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Abstract

Background: Trichostatin A (TSA) is one of the most potent
histone deacetylase inhibitors (HDACH in vitro but it lacks
biological activity in vivo when injected intravenously owing
w its fast metabolism.

Materials and methods: TSA wuas incorporated inte
Stealth® fiposomes (TSA-lipo) at a high loading and fts ansi-
cancer activity was cvaluated in several types of breast can-
cer cells and xenografts.

Results: 1n estrogen receptor « (ERw)-positive MCF-7 and
T47-D cells, TSA induced a long-terin degradation of cyclin
A and a proteasome-dependent loss of ERw and cyclin DI,
allowed derepression of p2 WAV U ACT and RhoB
GTPase, concamitantly with blockade in G2/M of the el
<ycle and apoptosis induction, In MDA-MB-231 (MDA) and
SKBr-3 cells, TSA increased ERa mRNA and p21™AFcim
prowin expression. bwt decreased cyclin A with a G2/M
blackade and cleavage of pelyADP-ribose polymerase
(PARP). No significant restoration of any ER protein was
noticed in any cclls, TSA-lipo markedly inhibited twmor
growth in MCE-7 and MDA celis xenografts following intra-
venous injection, Their anticancer effects were characterized
by inhibition of Ki-67 labeling, the inhibition of tumor vas-
culature and an increase of p2I™ T iy both tumors. In
MCFE-7 cell wmors, enhanced RhoB accumulation in the
cyvtoplasm of epithelial cells was noticed, inversely to ERa
thal was strongly decreased.

Conclusion: Such anticancer actvity of TSA-lipo is exp-
Jained by the protection provided by HDACI encapsulation
and by the strong tamor accumulation of the nanocarriers as
revealed by fluorescence confocal microscopy  experi-
ments. Together with its lack of toxicity, the enhanced sta-
hiliy of TSA-lipe in vive justifies its development for
therapentic use in the weatment estradiol-dependent and
-independent breast cancers.

“Corresponding author: Jack-Michel Renoir, INSERM U479,
4 rue Camille Desmoutins, 94805 Villejuif Codex, France
Phone: +33 (6} 1 4217 4141, Fax: +33 (0) 1 4211 5308,
E-mail; jack-michel.renoir@igy. fr

eived Qctober H, 2010 accepted January 12, 2011;

)

rreviously published online March 8. 2011

Keywords: breast cancer; liposomes; trichostatin A
xenografis.

Abbreviations

HDAC histone deacetylase

HDAC HDAC inhibitor

TSA trichostatin A

ER estrogen receptor

Rhod-PE L-e-phosphatidylethanolamine-N-{lissamine rhoda-

mine B-sulfonyl) (ammonium sal)

DSPE-PEGyy, |.2-distearoyl-si-plycero-3-phosphoethanolamine
-N-[methoxy(polyethylene glycol)-2000] (ammoni-
um salt)

ePC egg phosphatidylcholine
Chot cholesterol
DAB diamine-3,3-benzidine tewachiorhydrate

Hsp%0 heat shock protein of 90 kDa

Introduction

Approximately 70% of breast cancers (BC) express estrogen
receptors (ER), o and B subtypes, that belong to the nuclear
superfamily of ligand-induced transeription factors, Since
activation of ERe leads to cell proliferation, ERa has long
been considered as a risk factor for the development of BC,
a risk that is thought to depend upon the ER«/ERB protein
ratio [17. ERe and ERB differentially regulate BC cell pro-
liferation as well as apoptosis [2}, and ERP is suspected to
act as a tmor suppressor [3-5]. The remaining 30% of BCs
are characterized by the absence of ER and by their |7j3-
estradiol (E,)-independent growth, leading to a more nggres-
sive phenotype (6, 7]. Endocrine therapy has proven efficient
in BCs expressing ERa. However, despite ER expression,
antihormone resistance always occurs over time and unde-
sirable side effects have prompted pharmaceutical research
to develop new therapeutic strategies. Among them, the com-
bination of various drugs targeting different pathways has
appeared attractive, such as the case of hormone therapy
combined with molecules that block growth factor receptor
signalling and downstream mammalian target of rapamycin
(mTOR) [B]. Antibodies (trastuzumab, bevacizumab, IMC-
Al2, etc.) against these tyrosine kinase membrane receptors
[epidermal growth factor receptor {EGFR), vascular endo-
thelia growth factor receptor (VEGFR), insulin-like growth
factor receptor (IGFR}Y] as well as chemical tyrosine kinase
inhibitors {gefitinib, sunutinib, ete.} are acrally the subject
of extensive pre-clinical wials in association or not with anti-
estrogen (AE), aromatasc inhibitor (Al) or chemotherapeutic
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molecules such as taxanes, metabolic inbibitors or anthra-
cyclines. Other drugs inhibiting kinases such as Sro and key
proteins regularing multiple pathways involved in cell sur-
vival such as the proteasome, 90 kDa heal shock protein
{Hsp90), farnesylransfersses and histone deacetylase (sec
htp:/fveww.clinicalirials. gov) are also in clinical trials. In this
respect, histone deacetylases (HDAC) have been considered
s an important target for the development of anticancer
drugs because deacetylation of histones is responsible for
silencing a number of genes that inhibit cellular growth as a
tesult of a closed chromatin configuration, which is unfa-
vorable for transcription [93, Thus, HDAC inhibitors (HDA-
Ci} reverse this process and inhibit mor growth hy causing
repression of cerfain oncogenes such as c-mye {10] but acti-
vation of others such as the cyclin-dependent kinase inhibitor
p2IMATIEE 111 Moreover, HDACH have been shown to
affect the cell cycle, programmed cell death [12--14], differ-
entiation and angiogenesis in many cancer cells as well as
in vivo {14, 15].

HDACs are classified into four classes containing different
enzymes with various cell localization: class (HDACI, 2,
3 and 8); class Ila (HDACY, 5, 7 and 9 class Hb (HDACH
and 10); and class IV (HDACI L), HDACS oppose dynani-
cally their activity to that of histone acetyl transferases
{(HAT) by inducing a condensed chromatin structure which
impairs access of transcription factors to DNA; on the con-
trary, HATs enhance acetylation of hisiones, leading to an
open chromatin conformation allowing binding of (ranserip-
tion factors o DNA [16]. Furthermore, the fate and therefore
the activity of non-histone proteins such as the ranscription
factors p53 {17}, androgen receptor {18] and ERwx {19-23]
is known to be regulated through HDAC-mediated hypo-
acetylation. Indeed, several laboratorics have shown that
acetylation modulutes the FRa transactivating capacity in
BC cells. In addition, HDACI cause hyperacetylation of
Hsp90, Raf, Akt, ErbB2 and BerAbl, enhancing their anti-
wmor effects [24].

HDAC are classified into six classes based on their chen-
ical structures; the largest class is that of hydroxamates to
which trichostatin A (TSA) belongs [15]. TSA is an inhibitor
of numerous zinc-dependent, class 1 and Il HDACS. Unfor
tunately, TSA has been shown to be devoid of any bioogical
activity in mice xenografted with cancer cells when injected
intravenously [25-27) owing to its fast metabolism in vive
28, 291, and clinical ujals with this inhibitor have been
abandoned.

We recently incorporated TSA at a high-dosage into pegy-
lated liposomal formulations [30]. These TSA-loaded “Stea-
1h®"" liposomes (TSA-lipo) are highly stable in vitro and
rejease TSA slowly. Data support a prolonged antitumor
activity of pegylated TSA liposomes and confirm that this
type of formulation protects the drug from inactivation.
Immunohistochemistry allowed detection of re-expression of
the CDK inhibitor p2 i in both MCF-7 and MDA
cells wmors, whilst the small GTPase RhoB was strongly
enhanced in MCF.7 tumors concomitantly with destruction
of ERa protein. suggesting an inverse relationship between
ERa and the putative mmor suppressor RhoB, Altogether,

these results suppon the usclulness of evaluating TSA-toad-
ed liposomes in clinical trials both in estrogen-dependent
and -independent human BCs.

Material and methods

Chemicals

TSA was obtained from Alomone Labs (Jerusalem, Israel). Rhod-
PE, ePC and DSPE-PEG gy, were purchased from Avanti Polar Lip-
ids (Alabaster, AL). DAB and Chol wese obtained  [rom
Sigma-Aldrich (St Quentin-Fallavier, France). All ather chemicals
were reagent grade purchased from standard suppliers,

Liposome fabrication

Liposome suspensions (50 mM lipids) were prepared by lipid fitm
hydration at the foilowing molar ratios: ePCICholDSPE-PEG.
{64:30:6. wiw) as described previously (31} and modified according
to procedures of Urbinati et al. [30]. For Rhod-PE-tzheled tipo-
somes, Rhod-PE tipid (0.5% of the total motar lipid ratio) was added
into the chloroformic lipid solution instead of TSA.

Cell culture treatments

MCF-7. T47-D, SKBr3 and MDA-MB-231 (MDA) cell lines
(ATCC, Molsheim, Frange) were cultured in Dulbecco’s maodified
Eagles medium (DMEM) (Lonza Verviers. Verviers, Belgium) sup-
plemented with peniciflin (S Jt/ml). streptomycein (50 TU/mLY and
10% fetal culf’ serum (FCSY. Prior to treatiment. the medium was
teplaced with phenol red-free DMEM medium containing 0%
stripped FCS (Norit A charcoal 1%, dextran T-70 0.1%, 30 min at
room temperature) for al least 48 h.

Immunobiotting

Cells were lysed and the profein concentration was guantified as
deseribed by Marsaud el al. [32]. Protein content from total cell
catracts (30 ) was separated by sodium dodecyl sulfate poly-
acrylamide gel elecirophoresis (SDS-PAGE) and was clectrotrans-
ferred onto a polyvinglidene diffuoride membrane (Insmobilon® P;
Millipere Corp., Saint-Quentin-en- Y veiines, France). The memb-
rane was blocked for 1 k at 37°C in 10% dried non-fat miik in
phosphate-buffered saline containing 1% Tween 20 (PBST} or 5%
FCS, depending on the first antibody, and further incubated for
45 min at room temperature with anti-ERe (HC-20., 0.1 g/mi),
anti-p2 [N (N0, 1 pg/ml), anti-eyelin B (HD11, 1 Jgfiml),
anti-cyelin A {BF683, 0.5 pg/ml.), anti-RhoB (C5, | phg/mL}, anti-
polyADP ribose polymerase (PARP) (F2, 0.5 pg/mly or anti-Hsp70
(W27, | pg/mL) (all purchased from Santa Croz Biotechnology.
Santa Cruz, CA, USA), or anti-acetyl-histone H4 {07-338, 0.1 gl
mL)y or anti-HDACE (07-643, 0.1 pg/ml) (both from Upstate,
Temecuis, CA, USA), or ami-ERB [either a rabbit polyclonal anti-
body al 15000 difution {gift from P. Chinestra and J-C Faye, Clau-
dius Regaud Institte, Touwlouse, France) or rabbit polvclonal
AB3577 (Abcam-PLC, Paris, France) at ) pgfml]. Appropriate
horseradish peroxidase-conjugaced secondary antibodies (43 min
incubation at room temperature) and Luming] reagent (Santa Cruz
Biotechnology) were used for detection.
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Flow cytometry experiments

Cells (1-1.5x10% cells/imL} were cultured in the absence (control)
or presence of free HDACH, encapsutated HDACH or empty lipe-
somes at the same Hpid concentration. Afer treatment, cells were
washed and fixed in PBSfethanol (304705, Cells (0% were then
incubated for 30 min in PBST/Triton X-100, 0.2% ethylene diamine
tetra-acetic acid (FIYTA) and 1 mM propidium iodide (30 pa/ml.)
supplemented with RNase (0.5 mg/mL). Anelyses were performed
with a BD FACSCalibur™ flow cytometer (Becton Dickinson, Le
Pont-de-Claix, France). CellQuest software was used for data acqui-
sition and analysis,

Reverse transcriptase polymerase chain reaction
(RT-PCR} and quantitative PCR {gPCR)

Totl RNA was extracted from 10° cells with TRIzol* reagent
according to the manufacturer’s instructions {Invitrogen, Carlsbad,
CA, USAY. One microgram of total RNA was subjected to reverse
transcription using random primers (Invitrogen). Primers for ampli-
fication of larget genes wenre as follows: FRa, forward AGACAT
GAGAGCTGCCAACC and reverse GCCAGGCACATTCTAGAA-
GG (1214-1512); ERB, forward TCACATCTGTATGCGGAACC
and reverse CGTAACACTTCCGAAGTCGG (704-1049); and B-
acting, forward TGACGGGGTCACCCACACTGTGCCCATCTA and
reverse CTAGAAGCATTTGCGGTGGACGATGGAGGG (542~
1202). PCR was performed for 30 cycles with | min in denaturing
conditions al 94°C, anncaling a1 63°C and extension at 72°C. and
results were analyzed by 2% agarose gel electrophoresis. For quan-
tiative reai-time PCR, experiments were carried oul with a
LightCycler™ system: (Roche Diagnosiics, Meylan. Franee) using
the LightCycler™ FasiStart DNA Master SYBR Green 1 it (Roche
Diagnostics, Mevlan, France) according 1o the manufacwurer's
instructions, In addition to the ER primers described above, 3684
primiers were alse used as controls (forward GATGOCCAGGGAA-
GACAG and reverse TCTGCTCCCACAATGAAACAT). Cycies
were as follows: a 10 min initial eycle at 95°C, followed by 45
eyeles of 10 s denatwration at 93°C. 5 s annealing at 58°C and 10 s
extension at 72°C. The specificily of the fluorescence was verified
by melting curve analysis afler each reaction. The relative abun-
dance of each target way normalized 10 36B4 expression and the
quantity of cach mRNA compared with 36B4 was done using the
comparative threshokd method (Cu).

Xenografts and treatments

MCF-7 (510> 10%mL) or MDA (1 2% 10%mL3 cells were mised
with an equal volume of Matrigel™ (BD Biosciences, Le Pont-de-
Claix, France) and were injected (200 KL tetal) subcutaneously in
the vicinity of the nipples of 6-week-old female nude mice (Janvier,
Le Genest Saint-Isle, France). MCF-7 senografis were treated week-
Iy with 20 pk of a 10" M ethanolic solution of E, applied {0 the
neek skin. Once tumor volumes reached 300-500 mm? {calculmed
as /2 (width X length™)], mice (6 per aroup}t were treated with TSA-
lipo {comtaining 0.01 mM or 1 mM TSA) or empty liposomes
administered twice a week intravenously (100 L) into the retro-
orbital sinas.

Tumor progression was determined by the tatio of wmer volume
at each time peint to initial wmor volume ar week O (start of treag-
menty. At the erd of the experiment, tumors were excised and por-
tions were fixed either in FineFFIX (Milesione s.r.k, Sosisole, ltaly)
or in paraformaldebyde. Experiments were carried owt in comyli-
ance with the recommendations of the Earopean Economic Com-

munity (86/609/EECS and the French National Comumittce {decroe
86/848) for the care and nse of laboratory animals,

in vivo liposome uptake

Rhod-PE-labeled liposomes were injected intravenously into mice
bearing MCF-T cels tumors and were then excised at 1 hoor 24
and treated as described previously {33]. Tumor slices were
vbserved with an inveried LSM-510 MIETA confocal Taser scanning
microscope (Zeiss, Stutgart, Germany) cquipped with & helium-
neon laser (excitation wavelength 543 nm} using a Plan-Apochro-
mar 03X objective lens (NA 1.40, oil immersion). Rhodamine
fluorescence was collected with & 560 nm Long Pass emission filter.
The pinhole diameter was set ot 106 . Stacks of images were
collected every 041 pim along the z-axis, and 12-bit pumerical
images were acquired with LSM 510 software version 3.2,

Immunohistochemistry of tumor sections

FineFIX-fixed, paraffin-embedded wmors were cut in 4-pum thick
sections and detection of Ki-67 (anti-Ki67, 1;75; DAKO, Glastrup,
Denmark), CD34 (anti-mouse CD34, 1:20: HyCuli Biotech b.v.,
Uden, The Netherfands), p2 1™ (anii-p21 WAV 50, Ca)
Signalling, Danvers, MA), ERa (anti-ERu H-184, F:100; Santa
Cruz Biotechnology) und RhoB (ani-RhoR CS, 1:20; Santa Cruz
Riotechnology) was carried out as described previously [34], Sain-
ing was revealed using the Vectastain™ Kit {Vector Laboratories.
Barlingame, CA) using DAB as s chromogen. Slides were coun-
terstained with Mayer's hemalum and moumted (Fukit®; 0. Kindler
GmbH, Freiburg, Germany). Al slides were examined using a
Nikon eclipse TE2000-$ microscope. For each specimen, five con-
tigeous fields were dightised and analyzed.

Quantification and statistical analyses

Quantification of Western Blot signals was performed using Bio-
Profil V99 1D software from Wilbert Lourmat {Fisher BioScientific,
[likirsh, France). Statistical significance was estimated by the [wo-
tailed t-test wsing Microsoft Excel (Microsofl Corp., Redmond, WA.
USA). Differeaces were considered significant at p<0.03 and
p<0.01.

Results

In vitro activity of TSA in breast cancer cells

PCR In preliminary experiments, the ER stats of each cell
line (MCE-7, T47-D, SKBr-3 and MDA) was established
both by PCR and Western blot. As shown in Fi gure 1A, both
ER isotypes were detected in MCF-7 cells. TSA, whether
tree or encapsulated, did not significantly modity the mRNA
paitern in MCF-7 and MDA cell lines (Figure [A). Data
similar to those obtained with MCF-7 cells were obiained
with T47-1> cells (not shown). However, despite several
atlempts, it was difficult 10 obtain a quantitative estimation
of ER mRNA Jevels after stimulation of both cell lines with
0.5 WM TSA, whether free or encapsulated. In contrast, in
MDA cells, as well as in $KBr-3 cells (not shown), only
ERB mRNA was detected. No clear difference in mRNA
levels of each type of ER was observed in cells exposed both
to free TSA and liposome-entrapped TSA.
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Figure 1 Elfect of eichostatin A (TSA) on estrogen receptor & and  (ERa and ERP) expression in breast cancer ceils.

{A) MCF-7 and MDA-MB-231 (MDA) cells were exposed or not (control, €) to free TSA or encapsulated TSA (TSA-lipo) a1 0.5 UM
24 . ER mRNA was quantified with reference to the housekeeping P-actin gene as described in the Materials and methods, (B) MC
and MDA cells were exposed or not {vehicle alone) to various concentrazions of TSA for 24 b and RNA was prepared and submitted
real-time polymerase chain reaction (PCR) us described in the Material and methods. For each treatment, two different cell cultures wes
analyzed in duplicate (4 RT) and were normalized to 36B4. Fold change of ACH {Ct ER-C1 36B4) are values in the table corresponding
cach bar of the histogram. 36B4 was chesen in quantitative PCR because the intensities of the C1 were higher than those obtained wid
reference 1o aclin. * and ** indicate statistical significance of the difference between the average of experiments with the average of th
controls fvehicled by t-1est (%p < 0.05; **p <0.01). Note that comparable results 10 those obtained with MCF-7 and MDA cells were obtained

with T47-D and SKBr-3 cells, respeciively.

gPCR Expecting to achieve better quantification, qPCR
was performned on mRNA from cells exposed to vagious con-
centrations of free TSA. As shown in Figure 1B, a significant
decrease of ERe mRNA occurred in treated MCT-7 cells
compared with untreated cells. Moreover, a very small
increase of ERB mRNA was noticed, appearing significant
at 2 pM TSA. Tn contrast, in MDA cells ERa expression
was found to be significantly enhanced already at 0.3 pM
TSA, but no significant increase of ERB was observed.

Western blotting ERB prowein was undetectable in
MCE-7, MDA, T47-D and SKBr-3 cells whatever the anti-

body used (not shown), and ERe was immunostained ont

in MCF-7 (Figure 2) and in T47-D cells (not shown); ¢
indicates a very low expression level of both ERs, if any.
MDA cells, or a fast twmover of ER proteins in this laies
cell line. As a positive contrel, TSA induced a dose-depend
ent acetylation of histone H4. In parallel, a dose-depend
and MG132-sensitive degradation of ER« [calculated 50
inhibitory concemration (1C5,)=0.35 wM] in MCF-7
T47-D [30} cells was observed, Such a decrease of E
protein is in agreement with the decrease of mRNA sho
in Figure 1. Moreover, cyclin DI and cyclin A ¢in all ce
were aiso downregulated by TSA, but only cyclin DI w
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largeted to a proteasome-mediated degradation, in agreement
with previous data {35]. The cell cycle inhibitor p2 PP
is poorly expressed in MCF-7 cells §36] but its expression
was strongly and dose-dependenty augmented by TSA in
both cell lines. This is in agreement with previous reports
showing the requirement of p2 1™ VYO for butyrate-medi-
ated inhibition of human colon cancer cell profiferation [37],
its selective induction by HDACT as well as gene-associated
histone acetylation [38] and also with the capacity of sube-
roylanilide hydroxamic acid (SAHA) w0 increase its expres-
sion in SKBr-3 and BT-474 BC cells [39]. The GTPase
RhoB, suspected to act as a wmor suppressor in human can-
cer cells [40], was re-induced in MCF-7 cells, bur not in
MDA cells in which it was not immunodetectable (Figure
2A and 2B). Similar results on RhoB enhancement were
obtained with increasing doses of other HDACE such as
PXD-101 and CG-1521 (not shown).

Differences in the data between mRNA expression (Figure
1) and ER protein (Figure 2) are diflicull to explain, even if
the significance tests are in favor of a restoration of ERw
mRNA in MDA cells. Indeed. data from others showed that
ER-negative BC celis exposed to HDACGH such as valproic
acid or SAHA [39, 41]. in association [25. 42] or not [43}
with the DNA methyliransferase inhibitor 5-aza-2'-deoxy-
cytidine (5-Aza), led to an increase in both ER proteins, Oth-
¢r published [44] and unpublished (G. Lazennee, personal
communication) works studying TSA treatment of a number
of BC cells do not agree with these findings. It is evident
that both ERB mRNA and protein levels are low, even after
TSA treatment, and the high sensitivity of gPCR may detect
low variations that cannol be seen at the protein level, Sim-
ilarly, expression of ERa in MDA cells may be enhanced
upon TSA exposure but to a small extent, and a fast protein
turnover may impair its detection by Western blot.

A TSA dose-dependent cleavage of PARP occurred in
MDA cells bat not in MCF-7 cells (Figure 2), The fact that

FARP is cleaved in MDA cells supports a mitochondrial-
nduced apoptatic process as described previously [42, 48]
I contrast, no PARP cleavage was noticed in MCF-7 cells.
Taken together with the results in Figure 3, these data argue
for TS A-induced cell death in both cell Hnes.

We also checked for the activity of TSA upon the stabifity
of HDACH, since expression of this HDAC was reported as
being controlled by RhoB [46] and 0 be released from the
ERa promoter [47]. As shown in Figure 2, HDAC] is dose-
dependently induced by TSA in MCF-7 as well as in MDA
celis although to a lesser extent. This effect follows the
behaviour of both ERo and RhoB upon TSA cxposure of
MCF-7 cells, sugpesting some interplay between ERq,
HDACI and RhoB,

Influence of TSA liposomes in cell the cycle of
breast cancer celis

We previously showed that TSA as well as two other HDACH
{Belmostat™ and CG-1321) affect the viahility of BC cells.
To charzcterise further the biclogical activity of TSA-lipo,
their effects upon the cell eycle in the same ERa-positive
MCF-7 and ERa-negative MDA cells were analyzed. Flow
cytometry analysis (Figure 3) indicated that unloaded Hpo-
somes had no impact on MCI-7 and MDA cell proliferation
as well as on cell death. Importantdy, and as expected [30],
bath free and encapsulated TSA abready at (13 uM blocked
cells m G2/M phase. At a lower concentration (50 nM), TSA
vaused @ weak accumnuiation of MCF-7 cells in GI and in
G2/M phases while having no effect on MDA cells. In this
type of analysis, TSA-lipo led t© « higher fraction of cells
in sab/G1 in MDA than in MCF-7 cells, and the encapsu-
lation potentiated the activity of TSA, in particular in MCF-
7 celis. Moreover, these analyses indicated that. depending
on the conceatration and on the cell type, TSA does not have
the same effect on cell cycle and cell death, confirming the

B MDA-MB-231
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Figure 2 Trichostatin A {TSA) potential oo cell cycle protein stability in breast cancer cells.

+A) MCF-7 and (B} MDA-MB-231 (MDA) cells were exposed or not (control, C; or vehicle atone, Vhe) 10 increasing concentrations of
TEA for 20 b in the presence o not of 5 WM of the proteasome inhibitor MG132 (MG). Estrogen receplor a (ERw), cyelin DI, eyelin A,
S2PWAFHCIL mgly ADP-ribase polymerase (PARP), cleaved PARP (c] PARP), RhoB (7TPase, HDAC! and Hsp70h, for control of constant

rein loading, were blotted and detected in 30 g of prowin from total cell extracts with refevant horse radish peroxidase-labeled specific
intibodies. Detection of acetyl-histone H4 served as a controf for the activity of the histone deacetylase inhibitor (HDACE) (augmented 10-
#dd in MCF-7 cells and 23-fold in MDA cells compared with untreated cells). Blots are representative of at least three independent
cxperiments. p21WYOP suemented X 50 in MCE-7 and %20 in MDA, whilst a 60-fold augmentation of RhaB was estimated in MCE-7

22, HDACT was estimated to augment X 30 and X 10 foid in MCF-7 and MDA, respectively.
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Influence of free and encapsulated trichostatin A (TSA) on the cell cycle and apoptosis.

MCF-7 and MDA-MB-231 cells were plated at a density of 5x10° cell/mL and were exposed or not (NT) to free or encapsulated TSA
(0.05-1 wM). They were harvested 48 h later, fixed in ethanol and analyzed as described in the Materials and methods. For each series,
10,000-20,000 events were gated. The histograms present the percentage of cells within cach phase of the cell cycle and the amount of
cells in the sub-G1 fraction. Values are representative of two experiments performed with two independent cell cultures.

results in Figures 1 and 2. Data from Figure 2 suggest that
apoptosis in MDA cells could involve the mitochondrial
pathway, in agreement with previous data showing that this
is due to cleavage (activation) of caspase-3 [42]. The fact
that no PARP cleavage was observed in MCF-7 could be due
to an insufficient exposure time, since PARP cleavage has
been observed in these cells following TSA treatment [42].
However, MCF-7 cells lack caspase-3 [48], and Liang et al.
showed that in this cell line the intrinsic apoptotic pathway
proceeds through sequential activation of caspase-9 followed
by that of caspase-7 and -6 [49]. Whether TSA affects MCF-
7 cell death through the intrinsic or the extrinsic pathway
remains to be established.

In vivo liposome uptake

We further investigated the behaviour of TSA-lipo in vivo
to determine whether they accumulate in tumors. It has been
largely documented that after a single intravenous (i.v.) injec-
tion of any type of fluorescent-labeled nanoparticle, major
capture of the dye is achieved rapidly (first hour) in the liver,
followed later by the spleen (see [50] for a review). Unfor-
tunately, we observed a very strong autofluorescence in rich-
ly vascularised organs of untreated mice such as the liver,
spleen and even the uterus, preventing any further analyses
in these organs. We then focused on tumor accumulation of
Rhod-PE-labeled liposomes and visualized important clusters
of fluorescence around vessels (Figure 4B). Twenty-four
hours after injection, Rhod-PE-labeled liposomes were
observed in tumors by confocal laser microscopy. Impor-
tantly, a decreasing fluorescence gradient was observed
around vessels irrigating the tumor as the distance from the
capillary increased. This phenomenon was well detectable
even | h after injection (not shown), although it was less
pronounced than at 24 h. This suggests that liposomes accu-
mulate at the tumor site for a long-time after injection, sup-
porting the great stability of Rhod-PE-liposomes and a
prolonged time in the blood. Owing to the tumor-specific
enhanced permeability retention caused by the discontinuous

endothelium facilitating extravasation of liposomes [51], the
nanocarriers are believed to cross through the endothelium
and to process to endocytosis as shown in vitro here with
MCF-7 tumor cells.

In vivo antitumor activity of TSA liposomes in breast
cancer xenografts

TSA alone is generally ineffective in inhibiting the growth
of solid tumor xenografts [25, 27, 52—54] because of its fast
metabolism [28] in vivo; a modest effect was noted with
0.5 mg/kg daily doses of TSA in dimethyl sulphoxide
(DMSO) through intraperitoneal injection in rats bearing N-

Figure 4 Uptake of fluorescent-labeled liposomes.

Mice bearing MCF-7 cell tumors (n=3) were i.v. injected (panel B,
5-8) or not (panel A, 1-4) with Rhod-PE-labeled liposomes, and
tumors were excised at 24 h. Fluorescence detection by confocal
microscopy of tissue at 24 h (63X magnitude) shows a very low
auto-fluorescent signal in untreated tumors (panels 2, 3 and 4 in A),
whereas a very bright one is observed, for treated tumors, around a
blood vessel (panels 6, 7, 8 in B) at different depths of field (2.87,
7.80 and 26.28 p.m, respectively). Panels 1 and 5 are differential
interferential contrast views of the tissue. Images are representative
of three different tumors.
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methyl-N-nitrosourca carcinogen-induced mammary carci-
nora [55, 56). Therefore, we focused on the activity of
intravenously injected tiposomal TSA in MCF-7 and MDA
xenografts. Free TSA (control) could not be administered
intravenously owing 1o its Jow solubility in aqueous sofu-
tions. As shown in Figure 5, growth of both tumor types was
blocked following biweekly treatment with 1 miM TSA-lipo
corresponding to a TSA dose of i.5 map/kg/week. MCF-7
twmors weated with the lower 10 uM TSA-lipo formul-
ation, corresponding w0 a TSA dose of 5 pLa/kg/week, con-
tinued 10 grow (Figure 5A), suggesting that free liposomes
have no intrinsic effects and that a sufficient TSA concen-
tration is needed to achieve antitumor activity, Indeed, after
4 weeks the size of control MCF-7 xenografts increased by
2.5-fold, whilst the volume of TSA-lipo-treated tumors only
marginally and non-significantly increased (1.3-fold) (Figure
5A). Similar experiments performed with MDA xenografts,
at an equal TSA. dose, alse showed mwmor growth arrest (Fig-
ure 5B) even stronger than that obtained with mice bearing
MCF-7 eells tumors. All together, (hese data suggest: first,
that the liposome formulation protects the TSA molecule
from inactivation in vivo; and second, that TSA liposomes
are strong growth inhibilors both of ER-positive and -nega-
tive BC cells.

immunohistochemistry analysis

Figure 6 shows the decrease of the Ki-67 proliferation mark-
er hoth in MCF-7 and MDA xenografis treated with TSA
liposomes, confirming the antiproliferative activity of encap-
sulated TSA. Unloaded liposomes had no cffect on tumor
growth and also no effect upon ail of the parameters further
analyzed. Concomitantly to the decrease of Ki-67 (mean+
standard deviation 60% £ 15% for MCF-7 cell tumors and
78% 1 16% for the MDA tumors; n=35), a practically com-
plete disappearance of the tumor vasculature was observed,
as revealed by the lack of CD34 labeling (< 3% of labeling
was counted in five contigunous tumor fields for each type of
xenograft), This is in agreement with data showing that
HDACH act indirectly upon solid tumor growth by inhibiting
neoangiogenesis [57). This antiturmor effect is thought o

A3 - & = Contro!
~t— TSAlipo 1 mM
g T TSACpo 10 ki
2 -
> // i
G 2 P
% oot
=2 I >
I
Q it T
5 P - e |
0 1 2 3 4
Weeaks

Figure § Tumor growth evolution.

enhance the activity of entrapped TSA, together with an
increase of the CDK inhibitor p2 1WA (fald induction
X250 45 in MCT-T and > 100% 22 in MDA tumors com-
pared with untreated tumor labeling) in both the cytoplasm
and nuclei of tumor cells independently on the presence of
ERs. However, i the case of BR-positive MCF-7 cells
tumors, a B5% & 12% decrease of ERa level and a strong
increase of RhoB GTPase { X 50+ 19; n=3) expression were
observed. RhoB was found mainly focalizing in the cyio-
plasi: and at the membrane periphery of wmor cells, in
agreement with the already described focalization of RhoB
[40, 58-60].

Discussion

The present work cvaluated the antinsmor activity of TSA-
loaded tiposomes in two types of BC xenografts, which were
designed for i.v. administration. These biodegradabte pegy-
lated nanocarriers are characterized by their small size
(~ 150 am} and proved to be non-toxic in vitro [30]. TSA
was incorporated at a high concentration and remains stable
in liposomes for at least 4 weeks [30]. Such a featurc js
required for efficient biological activity of the nanosystem
since the 1C;, of TSA in terms of HDAC inhibition is close
to 0.5 LM [13], implying that relatively high doses are need-
ed to produce a therapeutic effect. Indeed, the potential of
these TSA liposomes as an efficient nanacarrier was shown
here following i.v. injection of small doses of liposomes as
revealed by the arrest of solid BC wumeor growth both of
estrogen-dependent (MCF-7 cells) and estrogen-independent
(MDA cells) xenografis.

Intravenous injection resulted in tumor accumulation via
a prolonged blood residency time owing to their ability to
resist macrophage capture as already described for the same
pegylated liposomes and for pegylated nanoparticles loaded
with smafl hydrophobic molecules [61]. Indeed, liposomes
of such a small size are known 10 extravasate from capitlar-
fes, which are often discontinuous in tumors [62]. Once in
tumors, TSA liposomes can proceed o endocytosis, releasing
the entrapped active molecule inside the cell compartment of
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Both MCT-7 and MDA-MB-231 (MDA) xenogralts (n=6) were injected intravenousty (twice a week) or not with trichostatin A liposomes
A different charges of TSA (A1) or with empty liposomes (B). Tumor volume {mean * standard deviation) was measured weakly and way
plotted against time (weeks of treatment). Evolution curves of MCEF-7 and MDA temors from treated mice were significantly different from
ihose of the conrol unwreawed mice at *p<0.05 {A) and **p<0.0) (B).
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A MCF7
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Figure 6

Control
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p21

RhoB
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Immunohistochemistry of breast cancer tumors from xenografts treated with trichostatin A liposomes.

(A) MCF-7 cell tumors and (B) MDA-MB-231 cell tumors were analyzed for Ki-67, estrogen receptor a (ERa), p21™AF“""1_ RhoB and
CD34 in the conditions described in the Materials and methods and were compared with immunostaining obtained on untreated tumors
(control) or tumors treated with empty liposomes. Magnification was X 200. Vessels are shown in brown in CD34 staining. An insert (X 10)
in panel (A) for RhoB staining is shown for better visualization of the cytoplasmic localization. The selected pictures were representative

of at least five images from five sections per tumor, each taken from three distinct animals belonging to the same group.

tumor epithelial cells. In case of destruction of some lipo-
somes outside the tumor cell, the released drug can then dif-
fuse through the cell membrane owing to its lipophilic
property and thereafter reach the molecular target(s) in epi-
thelial, stromal and endothelial cells.
At the molecular level, the decrease of ERa in MCF-7
tumor cells treated by TSA-lipo, together with the increase
of p21WAFVEIPL “are in agreement with the suppression of E,-

induced tumor growth, as suggested by experiments per-
formed with BC [63] and colon cancer [37] cells. Moreover,
the ER is not the only target of TSA in BC cells. Noteworthy.
the antivascular activity of TSA liposomes, revealed by the
tumor vessel normalization, constitutes an added value to the
TSA-loaded anticancer activity of the nanosystem. This
effect could be extended to a number of other solid tumors
as sustained here by the results obtained with MDA tumors.
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In addition, it is wempting 10 specufale that TSA-lipo could
cnhance the activity of tamoxifen since it was shown that
TSA could be efticient in the re-expression of ERo 143] or
ERS [22]. although it kas not been observed in patients.
Moreover, we did not detect ERB protein after TSA treat-
ment either in MCF-7 cells or in tumors. Therefore, the
molecular mechanism(s) by which TSA affects BC tumor
growth may depend on the BC cell lype and probably the
expression level of various unidentificd [actors regulating
celi profiferation.

Among them, the small GTPase RhoB protein could play
an important role. Loss of RhoB cxpression frequently
oceurs in many cancers, whereas its re-expression could be
highly significant in suppressing wmor growth as shown in
ovarian cancer-bearing mice [64] and in tung NIH3T3 cells
[65]. Re-expression of RhoB has appeared of grearl therapeu-
tic interest. RhoB, like other Rho family proteins, cycles
between GTP- (active) and GDP- {inactive) bound states and
is controlled by various post-transductional mechanisms,
mainly farnesylalion and geranylgeranylation through spe-
cific enzymes 166]. RhoB interacts with numerous regulators
and effectors that modulate activity and influence important
processes in cancer, including neoplastic gansforimation,
invasion, survival and metastasis [67, 68}, Contrary to other
small GTPases, RhoB is an immediaie early response gene
in response o various stimali, including the growth factors
epidermal growth factor (EGF) and transforming growth fac-
tor 8 (TGFB) [69, 70] with a short half-life [71]. Antiestro-
gens are also known to modutate TGF-B, whose function in
BC is stilf poorly understood since it zcts as a potent inhib-
itor of tumer progression by inducing growth arrest and
apoptosis in transformed mammary gland cells [72, 73] and
may function as a twmor promoter [74]. However, some
reports indicated that overexpression of RhoB is of poor clin-
ical outcome in BC [75] and it has beer documented that
RhoB could correlate with disease progression [76}). Thus, it
is distarbing to observe a regression of ER-positive tumors
with simultaneously upregulation of RhoB and downregu-
lation of ER«.

To understand the molecular mechanism(s) by which TSA
induces suppression of E-induced tumor growil, it could be
helpful to Jook at the expression of direct TSA largets, j.e.
HDAC. Several HDACs are directly or indirectly assaciated
with ERa in BC cells and a strong correlation between ER-
and progesterone receplor-positive cells with HDAC] {77
has been evidenced. Thus, it could be important to decipher
the relationship between ERs and HDAC! following TSA, a
pathway that could direct RhoB towards a tumor-suppressive
or -promoting function [66], The association of TSA delivery
nanosystems with that of tamoxifen or pure antiestrogen that
we have developed [61, 78] may synergise the therapeutic
activity of each nanovector mainly in the case of ERB
expression, as iilustrated by in vitro experiments [41). More-
over, TSA liposomes should offer an innovative altemative
strategy for the treatment of tamoxifen-resistant breast can-
cers in which Erb-B2 is overexpressed, such as in SKBi=3
cells, as well as in patents not responding to standard

therapies.
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