in MM cells a strong active export of steroid, mediated
by membrane transporters, regulates the intra-cellular con-
centrations of both E2 and AE. This feature was described as
intervening in binding and export of various steroids in differ-
ent cells [29,35,56]. The presence and high activity level of (a)
membrane transporter(s) in MM cells could explain the need
of high concentration of AE to achieve a biological effect.
Second, in vivo, the prolonged half-life and the enhanced
tumor accumulation of RU-liposomes additive to the in vitro
features described above, can all favor the increased intrinsic
pro-apoptotic activity of RU. In addition, RU-loaded lipo-
somes display antitumoral activities in MM by two synergis-
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onsequence, how RU-treatment engages the death receptor
athway remains open. TRAIL (tumor necrosis factor (TNF)-
elated apoptosis-inducing ligand) induces apoptosis in MM
ells through engagement of death receptors (DR4 and DR5)
49]. TRAIL/DR pathway could be a direct or indirect target
f RU. Alternatively, caspase-8 and its substrate Bid could
e activated in a death receptor-independent manner from
caspase-3-mediated activation initiated by cytochrome c

elease (Fig. 6C). Members of the Bcl-2 family: Bcl-2, Bcl-X,
ax (Fig. 6A and B) are modified only slightly following RU-

reatment. But importantly, Mcl-1, recognized as the major
urvival protein in MM cells [50,51], is both cleaved in vitro
Fig. 6A) likely by a caspase activity and down-regulated
n vivo (Fig. 6B). Interestingly, it has been shown recently
n Jurkat leukemic cells that in TRAIL-induced apoptosis,
aspase-3-cleaved Mcl-1 became pro-apoptotic and physi-
ally interacted with t-Bid to enhance mitochondrial apop-
osis [52]. The proposed model in Fig. 6C differs from the
ne proposed by Chauhan et al. [7] showing that 2ME2 acti-
ates caspase-3 through a mitochondrial pathway leading to
elease of Smac/DIABLO. Indeed, we have not found any
ffect of RU on the Smac/DIABLO release (not shown).

Interestingly, the pro-apoptotic activity of RU-liposomes
uperimposed to the capacity of RU to decrease VEGF secre-
ion in vitro (Fig. 4) and to diminish the capillary network in
umors (Fig. 3A, right panel). Indeed, the VEGF promoter
ontains estradiol responsive elements which are targets of
stradiol/ER and which are inhibited by 4-HT and Faslodex®

53,54] and RU (our unpublished results). Moreover, VEGF
nduces the anti-apoptotic Mcl-1 up-regulation and protects
ic mechanisms: one triggering apoptosis through the intrinsic
and extrinsic) pathway(s); the other leading to reduction of
umoral angiogenesis. Our studies, therefore, demonstrated
hat drug delivery systems provide a framework for the use of
E to improve outcome in MM. In fact, clinical trials from
hase I to II of oral tamoxifen administration in MM patients
ave been previously stopped for high neurotoxicity [57,58].
n these trials, tamoxifen was probably not appropriate due
o its poor efficacy [14] but it is likely that its administration
hrough drug delivery systems like those described previously
25] and here would have given more encouraging results.
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