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Abstract

Histone deacetylase inhibitors (HDACi) are agents capable of inducing growth arrest and apoptosis in different tumour cell types. Previously,
we reported a series of novel HDACi obtained by hybridizing SAHA or oxamflatin with 1,4-benzodiazepines. Some of these hybrids proved effec-
tive against haematological and solid cancer cells and, above all, compound (S)-8 has emerged for its activities in various biological systems.
Here, we describe the effectiveness of (S)-8 against highly metastatic human A375 melanoma cells by using normal PIG1 melanocytes as con-
trol. (S)-8 prompted: acetylation of histones H3/H4 and a-tubulin; G0/G1 and G2/M cell cycle arrest by rising p21 and hypophos-phorylated RB
levels; apoptosis involving the cleavage of PARP and caspase 9, BAD protein augmentation and cytochrome c release; decrease in cell motility,
invasiveness and pro-angiogenic potential as shown by results of wound-healing assay, down-regulation of MMP-2 and VEGF-A/VEGF-R2,
besides TIMP-1/TIMP-2 up-regulation; and also intracellular accumulation of melanin and neutral lipids. The pan-caspase inhibitor Z-VAD-fmk,
but not the antioxidant N-acetyl-cysteine, contrasted these events. Mechanistically, (S)-8 allows the disruption of cytoplasmic HDAC6-protein
phosphatase 1 (PP1) complex in A375 cells thus releasing the active PP1 that dephosphorylates AKT and blocks its downstream pro-survival
signalling. This view is consistent with results obtained by: inhibiting PP1 with Calyculin A; using PPP1R2-transfected cells with impaired PP1
activity; monitoring drug-induced HDAC6-PP1 complex re-shuffling; and, abrogating HDAC6 expression with specific siRNA. Altogether, (S)-8
proved very effective against melanoma A375 cells, but not normal melanocytes, and safe to normal mice thus offering attractive clinical pros-
pects for treating this aggressive malignancy.
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Introduction

Histone deacetylases (HDACs) and histone acetyl-transferases
(HATs) play an opposite and balanced role in chromatin remodel-

ling and epigenetic regulation of gene expression in several dis-
eases. With regard to cancer, HATs are often functionally
inactivated or mutated while HDACs are mostly over-expressed
[1–4] and become, therefore, the targets for a range of chemically
diverse natural and/or synthetic agents - hydroxamates, cyclic
peptides, electrophilic ketones, short-chain fatty acids and benza-
mides - acting as HDAC inhibitors (HDACi) [5–7]. And indeed,
these compounds demonstrated to induce: (i) acetylation of hi-
stones, thus allowing chromatin relaxation and proper interaction
of transcription factors to DNA as well as of non-histone key reg-
ulatory proteins [8]; and furthermore (ii) cell growth arrest and
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apoptosis in different tumour cells through the generation of reac-
tive oxygen species (ROS), the inhibition of angiogenesis and
increase in autophagy [5] and, possibly, the activation/inhibition of
additional pathways that have not yet been fully clarified.

It is also worth mentioning that, despite possible significant varia-
tion in the action mechanism of HDACi depending on the type of neo-
plastic model and on the compound used, their greater activity
towards malignant cells as compared to normal cells has widely been
recognized [4, 9]. Therefore, several HDACi have been used in the
clinic as either monotherapy or in combination with current chemo-
therapy [5, 10]. Vorinostat [11] was the first HDACi approved by the
FDA to treat cutaneous T-cell lymphoma [5, 12], but also several
other structurally diverse chemical agents such as romidepsin,
LAQ824 and MS-275 entered clinical trials to cure various kinds of
tumours [4–6].

Previously, we reported a series of new HDACi characterized by a
1,4-benzodiazepine ring (BDZ) hybridized with either SAHA or oxamfl-
atin [13] to yield compounds capable of inducing H3/H4 histone acet-
ylation in cell-based-assays; and especially one, termed (S)-2,
displayed interesting anticancer properties towards various subtypes
of cultured and primary acute myeloid leukaemia cells [14] and pros-
tate adenocarcinoma cells [15]. In the meantime, we kept screening
BDZ-hybrids against various cancer models and another compound,
namely (S)-8, has recently emerged during a medicinal chemistry
study because of its high activity over a panel of cell-based assays
[16]. The present work concern the effects of (S)-8 against human
metastatic melanoma cell lines derived from highly lethal neoplasms
which are often resistant to most treatments [17]. Also, it is worth
noting that patients affected by melanomas diagnosed at late stages
of development have poor survival rates that are not sufficiently coun-
teracted by current chemotherapy [18] although advanced immuno-
therapy has appeared somewhat more promising [19]. Results
reported herein aim at describing the anti-tumour properties of (S)-8
on A375 metastatic melanoma cells as the primary model (and also
on other melanoma cell lines and normal immortalized melanocytes)
and understanding its fine mechanism of action to provide additional
pharmacological support for therapy of this heterogeneous and life-
threatening human cancer.

Materials and methods

Compounds and reagents used in the study

The 1,4-benzodiazepine ring (5-phenyl-1,3-dihydro-2-oxo-benzo[e][1,4]-

diazepine) was used as the cap of novel hydroxamic-based HDACi [13].

(S) and (R) N1-hydroxy-N8-(1-methyl-2-oxo-5-phenyl-2,3-dihydro-1H-
benzo[e][1,4]-diazepin-3-yl)octanediamide [(S)-8] and [(R)-8] were

obtained as reported previously [16] where they are labelled with the

number 8. The chiral compounds (S)-8 and (R)-8 (Fig. 1) were dis-

solved in dimethyl sulfoxide (DMSO; Sigma-Aldrich, St Louis, MO, USA)
and stored as 0.1 M stock solutions in the dark at room temperature

and added directly to the culture media. The amount of DMSO used as

the vehicle did not interfere with drug activities. The antioxidant

N-Acetyl-Cysteine (NAC, Sigma-Aldrich), the pan-caspase inhibitor Z-

VAD-fmk (R&DSystems, Minneapolis, MN, USA), the phosphatase inhib-

itors Calyculin A and Okadaic acid, and the pan-deacetylase inhibitor tri-

chostatin A (TSA; Santa Cruz Biotechnology, Santa Cruz, CA, USA) were
also used. The WST-1 reagent (Roche Diagnostic GmbH, Mannheim,

Germany) was employed to assess cell proliferation in culture. All other

chemicals were reagent grade.

Cell lines and culture conditions

Human melanoma cell lines such as A375 [gift of B. Stecca, Istituto
Toscano Tumori (CRL-ITT), Florence, Italy], Hs-294T and MeWo

(from prof L Calorini, Department of Biomedical Experimental and

Clinical Sciences, Section of Experimental Pathology and Oncology,
Florence, Italy) were maintained in DMEM while the immortalized

normal human melanocytes PIG1 (kind gift of C. Le Pool, Loyola

University Chicago Maywood, IL, USA) were grown in M254 medium

added with human melanocyte growth supplement HMGS2 (Life tech-
nologies, Carlsbad, CA, USA). All cell lines were propagated in the

presence of 10% foetal bovine serum (EuroClone, Life Science Divi-

sion, Milan, Italy) and 2 mM L-glutamine at 37°C in 5% CO2 humidi-

fied atmosphere [20].

A

B

Fig. 1 Compounds used in this article and their HDACi activity. (A)
Chemical structures of chiral hydroxamic-based compounds (S)-8 and
(R)-8. (B) HDACi activity of the two enantiomers was comparatively

assessed in A375 melanoma cells which were first seeded in 6-well

plates (105 cell/well) and allowed to attach overnight. On the next day

cultures were added without/with 5 lM (S)-8 or (R)-8 and maintained
for 6, 15 and 24 hrs when cells were detached and extracted by sonica-

tion. Cell extracts were normalized for protein content and then pro-

cessed by Western blot; immunostaining of acetylated forms of

histones H3 and H4 as well as of a-tubulin and p53 were revealed with
specific antibodies; GAPDH was used as the loading control.
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Cell extraction, Western blot, and affinity
precipitation of HDAC6-PP1 complex

Harvested cells were re-suspended in a lysis buffer, extracted by soni-

cation and samples, once normalized for protein content, were submit-

ted to western blot as reported elsewhere [20]. Membranes were
probed with primary antibodies against acetyl-H3, acetyl-H4 and PP2A

(Upstate Biotechnology, Millipore, Bilerica, MA, USA); acetylated a-tubu-
lin and a-tubulin (Sigma-Aldrich) GAPDH, PARP, cleaved caspase-9,
pAKT, BAD and HDAC6 (Cell Signaling Technology, Danvers, MA, USA);

AKT, p21, PP1, pre-caspase 8 and cytochrome c (Santa Cruz Biotech-

nology); retinoblastoma (RB; BD Pharmingen, Becton, NJ. USA); anti-

His (Life technologies). Suitable peroxidase-conjugated IgG preparations
(Sigma-Aldrich) were used as secondary antibodies; the ECL procedure

was employed for development. For affinity precipitation of HDAC6-PP1

complex, cell extracts from A375 cultures treated without/with 5 lM
(S)-8 for 24 hrs were incubated with 25 ll of a microcystin-LR-Sepha-
rose suspension (Millipore) in Eppendorf vials overnight at 4°C on a

rotating platform. After a brief centrifugation, Sepharose beads were

washed three times with the lysis buffer; then affinity-precipitated pro-

teins were detached with 30 ll of SDS sample buffer and analysed by
Western immunoblot for the presence of PP1 and HDAC6.

Cell cycle analysis and determination of
apoptosis

Cell cycle phases were assessed by the propidium iodide (PI)-hypotonic
citrate method; apoptosis was measured by the Annexin-V-Fluos/PI test

(Roche Molecular Biochemicals, Mannheim, Germany) with the aid of

Becton Dickinson FACSCalibur System (Becton-Dickinson, San Jose,

CA, USA) [21].

Quantification of mitochondrial membrane
potential

To determine changes in drug-induced transmembrane mitochondrial

membrane potential (Dwm), cells have been stained with JC-1 (Invitrogen,
Life Technologies) a cationic dye that exhibits potential-dependent accu-

mulation in mitochondria, indicated by a fluorescence emission shift from

green (525 � 10 nm) to red (610 � 10 nm). A375 cells (0.5 9 106)
were treated without/with 2.5 and 5 lM (S)-8 for 24 hrs and then re-sus-

pended in RPMI 1640 containing 15 lg/ml of JC-1 dye for 30 min. at RT

in the dark; after that cells were washed and the fluorescence was mea-

sured by flow cytometry. Mitochondria depolarization is specifically indi-
cated by a decrease in the red to green fluorescence intensity ratio [22].

MIB-1 immunostaining

A375 cells were cultured without/with (S)-8 for 48 hrs onto sterile glass

coverslips which were then fixed with �20°C methanol, permeabilized

with 0.1% Triton X-100, blocked with 3% BSA and incubated overnight
at 4°C with MIB-1 antibody (Dako, Glostrup, Denmark) against the

nuclear marker Ki-67 that associated with cell growth [23]. The stan-

dard avidin–biotin peroxidase complex technique was used for immuno-

staining. Pictures were taken with a bright field microscope (Nikon

Eclipse, mod. 50i) equipped with a digital camera (DS-5M USB2; Nikon
Instruments, Florence, Italy).

Melanin determination

Melanin content of A375 cells was measured according to Nitoda et al.

[24]. Cells were kept in culture for 24 hrs at 37°C in 5% CO2 atmo-

sphere without/with (S)-8. After 48 hrs cells were washed with PBS,
harvested by trypsinization and centrifuged for 10 min. at 1.500 9 g.

Pellets were then dissolved in 1 M NaOH containing 10% DMSO and

incubated for 2 hrs at 80°C. Melanin content was measured spectro-

photometrically at 475 nm and expressed as relative absorbance unit/
105 cells.

Oil-Red O staining for neutral lipids

To visualize intracellular neutral lipids, A375 cell cultures were washed

with PBS, fixed in cold methanol, then stained with Oil-Red-O (ORO)

solution (Sigma-Aldrich) and observed under a bright field microscopy
[15].

Clonogenic assay

A375 cells were first pre-treated with (S)-8 as above for one or two d;

then were detached, plated onto new dishes at the density of 300 cell/

dish and kept without the drug for additional 7 days. Experiments
were terminated by washing cultures with ice cold PBS and count-

ing Giemsa-stained colonies after electronically scanning the entire plate.

Wound-healing assay

Cells were cultured in 6-cm plates until confluence; then monolayers

were scratched using a fine sterile tip to wound the substrate. The med-

ium and debris were washed out and replaced with fresh medium con-
taining increasing drug concentrations. Pictures were taken before and

24 hrs after wounding with the aid of a TMS-F phase-contrast micro-

scope and of a Nikon photocamera E 4500 (Nikon Instruments).

Gel zymography of MMP-2

Matrix metalloproteinase-2 (MMP-2) activity in A375 conditioned media
has carried performed as previously described [25]. Gels were stained

in 0.5% Coomassie Blue solution for 2 hrs and destained with 5% ace-

tic acid and 10% methanol (v/v) solution until bands of MMP-2 gelatin-

olytic activity could be visualized and measured by densitometric
analysis with Image J Software.

Quantitative real-time PCR analysis

QRT-PCR was performed with reverse transcripted cDNA of untreated

or drug-treated cells by using the Applied Biosystems 7500HT System
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according to standard protocols. Fold of MMP-2, TIMP-1, TIMP-2,
VEGF-A and VEGF-R2 induction were calculated by the changes of each

of their Ct values in treated versus untreated cells and normalized to

the 18S Ct values. Amplification was performed with the default PCR

setting: 40 cycles of 95°C for 15 sec. and of 60°C for 60 sec. using a
SYBR Green based detection (SYBR Green Master mix; Applied Biosys-

tems) and the following primers: for MMP-2, forward 50-AGCACCGCG
A-CAAGAAGTAT-30 and reverse 50-ATTTGTTGCCCAGGAAAA-GTG-30;
TIMP-1, forward 50-CCAACAGTGTAGGTCTTGGTGAAG-30 and reverse

50-TGTGGCT-CCCTGAACA-30; TIMP-2, forward 50-AAGAGTTGTTGAAA
GTTGACA-AGCA-30 and reverse 50-CGGACCGACCGATTGC-30; VEGF-A,

forward 50-TGATCC-GCATAATCTGCATGG-30 and reverse 50-GCTACTGCC
ATTCCAATCGAGAC-30; VEGF-R2, forward 50-TTCTGGACTCTCTCTGCC
T-30 and reverse 50-TCCGTCTG-GTTGTCATCTGG-30; 18S, forward 50-CG
GCTACCACATCAAGGAA-30 and reverse 50-GCTGGAATTACCGCGGCT-30.

Acute toxicity experiments

CD-1 mice (Primm srl, San Raffaele Biomedical Science Park, 20132
Milano, Italy) were grouped in three groups (5 males + 5 females,

each) and injected intraperitoneally (i.p.) with either DMSO as the

vehicle or increasing amounts of (S)-8 dissolved in DMSO. Each

group received a single injection (0.1 ml) containing no drug (Control)
or the drug (T1 = 14.5 mg/kg; T2 = 145 mg/kg; corresponding to

~0.44 and 4.44 mg/mouse, respectively). After the injection animals

were observed individually at least once during the first 30 min., peri-

odically during the first 24 hrs, and daily thereafter for a total of
7 days. Mice were weighed at the start (day 0) and the end (day 7)

of experiment, when they were killed by rapid (<30 sec.) replacement

of air with 100% CO2. Full records were maintained for all the mea-
surements and observations. Samples of soft tissues such as liver,

kidney and spleen were fixed in 10% (v/v) phosphate-buffered forma-

lin (PBF, pH 7.4) and embedded in paraffin; bones were also fixed in

PBF and then decalcified with acidified ethylenedia-minetetra-acetic
acid (EDTA) according to standard procedures before paraffin embed-

ding. Consecutive 2.5–5 lm sections of samples were then stained

with Haematoxylin/Eosin and examined under a bright field microscope

(Nikon Eclipse, mod. 50i) equipped with a digital camera (DS-5M
USB2; Nikon Instruments). Compliance statement to Good Practical of

Laboratory (from Primm srl, Dosson di Casier, Treviso, Italy). The

present study designated CdS REA/09, has been lead in compliance
with the Good Practical of Laboratory and the Standard Operating Pro-

cedures of the Test Centre of PRIMM srl (Italian Min. of Health autho-

rization no. 172/268/2005).

siRNA and plasmid transfection

For siRNA transfections: 2 9 105 cells were seeded in 60 mm culture

dishes 16 hrs before transfection with 500 pmol of siRNA using 7.5 ll
of Lipofectamine RNAiMAX (Life Technologies). HDAC6-siRNA and con-

trol non-targeting siRNA (Life Technologies) were used at the same

concentrations. Silencing efficiency was monitored by western blotting
at 48 hrs after transfection. For plasmide transfections: 2 9 105 cells

were seeded in 60 mm dishes 16 hrs before transfection with 2.5 lg of

plasmid PPP1R2 pcDNA4/TO/myc-His A (Abgent, San Diego, CA, USA)

- coding for the physiological PP1 inhibitor i.e. the protein phosphatase
inhibitor 2 (I-2) [26] - using 7.5 ll of Lipofectamine LTX (Life Technol-

ogies); 24 hrs after transfection cells were incubated without/with 5 lM
drug for additional 24 hrs.

Statistical analysis

Data were analysed by Student’s t-test. Significance was assessed by

ANOVA followed by Newman–Keuls post-tests using Prism version 4.0

(GraphPad Software, San Diego, CA, USA). The difference among values
was considered significant at P ≤ 0.05.

Results

Compounds used in this work and their efficacy
as HDACi

The rationale for generating a series of BDZ-hydroxamate hybrids
with HDACi activity was previously described [13], and some specific
properties of chiral compounds (S)-8 and (R)-8 (Fig. 1A) were
reported in a recent medicinal chemistry study [16]. Briefly, the 5-
phenyl-1,4-benzodiazepine ring containing a chiral centre in position
three was used as the cap and joined with a suberoyl moiety ending
with an hydroxamic function like that of SAHA [11]. The BDZ-hy-
droxamate hybrids (S)-8 and (R)-8 were first assayed for HDACi
activity by using metastatic human melanoma A375 cells as the
model. Western blot analyses showed that (S)-8 induced acetylation
of H3 and H4 histones and of non-histone protein a-tubulin, while
(R)-8 was virtually ineffective (Fig. 1B) thus denoting a marked e-
nantioselectivity between the two enantiomers, the eutomer being the
(S)-isoform. Notably, none of the two enantiomers prompted acetyla-
tion of p53. Given that acetyl-a-tubulin is a specific substrate for the
mainly cytoplasmic class IIb enzyme HDAC6 [27], and acetyl-p53 is
the key substrate of nuclear class I enzyme HDAC1 [28], it can be
assumed that at least in A375 cell-based assays, HDAC6 and not
HDAC1was the primary target of (S)-8.

(S)-8 and (R)-8 effects on growth and cell cycle
of A375 cells are enantioselective

Further evidence of enantioselectivity of (S)-8 versus (R)-8 was pro-
vided by comparing their effects on growth and cell cycle distribution
of A375 cells. In cultures treated with 2.5 and 5 lM (S)-8 for three d,
cell growth was fully inhibited, while growth rates in (R)-8-treated cul-
tures overlapped those of the control (Fig. 2A); furthermore, the
decrease in viability of (S)-8-treated cells along with incubation was
accompanied by an increased amount of fragments recalling typical
apoptotic bodies. Moreover, cell cycle progression as measured by
flow cytometry showed that a 24 hrs treatment with 2.5 lM (S)-8 led
to a marked arrest of cells in G0/G1 (about 65% versus 38% of
control), while 5 lM-treated cells underwent a clear blockage in G2/M
(up 47% versus 13% of control). It is interesting to note that this
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effect has often been observed in cancer cell populations treated with
high dosages of other hydroxamic-based HDACi [29]. In addition,
(S)-8 caused a marked reduction in cells in S-phase (from 49% of
control to 22% and 13% with 2.5 and 5 lM drug, respectively). Con-
versely, cell cycle profiles of control and (R)-8-treated cells nearly
overlapped (Fig. 2B). Consistent with this, western immunoblot
analyses showed that (S)-8 caused a significant dephosphorylation of
RB and an increase in p21, whereas (R)-8 was almost ineffective
(Fig. 2C). These findings pointed clearly to (S)-8 as the eutomer and,
from here on out only its biological-molecular effects in melanoma
cells will be investigated further.

(S)-8-induced apoptosis in A375 cells develops
via an intrinsic caspase-dependent process

The ability of (S)-8 to induce apoptosis in A375 cells was demon-
strated by the dose- and time-dependent cleavage of poly(ADP-
ribose) polymerase (PARP; Fig. 3A). However, to understand how the
process did really develop the effects of the antioxidant NAC and the
pan-caspase inhibitor Z-VAD-fmk were separately examined in cul-
tures treated without/with 5 lM (S)-8. The addition of 15 mM NAC to
the cultures did not prevent the drug-induced PARP cleavage thus rul-
ing out any role of ROS in mediating cell death. Instead, the addition
of 30 lM Z-VAD-fmk contrasted efficiently the drug-mediated

cleavage of PARP and of caspase 9, to indicate that apoptosis in
A375 cells occurs via a caspase-dependent pathway (Fig. 3B). More-
over, caspase 9 fragmentation was dose- and time dependent, while
the pre-caspase 8 signal remained steady throughout the incubation
regardless of the drug (Fig. 3C). Consistently, (S)-8 activated an
intrinsic apototic process including also pAKT dephosphorylation and
increased levels of BAD protein (Fig. 3D), drug-induced dissipation of
mitochondrial transmembrane potential (Fig. 3E) and a dose-depen-
dent release of mitochondrial cytochrome c into the cytosol (Fig. 3F).

(S)-8 activated multiple pathways in melanoma
A375 cells

The response of A375 cells to (S)-8 is complex and characterized by
the activation of multiple pathways which each deserve their own syn-
thetic explanation. First, cells maintained without/with 5 lM drug for
48 hrs and then submitted to the Annexin-V/PI assay showed that
nearly 40% of the treated population underwent apoptosis (Fig. 4A,
top). Second, companion cultures that were immunostained with
MIB-1 [23] to evaluate the in vitro growth fraction showed a marked
decrease in nuclear positivity in drug-treated compared to control cell
cultures (Fig. 4A, bottom). Third, treated cultures also underwent a
drop in the number of attached cells that became thinner and longer
than the control cells, and displayed dendritic-like elongations that
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Fig. 2 Biological effects of (S)-8 and (R)-8 on A375 cells. (A) Growth curves: A375 melanoma cells were seeded in 6-well plates (105 cell/well) and

allowed to attach overnight. The day after increasing concentrations (0–2.5–5 lM) of drugs were added and incubated up to 3 days. Viable cells

(trypan blue-negative) were counted daily with the aid of a B€urker chamber and reported as results of a typical experiment out of three. (B) For cell
cycle analysis companion cultures were incubated for 24 hrs without/with 2.5–5 lM (S)-8 or (R)-8, then cells were detached and incubated for

30 min. with a PI solution to assess by flow cytometry the percentage of PI-stained cells in different cycle phases. (C) Cells were treated as above

and then processed by Western blot and immunostained for ppRB/pRB and p21; a-tubulin was used as the loading controls.
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are typical of the normal melanocytic phenotype (Fig. 4B, top).
Fourth, A375 cells treated as above synthesized and stored both neu-
tral lipids (Fig. 4B, bottom) and melanin (Fig. 4C) thus revealing the
pro-differentiative activity of (S)-8. And finally, growth arrest of (S)-8-
treated A375 cells was not strictly dependent on the steady presence
of the drug. This assumption derived from results of clonogenic
assays during which cells were initially grown without/with 5 lM
drug for 1 or 2 days, then detached and re-plated into new 10-mm
dishes (300 cell/dish) kept for an additional week in drug-free media.
The number of colonies in the dishes decreased progressively as a
function of pre-treatment thus suggesting that (S)-8 was capable of
committing cells to growth arrest or senescence (Fig. 4D).

(S)-8 reduces motility, invasiveness, migration
and pro-angiogenic potential of A375 cells

Results of the wound-healing assay in vitro showed that in
untreated cultures the wounded area was fully refilled within

24 hrs, while in drug-treated cultures this process was delayed
in a dose-dependent manner (Fig. 5A). Indeed, drug-induced inhi-
bition of HDAC6 led to increased levels of acetyl-a-tubulin that is
present in stable microtubules but is absent from dynamic cellu-
lar structures [30].

Moreover, MMPs released in culture by A375 cells were also
assayed because of their crucial role in tissue degradation and cell
spreading during the metastatic process [31–33]. Conditioned med-
ium of untreated/treated cultures was submitted to gelatin zymogra-
phy and showed that, upon treatment, activity MMP-2 underwent a
dose-dependent decrease (Fig. 5B, right) and this was in keeping with
the significant reduction in MMP-2 mRNA levels (Fig. 5B, left). In
addition, the expression of MMPs tissue inhibitors such as TIMP-1
and TIMP-2 - known to exert anti-metastatic effects by opposing the
activity of MMP-2 and other MMPs [34, 35] - was strikingly up-regu-
lated after a 24 hrs treatment (Fig. 5C). At the same time, there was a
marked drug-induced down-regulation of VEGF-A and its receptor
VEGF-R2 (Fig. 5D), indicating a significant decrease in A375
pro-angiogenic potential.
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F

Fig. 3 (S)-8 induces apoptosis in A375 cells. (A) A375 cells were incubated for the indicated time-points with increasing amounts of (S)-8 (0–2.5–
5 lM). Cell extracts were subjected to Western blot analysis and immunodetection for PARP and its cleaved fragment; a-tubulin was used as the

loading control. (B) Cells were pre-incubated for 2 hrs with Z-VAD-fmk (30 lM) or NAC (15 mM) and then maintained without/with 5 lM (S)-8 for
additional 24 hrs. Cell extracts were analysed by Western immunoblot for the cleaved fragment of both PARP and caspase 9; a-tubulin was used as

the reference protein. (C) A375 cells were incubated for the indicated time-points with increasing amounts of (S)-8 (0, 2.5, 5 lM). Whole-cell

extracts were subjected to Western immunoblot to determine pre-caspase 8, cleaved caspase 9 fragment, and (D) pAKT, AKT and BAD; a-tubulin
and GAPDH, respectively, were used as the loading controls. (E) Treatment of A375 cells for 24 hrs with (S)-8 led to a dose-dependent mitochon-
drial transmembrane potential (DΨ) dissipation as determined by the decrease in red/green fluorescence JC-1 ratio. Values have been normalized by

using the control signal (only DMSO) as an arbitrary value of 100%. Each bar is the mean of three independent experiments. (F) Aliquots of cyto-

solic extracts from either untreated or treated cells were analysed by Western immunoblot to reveal the drug-induced release of mitochondrial cyto-

chrome c; a-tubulin was used as the reference protein.
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(S)-8 prompts growth arrest and apoptosis in
different melanoma cell lines but not in normal
PIG1 melanocytes and it is safe to normal mice
in vivo

Anticancer properties of (S)-8, in terms of growth arrest and apopto-
sis as reported for A375 cells were also assessed in two other meta-
static melanoma cell lines, namely Hs-294T and MeWo by using
normal immortalized PIG1 melanocytes as control. The treatment with
5 lM drug led to a significant decrease in cell viability (Fig. 6A) and

a clear increase in PARP cleaved fragment (Fig. 6B) in all the
melanoma cell lines, while it was virtually ineffective in normal PIG1
melanocytes.

Moreover, acute toxicity experiments in vivo were performed by
using normal CD-1 mice as the model. Animals were injected i.p. with
increasing amounts of (S)-8 dissolved in 0.1 ml DMSO and killed a
week later (see Materials and Methods). The mice displayed an
increase in weight and good survival rates within the time of the
experiment regardless of the dosage (Fig. 6C, top panel). Moreover,
histology of liver, bone marrow, kidney and spleen specimens from
mice receiving either the vehicle or the higher (S)-8 dosage (145 mg/

A C

B D

Fig. 4 (S)-8 activates multiple pathways in melanoma A375 cells. (A, top) A375 cells were seeded in 6-well plates (105 cell/well) and allowed to

attach overnight. The next day cultures were added without/with 5 lM (S)-8 for 48 hrs and then detached and incubated with Annexin-V-Fluos in a

HEPES buffer containing PI for 15 min.; the number of apoptotic cells were measured by flow cytometry (FACScan equipment). (A, bottom) Com-

panion cultures were also immunostained with MIB-1 to determine variations of cell proliferation in treated versus untreated cells. (B, top) Phase
contrast pictures (magnification 9200) of cultures treated as above showed that (S)-8 caused significant changes in cell density and morphology.

(B, bottom) Microscopic visualization of the effects of (S)-8 on accumulation of neutral lipid droplets in A375 cells after fixation and staining with a

solution of Oil-Red-Oil (ORO) (magnification 9200). (C) Total melanin content in A375 melanoma cells were assessed spectrophotometrically follow-

ing 48 hrs treatment with 5 lM (S)-8 (see Materials and Methods) and expressed as absorbance values at 475 nm/105 cells; each column repre-
sents the mean � SD of three separate determinations. (D) For clonogenic assay A375 cells were seeded in 6-well plates (105 cell/well) and

allowed to attach overnight. The day after cultures were pre-treated without/with 5 lM (S)-8 for 24–48 hrs. After detachment and counting with a

B€urker chamber, viable cells (3 9 102) were re-plated into new 100-mm dishes and kept with the drug-free medium for additional 7 days, when
monolayers were washed and stained with Giemsa to count the number of colonies.
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Kg) showed no drug-related tissue alteration such as cell loss, necro-
tic areas or other signs of acute toxicity as compared to controls
(Fig. 6C, bottom panel).

(S)-8 triggers apoptosis in A375 cells by
dissociating the HDAC6-PP1 complex and
releasing the active phosphatase

Having established that (S)-8 induced growth arrest and apoptosis by
inhibiting the pro-survival AKT pathway, it became important to iden-
tify the upstream molecule/s through which these events could be
mediated. Mechanistically, AKT dephosphorylation may occur by the
deactivation of upstream kinases or activation of downstream phos-
phatases such as PP1 and PP2A accounting for more than 90% of
serine/threonine phosphatase activity in mammalian cells [36]. The

roles of the two phosphatases in drug-mediated AKT dephosphoryla-
tion in A375 cells was investigated by treating cultures with (S)-8
given alone or in combination with chemical inhibitors of PP1 or
PP2A such as Calyculin A (CA) or Okadaic Acid (OA), respectively. CA
prompted a drug-independent decrease in PP1 levels as the result,
conceivably, of enhanced degradation of the inhibited phosphatase
[37], while OA did not alter the PP2A protein profile relative to control.
Furthermore, CA caused a marked increase in pAKT levels and abro-
gated the drug-induced dephosphorylation of AKT. On the other hand,
OA was ineffective, and this indicated that PP1 and not PP2A was the
phosphatase directly responsible for dephosphorylation of AKT and
the blockage of its downstream pro-survival signalling. Moreover, CA,
but not OA, (i) abolished the drug-mediated cleavage of both PARP
and caspase 9 thus contrasting the apoptotic process; (ii) maintained
the hyperphosphorylated status of RB and down-regulated p21 pro-
tein, being these two events that favour rather than oppose cancer

A

B

C D

Fig. 5 (S)-8 decreases motility, invasive-

ness, migration and angiogenic potential
of A375 cells in vitro. (A) (S)-8 inhibited

A375 cell motility. Confluent cultures were

‘wounded’ with the aid of a sterile plastic
tip and maintained without/with increasing

amounts of drug for 24 hrs. A phase-con-

trast microscopy was used to take pic-

tures of the monolayers (magnification
9100). (B, left) Aliquots of conditioned

media from A375 cultures incubated with-

out/with increasing amounts of (S)-8 for

24 hrs in the absence of FCS were sub-
mitted to gelatin zymography and then to

densitometric analysis to quantify MMP-2

activity that was reported as% of control.
(B, right, C and D) MMP-2, TIMP-1,

TIMP-2, VEGF-A and VEGF-R2 mRNA lev-

els, from A375 cells treated without/with

2.5–5 lM (S)-8 for 24 hrs were assessed
by quantitative real-time PCR

(***P ≤ 0.001).
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cell growth and, lastly, (iii) decreased acetylated levels of histones
H3/H4 and a-tubulin (Fig. 7A).

Also, the CA-mediated effects in A375 cells treated without/with
either (S)-8 or TSA have been comparatively examined on the same
blot and showed that the chemically-induced inhibition of PP1 activity
was capable of abrogating pro-apoptotic potential of both hydroxamic
HDACis (Fig. 7B).

In addition, PPP1R2 plasmid-transfected cells - where PP1 activ-
ity was partly reduced because of the overexpression of its inhibitor
I-2 [26] - became more resistant to drug-induced: pAKT dephosphor-
ylation, the cleavage of caspase 9 and increase in p21 (Fig. 7C).
Furthermore, the affinity-precipitation of PP1 with microcystin-LR-
Sepharose from cell extracts of cultures treated without/with 5 lM
(S)-8 for 24 hrs showed that the PP1 signal was comparable regard-
less of the treatment. Instead, the amount of HDAC6 co-precipitated
with PP1 was significantly lower in treated versus untreated cells and
this might be because of the drug-induced dissociation of cytosolic

HDAC6-PP1 complex (Fig. 7D). Finally, the use of siRNA towards
HDAC6 was effective in silencing the expression of the deacetylase
and, consequently, of its protein signal, and also in dephosphorylating
AKT as it occurred in (S)-8-treated cells (Fig. 7E).

Discussion

The anticancer properties of the new HDACi (S)-8 towards highly met-
astatic human melanoma A375 cells have been thoroughly described
in the previous section. In brief, we reported the multifaceted
response of melanoma cells to the drug including cell cycle arrest,
differentiation and caspase-dependent-apoptosis that occur at low
micromolar dosages and within relatively short times, whereas nor-
mal melanocytes are virtually unaffected. Also, (S)-8 is safe to normal
mice in vivo up to very high dosages as we reported for hydroxamic-
based analogue (S)-2 that, instead of undergoing degradation upon ip
injection, was capable of reaching the tumor masses on the flanks of
immuno-suppressed mice xenografted with prostate cancer cells and
contrasting tumor growth [15]. Such a low toxic profile and stability
of our BDZ-hybrids is particularly important from a translational point
of view as the effectiveness of a given HDACi - in terms of concentra-
tion needed to exert a valuable therapeutic anticancer activity - must
always cope with its potential toxicity to normal tissues.

Mechanistically, (S)-8 acts by dissociating the cytosolic HDAC6-
PP1 complex and allowing the release of PP1 that dephosphorylates
AKT thus inhibiting its downstream pro-survival pathway. This mech-
anism of action was partly well described by Brush et al. [36] who
reported the effect of the TSA on the stability of the cytosolic com-
plexes between some HDACs and PP1, paying special attention to the

A

B

C

Fig. 6 In vitro effects of (S)-8 in different melanoma cell lines versus

normal human PIG1 melanocytes; and acute toxicity experiments in

vivo. (A) Viability and growth rates were determined in quadruplicate
with the aid of the Roche WST-1 proliferation assay according to manu-

facturer’s instructions. Cells from different melanoma established lines

(A375, Hs-294T and MeWo) and normal human melanocyte cell line

(PIG1) were treated without/with 5 lM (S)-8 for 24 hrs, and then incu-
bated with WST-1 in a phenol red-free medium; absorbance values of

media were measured at 450 nm after 3 hrs of incubation. (B) Samples

of companion cultures were analysed by Western blot and immuno-

stained for the cleaved PARP fragment taken as an apoptotic marker.
(C) (S)-8 was apparently no toxic to normal CD-1 mice used as the in

vivo model for acute toxicity experiments. Animals have been injected

i.p. once with increasing drug amounts dissolved in 0.1 ml DMSO and
killed after a week (see Materials and Methods). All the mice displayed

an increase in weight and excellent survival rates all through the experi-

ment regardless of the dosage (top panel). Consecutive 2.5–5 lm sec-

tions of samples from liver, bone marrow, kidney and spleen were
processed as reported before [14], stained with Haematoxylin/Eosin and

examined under a bright field microscope (Nikon Eclipse, mod. 50i)

equipped with a digital camera (DS-5M USB2; Nikon Instruments). Pic-

tures (magnification: 9200) reported here concern the histology of
organs explanted from mice treated with the higher drug dosage, i.e.

~145 mg/kg, corresponding to about 4.4 mg/mouse (bottom panel).
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HDAC6-PP1 complex. Indeed, this complex is the one sensitively tar-
geted by (S)-8 in A375 cells. Furthermore, Chen et al. [38] showed
that anticancer effects of HDACis in different tumour cell models clo-
sely depend on their ability to dissociate cytosolic HDAC-PP1 com-
plexes and permit the free active PP1 to inhibit the AKT downstream
signal.

In addition, chemical and biological properties of the three
hydroxamic-based HDACis, namely TSA, SAHA and (S)-8, deserve a
brief comment. TSA is a very active pan-deacetylase inhibitor causing
the disruption of HDAC-PP1 complexes in vitro as we described to
occur in (S)-8-treated A375 cells. Action mechanisms appear to be
the same for both compounds but (S)-8, although less potent, is defi-
nitely more attractive than TSA for in vivo use. Regarding SAHA and
(S)-8, these compounds carry the same suberoyl chain ending with
an hydroxamic moiety such as the zinc-chelating group but differ in
the cap. SAHA has a small achiral hydrophilic anilido group, while in
(S)-8 there is a bulky lipophilic phenyl-1,4-benzodiazepine ring con-

taining a chiral centre in position 3, which is important for activity
[14, 16]. These structural differences may explain why the two HDA-
Cis display distinct pro-apoptotic mechanisms in solid cancer models:
SAHA-mediated effects depend mainly on accumulation of ROS and
are counteracted by antioxidants [39, 40], while effects of (S)-8 rely
on activation of caspase cascade and hence are contrasted by pan-
caspase inhibitors.

The results reported herein concern the activities of the novel
HDACi (S)-8 used alone, and we are well aware that its full anticancer
potential in the clinic may derive from combination therapy with either
standard or new antineoplastic agents [10, 41]. In fact, to overcome
the resistance of BRAF(V600E) melanoma A375 cells to MAPK inhibi-
tors, the combined use of MAPK and histone deacetylase inhibitors
has recently been proposed [42]. In this context, it could be intriguing
to verify whether (S)-8, that targets the HDAC6-PP1 complex
and down-regulates the AKT pathway, could also synergize with
RAF–MEK inhibitors and enhance their effects in A375 cells.

A

B

C

D

E

Fig. 7 The mechanisms of action of (S)-8 in A375 cells. (A) Cells were pre-incubated for 2 hrs with either 50 nM Calyculin A (CA) or 25 nM Okadaic
Acid (OA) and then maintained without/with 5 lM (S)-8 for additional 24 hrs. Cell extracts were analysed by Western immunoblot for PP1, PP2A,

pAKT, AKT, cleaved PARP, cleaved caspase 9, ppRB/pRB, p21, acetyl-a-tubulin, acetyl-H3 and acetyl-H4; GAPDH was used as loading control. (B)
Cells were pre-incubated for 2 hrs with either 50 nM CA and then maintained without/with either 5 lM (S)-8 or 0.5 lM TSA for additional 24 hrs.

Cell extracts were analysed by Western immunoblot for the cleaved PARP fragment by using GAPDH as the reference protein. (C) A375-transfected
cells with plasmid PPP1R2 pcDNA4/TO/myc-His A were incubated without/with 5 lM (S)-8 for 24 hrs and cell extracts were submitted to Western

blot analysis and immunodetection for His, pAKT, cleaved caspase 9 and p21; GAPDH was used as loading control. (D) A375 cells were treated

without/with 5 lM drug for 24 hrs. Aliquots of cell lysates were incubated with a microcystin-LR-Sepharose suspension for affinity precipitation

(AP) of PP1-containing complexes which were then analysed by Western immunoblot for PP1 and HDAC6 content. (E) A375 cells were treated with-
out/with 5 lM (S)-8 for 24 hrs or transfected with HDAC6-specific and scrambled siRNA for 48 hrs. Cell lysates were immunoblotted to detect

HDAC6, acetyl-a-tubulin and pAKT; GAPDH was used as loading control.
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Overall, our findings have proven the powerful cytostatic, differen-
tiative and pro-apoptotic properties of (S)-8 in highly metastatic
human melanoma cells and its safety in normal mice, thus pointing to
this drug as an attractive translational tool in support of current ther-
apy for this very aggressive malignancy.
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