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Inhibitors of histone deacetylase (HDAC) restore
the p53 pathway in neuroblastoma cells

F Condorelli, I Gnemmi, A Vallario, AA Genazzani and PL Canonico

DiSCAFF&DFB Center, Universitd del Piemonte Orientale, Novara, Italy

Background and purpose: Inhibitors of histone deacetylase (HDAC) are emerging as a promising class of anti-cancer drugs,
but a generic deregulation of transcription in neoplastic cells cannot fully explain their therapeutic effects. In this study we
evaluated alternative molecular mechanisms by which HDAC inhibitors could affect neuroblastoma viability.

Experimental approach: Effects of HDAC inhibitors on survival of the I-type SK-N-BE and the N-type NB SH-SY5Y
neuroblastoma cell lines were assessed by the MTT assay. Molecular pathways leading to this were examined by western blot,
confocal microscopy and cytofluorometry. The mRNA levels of apoptotic mediators were assessed semi-quantitatively by
RT-PCR. Tumour-suppressor p53 trans activity was assessed in EMSA experiments. HDAC inhibitors were also studied in cells
subjected to plasmid-based p53 interference (p53i).

Key results: HDAC inhibitors induced cell death via the mitochondrial pathway of apoptosis with recruitment of Bcl-2 family
members. Bcl-2 overexpression rendered neuroblastoma cells resistant to HDAC inhibitor treatment. Low concentrations of
HDAC inhibitors (0.9 mM) caused a G, cell-cycle arrest and a marked upregulation of the p21/Waf1/Cip1 protein. HDAC
inhibitors also activate the p53 protein via hyper-acetylation and nuclear re-localization, without affecting its protein
expression. Accordingly, HDAC inhibitor-induced cell-killing and p21/Waf1/Cip1 upregulation is impaired in p53i-cells.
Conclusions and implications: In neuroblastoma cells, HDAC inhibitors may overcome the resistance to classical
chemotherapeutic drugs by restoring the p53 tumour-repressor function via its hyper-acetylation and nuclear migration,
events usually impaired in such tumours. In neuroblastoma cells, HDAC inhibitors are not able to induce p21/Waf1/Cip1 in the
absence of a functional p53.
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Introduction

It is well established that tumour cells may acquire resistance
to chemotherapeutic drugs through a variety of mechanisms,
most of them implying an altered apoptotic programme (Lowe
et al., 1993). Induction of apoptosis is in fact one of the
mechanisms by which many ‘new generation’ anticancer
therapies achieve their therapeutic effects (Barry et al., 1990;
Sen and D’Incalci, 1992).

The main cellular molecules involved in this mechanism
include overexpression of anti-apoptotic proteins such as
B-cell chronic lymphocytic leukemia (CLL)/lymphoma 2
protein (Bcl-2) (Reed et al., 1991), silencing of inducers of
apoptosis apoptotic peptidase activating factor-1(APAF-1)
(Soengas et al.,, 2001) and mutations of the p53 protein
(Lowe et al., 1993).
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In this regard, human neuroblastoma, the second most
common solid tumour of childhood, exhibits a clinically and
biologically heterogeneous behaviour, in part attributed to
differential regulation of apoptosis and p53 response
(Nicholson, 2000). For example, highly malignant and invasive
neuroblastoma cell lines (N-type) were found resistant to
apoptosis mediated by ligands of the cell-death family (such
as TRAIL) by downregulating the expression of the initiator
caspase-8 via gene hypermethylation and/or allelic deletion
(Hopkins-Donaldson et al., 2000). In the same cell model,
the activities of caspases can be inhibited further by
inhibitors of apoptosis proteins, such as the X-linked
inhibitors of apoptosis proteins (Igney and Krammer, 2002)
and survivin (Adida et al., 1998) that, once overexpressed,
prevent cell death by interacting with the apoptosome or
effector caspases (caspase-3/7).

On the other hand, also the ‘intrinsic’ pathway of
apoptosis, which relies on the activation of Bcl-2 family
members with pro- and antiapoptotic regulatory functions,
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may be disrupted in neuroblastoma cells by means of Bcl-2
overexpression (Fulda and Debatin, 2003).

pS53 activation is found altered in neuroblastoma yet,
unlike other tumour types, nearly all human neuroblastomas
carry the wild-type (wt) p53 gene (Komuro et al., 1993; Vogan
etal., 1993) and wt p53 protein is expressed in many of the cell
lines derived from neuroblastomas (Davidoff et al., 1992). On
the other hand, in neuroblastomas, p53 protein is found to be
restricted primarily to the cytoplasmic compartment (Moll
et al., 1995). This suggests that the p53-mediated response in
neuroblastoma cells is impaired because of an unknown
cytoplasmic sequestration mechanism that prevents its trans-
location into the nucleus (Moll et al., 1995).

As deregulation of the p53 pathway in cell lines and in
patient samples following chemotherapy is quite common
and may contribute to drug resistance (Tweddle et al., 2001),
existing antitumour therapy needs to be reinforced by the
use of compounds able to bypass such impairment. In light
of this, pharmacological inhibitors of histone deacetylase
(HDAC) represent a new class of drugs, which allow a different
therapeutic approach to cancer. Indeed, the local remodelling
of chromatin and dynamic changes in the nucleosomal
packaging, via acetylation/de-acetylation of core histone
protein, play pivotal role in the regulation of accessibility to
chromosomal DNA, and therefore on transcription. Among
the most important regulators of such phenomena are specific
enzymes that regulate N-terminal acetylation of lysine residues
on H3 and H4 histones (Legube and Trouche, 2003), the
histone acetyltransferases (HATs) and HDACs. These enzymes
can be recruited to modify specific genes in complexes by
sequence-specific transcription factors.

Valproic acid (VPA), widely used for the treatment of
epilepsy and mood disorders (Bowden, 2003), is a short-
chain fatty acid capable of eliciting numerous cellular
responses such as deregulation of transcription. Indeed,
beyond its therapeutic effect in neurological disorders, VPA
was known to induce birth defects, when administered
during pregnancy, such as incomplete neural tube closure
and other malformations. Notably, valpromide (VPM), a
closely related analogue, did not share this effect, leading to
the proposal that HDAC inhibition could have important
clinical potential (Phiel et al., 2001; Bowden, 2003). The
ability of VPA to inhibit HDACs directly has been confirmed,
and this compound displays an ICs, in the high micromolar
range, compatible with its therapeutic efficacy (Gottlicher
et al., 2001; Phiel et al., 2001).

Accordingly, VPA and the chemically related butyrate,
both short-chain fatty acids, are emerging as critical
regulators of cell growth, differentiation and apoptotic
programmes in light of their ability to modulate gene
transcription via regulation of histone acetylation (Heerdt
et al., 1994; Mariadason et al., 1997; Gurvich et al., 2004).
Concurrent with this effect on DNA packaging, a second
mechanism by which HDACs may regulate gene expression
is by regulating the acetylation of transcription factors
(including p53, E2F and Sp3) whose de-acetylation has been
linked to reduced DNA binding or transcriptional activity
(Gu and Roeder, 1997; Marzio et al., 2000; Ammanamanchi
et al., 2003). Furthermore, protein acetylation is emerging
as a post-transcriptional modification determining the
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regulation of several signal-transduction pathways (Glozak
et al., 2005). As a proof of their more general activity, it
has been shown that HDAC inhibitors may activate the
‘intrinsic’ apoptosis via hyper-acetylation of Ku70 cytosolic
protein, thus disrupting its binding to the pro-apoptotic
Bcl-2 analogue, Bcl-2-X antagonist of cell death protein
(BAX), and enabling its relocation to the mitochondria
(Subramanian et al., 2005).

In the present paper, we have assessed the effects of
butyrate and VPA treatment on neuroblastoma HDACs:,
intending to link their biochemical function to the biological
effects. We used SH-SYSY and SK-N-BE human neuro-
blastoma cell lines, representative of neuronal (I)-, more
aggressive and intermediate (N)-histotype, which differ in
terms of morphology, lineage differentiation and biological
behaviour. We now report that butyrate and VPA, but not
VPM, inhibit HDACs in a dose-dependent manner and this
inhibition occurs at concentrations compatible with their
clinical use. Treatment of cells with therapeutic concentra-
tions of butyrate and VPA (0.9 mM) induced an increase of
functional p21/Wafl/Cipl cyclin-dependent kinase inhibi-
tors, whereas higher concentrations (3mM) induced an
activation of the mitochondrial pathway of apoptosis via
BAX, NOXA (phorbol-12-myristate-13-acetate-induced protein 1)
and «PUMA (alpha p53-upregulated modulator of apoptosis)
recruitment and Bcl-2 downregulation. Interestingly, either
‘low’ (0.9mM) or ‘high’ (3mM) concentrations of HDAC
inhibitor were able to induce activation of the p53 pathway
that preceded all the described molecular and biological
events. Although no sign of p53 upregulation was detected,
both butyrate and VPA, even at 0.3 mM concentration, were
able to preserve acetylation of p53 on lysine residues 373
and 382, which is thought to stabilize p53 in its active
conformation.

Materials and methods

Cell lines

The N-type neuroblastoma cell line SK-N-BE and the I-type
neuroblastoma cell line SH-SYSY (Ciccarone et al., 1989)
were obtained from American Type Culture Collection (LGC
Promochem, Teddington, UK) and cultured in 50% Dulbecco’s
modified Eagle’s medium (DMEM) and 50% F-12 supplemented
with 10% fetal bovine serum, 2mM L-glutamine, penicillin
(100 ugml~') and streptomycin (100 ugml™'). The 293-derived
PHOENIX packaging cells (kind gift of GP Nolan, Stanford
University) were maintained in DMEM supplemented with 10%
heat-inactivated FBS and 2 mM L-glutamine.

Retroviral preparation and infection

To overexpress Bcl-2 in neuroblastoma cells, the retroviral
vector pLXSN (carrying the neomycin-resistance cassette)
containing its cDNA was used (Cirinna et al., 2000). pLXSN-
hbcl-2 was transfected in PHOENIX packaging cells by the
calcium phosphate technique (Mammalian Profection Kit;
Promega, Milan, Italy). Immediately before transfection,
cells were treated with 25uM chloroquine to increase
transfection efficiency. At 12h post-transfection, DMEM



was replaced with new medium, and cells were grown for
an additional 24h. Supernatants were collected, filtered
through 0.45-um-pore-size filters and supplemented with
4 ugml~! of polybrene just before the spin-infection procedure.
Briefly, neuroblastoma cell lines (2 x 10°cellsml~!) were
treated with the virus-containing medium, plated in six-well
plates, and centrifuged for 45min at 600g in a 32°C
prewarmed centrifuge. Cells were then incubated for 4h at
32°C, followed by a second cycle of centrifugation and
incubation with fresh virus-containing medium as described
above. At the end of the second cycle, the infectious super-
natant was replaced with 50% DMEM and 50% F-12 medium
and cells were incubated overnight at 37 °C. The following day,
after a third cycle of centrifugation and incubation with fresh
infectious supernatant, cells were cultured in regular medium
for 16h and plated in the presence of neomycin for pLXSN-
hbcl-2 (2pgml™"); colonies were then expanded to generate
cell clones stably expressing hbcl-2.

Western blotting

Whole-cell extracts were obtained in a 1% Triton X-100 lysis
buffer (10mM Tris (pH 7.5), 150 mM NacCl, SmM EDTA (pH
8.0), supplemented with 1mM phenylmethylsulphonyl
fluoride, 0.2 M sodium orthovanadate, 0.2 M sodium fluoride
and 1x protease inhibitor cocktail (Complete; Roche
Applied Science, Indianapolis, IN, USA). Western blotting
was performed using anti-BAD (sc-7869), BID (sc-6538), Bcl-2
(sc-492), Bcl-2 X analogue (Bcl-X;) (sc-7195), BAX (sc-493),
p21 (sc-397), p27 (sc-528), aPUMA (sc-19187) (Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA); anti-cytochrome ¢
(cat. no. 556433) and anti-caspase 3 (cat. no. 51-9000064) (BD
Biosciences, Milan, Italy); anti-p actin (clone AC-74) (Sigma-
Aldrich Inc., Milan, Italy); anti-NOXA (IMG-349) (Imgenex
Corp., San Diego, CA, USA); anti-p53 (2524) (Cell Signaling
Technology Inc., Danvers, MA, USA); acetyl-p53 Lys372-382
(06-758) (Upstate Biotechnology, Lake Placid, NY, USA); GAP-43
(clone 7B10) (Invitrogen, Milan, Italy); BTublll (MMS-435P)
(Covance Inc., UK), all in tris-buffered saline (TBS) containing
2-5% non-fat milk and 0.1% Tween-20 for 1-2h at room
temperature. Samples were loaded on a polyacrylamide-sodium
dodecyl sulphate gel for electrophoresis. For experiments on
histone acetylation, acid extraction of proteins was performed
from VPA, VPM or butyrate-treated SH-SYSY or SK-N-BE cells on
16% polyacrylamide-sodium dodecyl sulphate electrophoresis
gel and blotted with an anti-acetyl-H3 (06-599) antibody
(Upstate Biotechnology). After washing, blots were stained with
appropriate horseradish peroxidase-conjugated secondary anti-
body (GE Healthcare Ltd., Little chalfont, UK) and bands were
visualized using enhanced chemiluminescence of SuperSignal
West Pico reagents (Pierce Biotech, Rockford, IL, USA). The
western blots were captured with Fluor-S Multilmager and
Quantity One Software (Bio-Rad Inc., Milan, Italy) was used to
analyse all the blots.

Mitochondrial subcellular fractions

Subcellular fractionations were obtained by lysing cells in
buffer A (20mM HEPES pH 7.6, 10mM KCI, 1.5mM MgCl,,
0.1mM EGTA pH 8.0, 0.1mM EDTA, 1mM dithiothreitol
(DTT) and 250 mM sucrose) supplemented with a cocktail of
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protease inhibitors (Complete; Roche Applied Science), 1 mm
phenylmethylsulphonyl fluoride, phosphatase inhibitors
(0.2mM sodium orthovanadate, 1 mM sodium fluoride) and
homogenized (20 strokes through a G25-gauge syringe).
Samples were centrifuged twice (750 for 5min) to remove
nuclei and unlysed cells, and centrifuged again (10000 g for
10min) to obtain the heavy membrane (HM) fraction
(pellet). The supernatant was centrifuged at 150000¢ for
1.5 h to obtain the cytosolic fraction. The HM fractions were
solubilized in a solution containing 1% Triton X-100, 10 mM
Tris-HCI (pH 7.4), 150 mM NaCl, 5mM EDTA, supplemented
as previously described and incubated on ice for 30 min.

Nuclear subcellular fractions

Cells were grown in 90-mm dishes, cultured and treated as
described. To prepare the nuclear extracts, the cells were
washed with cold phosphate-buffered saline (PBS) twice, and
detached from plates by adding 1ml of detachment buffer
(150 mMm NaCl, 1mmMm EDTA, pH 8.0, 40 mM Tris, pH 7.6) for
Smin at room temperature. The cells were then transferred
to microcentrifuge tubes and centrifuged at 300 g for 4 min at
4°C. The supernatant was discarded, and the pellet was
resuspended in 400 ul of cold buffer A (10 mM HEPES, pH 7.9,
10mM KCl, 0.1 mM EDTA, 1 mM DTT, 0.5 mM phenylmethyl-
sulphonyl fluoride, supplemented with phosphatase and
protease inhibitors) and incubated on ice for 15 min. Nuclei
were pelleted by centrifuging at 2800 ¢ for 4 min at 4 °C and
then resuspended in 50 mM HEPES, pH 7.9, 0.4 M NaCl, 1 mM
EDTA and 1mM DTT, supplemented with phosphatase and
protease inhibitors. The mixture was shaken vigorously for
15min at 4°C, centrifuged at 15000¢ for Smin and the
supernatant was collected. The protein concentration was
determined by the Bradford assay.

Cytochrome c and p53 immuno-localization

Cells were grown on 18 mm coverslips (Fisher Scientific,
Houston, TX, USA) and incubated at 37 °C, in the presence of
specified VPA and butyrate concentrations. Cells were fixed
in PBS containing 4% paraformaldehyde for 15 min at room
temperature, washed with PBS and then permeabilized in
PBS containing 0.2% Triton X-100 for 5Smin. Cells were
washed and then incubated with 1:500 dilution of anti-
cytochrome c¢ (cat. no. 556432, BD, Milano, Italy) or with
1:250 dilution of p53 (Cell Signalling Technology Inc.)
antibody in PBS for 1h at 37°C. After washing, cells were
stained with 1:250 dilution of AlexaFluor488-conjugated
donkey anti-mouse-IgG (Molecular Probes, Eugene, OR, USA)
in PBS for 1h at 37 °C. Then the coverslips were inverted and
adhered to the glass slides using a mounting solution
(DakoCytomation, Carpinteria, CA, USA). Images from fluor-
escence patterns of the cells were obtained using a Leika
TCS-SP2 microscope (Leika, Milano, Italy), and processed as one-
color images with Adobe Photoshop software (Mountain View,
CA, USA). Black and white conversion is displayed in figures.

Apoptotic nuclei staining
For confocal-microscopy analysis of DNA integrity,
neuroblastoma cell lines were plated on 12-mm glass
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coverslips and maintained for proper length of time with
different butyrate and VPA concentrations. DRAQS (Biostatus
Ltd., Leicestershire, UK) DNA dye was used for nuclear
staining of living cells as apoptotic marker. Briefly, the dye
was added to cultured cells at 10 uM for 5 min followed by
fixation in a 3.7% PBS/paratormaldehyde for 10 min at room
temperature. Cells were washed twice with PBS, and
mounted onto coverslip to be visualized with a confocal
microscopy (He-Ne laser UV 633 nm), described elsewhere.

Measurement of diploid DNA content by flow cytometry

Cells were collected by using trypsinization. Measurement of
DNA content was conducted after synchronization of cells in
Go/G1 phase in 0.5% fetal calf serum-containing media for
16h. Following incubation of cells in labelling solution
(50 ug ml~* propidium iodide in PBS containing 0.2% Triton
X-100 and 10pg ml~! RNAse A) for 30min, data were
collected and analysed by using a fluorescence-activated cell
sorter Vantage DIVA cytometer equipped with CELLQUEST
software (BD Biosciences).

Thiazolyl blue tetrazolium bromide assay

Experiments were performed in Locke solution (134 mM
NaCl, 5mMm KCl, 4mM NaHCOj;, 10mM HEPES (pH 7.6),
2.3mM CaCl,, 1mM MgCl,, SmM sucrose) with a final
thiazolyl blue tetrazolium bromide (MTT) concentration
of 250pugml ™. In brief, cells were washed twice in Locke
solution and then grown for 1 h with MTT at 37 °C. Reactions
were then stopped and the crystals were solubilized in
isopropyl alcohol/HCl before being read at 570nm in a
spectrophotometer.

Electrophoretic mobility shift assay
For DNA-binding assays, 2pug of nuclear protein extracts
(described in ‘Nuclear subcellular fraction’ section) from
control and treated cells were incubated with 5ng of the pS3
consensus binding oligonucleotide, 5-TACAGAACATGTC
TAAGCATGCTG-3, which was labelled with [*’PJATP (NEN
Inc., Milan, Italy). The binding reaction was carried out in
20 ul of DNA-binding buffer (20 mM Tris (pH 7.5), 50 mM KCl,
5mM MgCl,, 1mM DTT, 0.5 mM EDTA, 10% glycerol, 0.5 mg
of bovine serum albumin and 100ng of poly(dA) - poly(dT)
as nonspecific competitor DNA). Where indicated, 100 ng
(20-fold excess) of specific unlabelled oligonucleotide was
included in the reaction as a control for specificity. Cold
probe was added to the reactions 20 min before the [**P|ATP-
labelled probe. After incubation at room temperature for
another 30 min, the reactions were resolved on a 6% native
polyacrylamide gel in 0.5 x TBE buffer (44.5mM Tris base,
44.5 mM boric acid and 1 mMm EDTA, pH 8.3) and run at 4°C
for 2h, followed by autoradiography.

RT-PCR analysis of mRNA levels of p21, p27 and Bcl-2 family
members

For reverse transcriptase (RT-PCR) analysis, 1 mg of total RNA
was used as template for first-strand cDNA synthesis. PCR
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conditions and primers were as follows. Bcl-2: 363-bp
amplified product, 24 cycles, annealing temperature of
58°C, 2.25mM MgCl,, forward: S-acttcgccgagatgtccage-3,
reverse: S-tgtggcccagataggcacc-3; BAX: 308-bp amplified
product, 24 cycles, annealing temperature of 58°C,
2.25 mM MgCl,, forward: 5-accaagaagctgagcgagtg-3, reverse:
S-acaaagatggtcacggtctge-3; NOXA: 240-bp amplified pro-
duct, 30 cycles, annealing temperature of 54°C, 2.25mM
MgCl,, forward: 5-GCAAGAACGCTCAACCGA-3, reverse:
S-TCAGATTCAGAAGTTTCTGC-3; «PUMA: 135-bp amplified
product, 24 cycles, annealing temperature of 54 °C, 2.25 mm
MgCl,, forward: 5-ATGGCGGACGACCTCAAC-3, reverse:
5-CCTAATTGGGCTCCATCTCG-3; p21/Wafl/Cipl: 140-bp
amplified product, 22 cycles, annealing temperature of
55°C, 2.25mM MgCl,, forward: 5-GGACCTGTCACTGTCTT
GTA-3, reverse: 5-GGACCTGTCACTGTCTTGTA-3; p27/Kip1:
450-bp amplified product, 24 cycles, annealing temperature
of 57°C, 2.25 mM MgCl,, forward: 5-TAACCCGGGACTTGG
AGAAG-3, reverse: S-GCTTCTTGGGCGTCTGCTC-3; B-actin:
262-bp amplified product, 18 cycles, annealing temperature
of 58°C, 2.25 mM MgCl,, forward: 5-acatccgcaaagacctgtacg-3,
reverse: 5-agcatttgcggtggacgatgg-3. PCR products were electro-
phoresed on 1.2-2% agarose gel.

RNA interference

Post-transcriptional gene silencing was achieved by transi-
ently transfecting the host cells with the pKD-p53-vl
plasmid (Upstate Biotechnology) encoding a p53-specific
short hairpin RNA designed to be cleaved into mature small
interfering RNA. Liposome-based transfection was performed
by using the Metafectene-PRO reagent (Biontex, Munich,
Germany), in accord with the manufacturer’s instructions. In
brief, 80-90% confluent cells were transfected with 4 pg of
DNA (mock or pKD-p53-vl) in six-well plates. After 48h
from transfection, cells were either lysed for western blot
analysis of pS3 levels or plated in 24-well plates, treated with
HDAC inhibitor and MTT assayed for cell viability (as already
described elsewhere).

Data analysis

All results were expressed as meanzts.e. Statistical
analysis was performed by ANOVA. A P-value of <0.05 was
considered to be statistically significant.

Drugs
VPA and VPM were kindly provided by Sigma-Tau (Pomezia,
Italy). Butyrate was purchased from Sigma-Aldrich Inc.

Results

HDAC inhibitors and cell viability

To study the molecular mechanisms underlying the effects
of HDAC inhibitors (namely butyrate and VPA) on neuro-
blastoma cells, cell viability was assessed via the MTT assay
in two different human cell lines, SK-N-BE and SH-SYS5Y,
exposed to increasing concentrations of the compounds.



As shown in Figure 1la, in the cell lines tested both
3mM butyrate and 3mM VPA were able to induce a
striking reduction in cell viability. In view of this, we
evaluated H3 histone acetylation to create a circumstantial
link between the cytotoxic nature of these drugs and
their activity as HDAC inhibitors. By blotting nuclear
protein extracts with an anti-acetyl-H3-specific antibody,
we detected a relevant signal, as early as 4 h after treatment,
at the lowest concentration tested (that is 0.1 mM butyrate
or VPA), consistent with the concentrations found in
literature (Figure 1b). As expected, further increases in the
concentrations of either HDAC inhibitor greatly enhanced
the levels of H3 acetylation (peaking at 3mM either
for butyrate or VPA; Figure 1b). To address the specificity
of this effect, we treated neuroblastoma cells with VPM,
a structural analogue of VPA that shares its neurological
uses (Isoherranen et al., 2003) but lacks inhibition of
HDAC (Phiel et al., 2001). In the two cell lines tested,
VPM, up to 9 mM, was significantly less potent in reducing
cell viability, and totally ineffective on H3 histone
acetylation (Figure 1b).
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HDAC inhibitors and differentiation of neuroblastoma cell lines
To characterize further the effects of HDAC inhibitors, we
investigated the potential of these drugs to affect neuro-
blastoma cell morphology (neuron-like projections in phase
contrast microscopy) or molecular responses (increased
neuronal markers, that is GAP-43, BlII-tubulin by western
blot), relative to the effects of all-trans retinoic acid (10 um),
a well-known inducer of differentiation. In our hands,
the HDAC inhibitors were unable to trigger morphologic
changes (data not shown) or signs of differentiation
(Figure 1c) even at the highest concentration tested (3 myM;
data not shown) or after chronic administration with a lower
dose (0.3 mM for up to 14 days). Given that, we decided to
investigate the molecular pathways leading to the cytotoxic
effects of HDAC inhibitors at a concentration of 3 mMm, which
induced the greatest H3 acetylation and the widest cytotoxic
difference between VPA and VPM. In all the experiments
described below, SH-SYSY and SK-N-BE cells behaved simi-
larly and graphical representations and numerical figures
will therefore refer to SH-SYSY cells only, which were
representative of both cell lines.
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Characterization of the effects of HDAC inhibitors on human neuroblastoma cell lines. (a) Effect of 24 h treatment with VPM,

butyrate (Bu) or VPA on SH-SY5Y and SK-N-BE neuroblastoma cell viability. Results (expressed as % surviving cells over respective control)
represent the means + s.e. of three different experiments performed in quadruplicate. (b) Butyrate and VPA, but not VPM, treatment enhanced
the level of acetylated histone H3 protein in neuroblastoma cells. Cells were exposed for 4 h to HDAC inhibitors at final concentrations ranging
between 0.3 and 3 mM. After treatment, proteins were extracted in acid conditions to improve nuclear fraction as described in Materials and
methods, and 25 nug per lane was resolved on a polyacrylamide gel (15%). (b) VPM did not induce histone acetylation after 24 h exposure to
the highest concentration tested (10 mm). (c¢) HDAC inhibitors did not affect neuroblastoma cell differentiation. GAP-43 or B-tubulin llI
(BTublll) was chosen as molecular markers of differentiation. Retinoic acid (RA, 10 um) treatment (48 h) was used as positive control of
differentiation. (b, c¢) Western blot analysis of SH-SY5Y and SK-N-BE cells gave similar results.
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Molecular characterization of cell death induced by HDAC
inhibitors

To test whether apoptotic death was responsible for the
effects measured in the MTT assay, cytosolic cytochrome ¢
release and nuclear fragmentation, chosen as reliable
markers of apoptosis, were assayed following butyrate or
VPA treatment. As shown in Figure 2, HDAC inhibitors
(3mM) were able to induce nuclear fragmentation (fluores-
cence staining of DRAQS-labelled cells after 24 h treatment;
Figure 2A), which was chronologically preceded by cyto-
chrome c¢ release into the cytosol, as detected by both
confocal microscopy (12h; Figure 2B) and subcellular
fractionation (12 h; Figure 2C).

Although Bcl-2 family members are the most relevant
mediators of apoptosis in the mitochondrial compartment
(Puthalakath and Strasser, 2002; Willis and Adams, 2005), we
assumed they would have been modulated by HDAC
inhibitors. We therefore monitored their protein expression
after butyrate or VPA administration. Although no modula-
tion of BAD, BID, BAX or BCL-X|, was observed (Figure 3a), a
significant variation in Bcl-2, NOXA and «PUMA mRNA and
protein levels was detected (Figures 3b and c). In detail, high
concentrations of the HDAC inhibitors (3 mwM), which
elicited cell death (Figures la and 2a) and a sustained
increase in histone acetylation (Figure 1b), significantly
upregulated pro-apoptotic NOXA and oPUMA proteins,
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Figure 2 HDAC inhibitors induced a typical apoptotic death. (A) Nuclear fragmentation of neuroblastoma cells (SH-SY5Y) was assessed by
fluorescent DNA staining. DRAQS5 nuclear dye showed the presence of fragmented, indented or condensed (arrows) nuclei only with the
higher (b) butyrate or (c) VPA concentration (3 mM) used ((a) untreated control cells after 24 h in culture). (B) Confocal microscopy of
cytochrome ¢ (cyt ¢) mitochondrial de-localization (arrows) in SH-SY5Y following 12 h treatment with 3mm (b) butyrate (Bu) or (c) VPA
treatment and (a) control cells. (C) Western blot analysis of cytochrome c localization following subcellular fractionation (cytosol: soluble
cytosolic fraction, 25 pg per lane; HM: heavy membrane fraction, 10 pg per lane) of SH-SY5Y neuroblastoma cells treated with Bu or VPA (12h
incubation). Heat-shock protein-90 (HSP-90) and cytochrome oxidase subunit IV (COX-IV) were evaluated as housekeeping proteins for
cytosolic (HSP-90) or mitochondrial (COX-IV) fractions. Experiments on SK-N-BE cells gave similar results.
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Figure 3 Expression of the Bcl-2 family proteins in SH-SY5Y neuroblastoma cells treated with butyrate (Bu) or VPA for 12 or 24 h. (a, c)
Western blot analysis of whole extracts with the specified antibodies (25 g per lane of proteins). B-Actin levels were assessed as a proof of equal
loading for each panel (data not shown). (b) RT-PCR analysis of BAX, Bcl-2, NOXA and «PUMA mRNA levels after 12 h of butyrate or VPA
treatment. B-Actin mRNA levels were evaluated to equalize the amount of cDNA amplified by PCR. Experiments on SK-N-BE cells gave similar
results. (d) BAX, «PUMA and Bcl-2 subcellular localization after HDAC inhibitor treatment (cytosol: soluble cytosolic fraction, 25 ug per lane;
HM: heavy membrane fraction, 10 ug per lane). Heat-shock protein-90 (HSP-90), which has an exclusive cytosolic localization, was assessed in
the mitochondrial compartment (HM) as a control for good quality subcellular fractionation (data not shown).

while downregulating the anti-apoptotic Bcl-2 protein
(Figure 3c¢). Interestingly, «PUMA levels were increased
within the first 12h after treatment, whereas NOXA and
Bcl-2 modulation were delayed.

To evaluate whether or not the HDAC inhibitors may
modulate the re-localization of Bcl-2 and its protein homo-
logues, we blotted subcellular protein fractions (cytosol vs
mitochondria) of treated or untreated cells with Bcl-2-,
BAX-, NOXA- and aPUMA-specific antibodies. As shown in
Figure 3d, butyrate and VPA (3 mM) were able to induce BAX
and PUMA mitochondrial localization after 12h while,
simultaneously, lowering Bcl-2 in this compartment. Con-
comitantly, BID, BAD and BCL-X;, which were not modu-
lated in their expression, did not modify their subcellular
localization following HDAC inhibitors administration.

In the same experimental conditions, Bcl-2, BAX, NOXA
and «PUMA mRNAs were monitored, by the semiquantita-
tive RT-PCR assay, in response to treatment with HDAC
inhibitors. The profile of changes in mRNA levels matched
that of changes in protein (western blots), although the
mRNA changes took place at earlier times of exposure to

HDAC inhibitors (Figure 3b). Particularly, Bcl-2 mRNA was
significantly downregulated as early as 12 h after treatment
with HDAC inhibitors (3 mMm).

The role of Bcl-2 in the neuroblastoma cell response to HDACi
treatments

The biological relevance of the downregulation of Bcl-2
induced by HDAC inhibitors (3 mM butyrate or VPA) was
further investigated in Bcl-2 overexpressing cells. Figure 4
shows that Bcl-2 overexpressing cells displayed a marked
reduction in sensitivity to HDACi-induced cytotoxicity in
both SH-SYS5Y and SK-N-BE cell lines. In these cells, HDAC
inhibitors at 3mM induced the same level of cell death
as obtained with 10-fold lower concentrations in mock-
transfected cells.

HDAC inhibitors and neuroblastoma cell-cycle distribution
To better characterize the effects of HDAC inhibitors on
neuroblastoma cell cycling, we evaluated the DNA content
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(Bu) or VPA concentrations. Results (expressed as % cell death vs
untreated controls) represented the means ts.e. of three different
experiments performed in quadruplicate.
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of butyrate- or VPA-treated cells after propidium iodide
staining by cytofluorometry (Figure Sa). For these experi-
ments, we decided to use HDAC inhibitors at 0.9 mM, a
concentration that was able to consistently reduce cell
viability (about 30% vs untreated controls, depending on
the cell type). Higher concentrations (3mM) were not
considered because of their intrinsic cytotoxic effect, which
may result in misinterpretation of cell-cycle data (cellular
debris and hypoploid population discrimination).

Interestingly, both butyrate and VPA markedly affected
cell-cycle distribution, causing a G, block with a clear
reduction in the G;-phase population. This redistribution
along the different steps of cell cycle inverted the G1/G ratio
(mitotic index) of SH-SYSY cells from 2.6 in untreated cells
to 0.76 (with butyrate 0.9 mM) and 0.71 (with VPA 0.9 mm)
after 16 h HDACi administration. Results of the same order
were obtained in SK-N-BE cells (data not shown).

Characterization of a functional p53 pathway in neuroblastoma
cell lines

As the cell-cycle profiles of HDAC inhibitor-treated cells
closely resembled those of cells poisoned with p53-targeting
drugs (for example, doxorubicin, gemcitabine), we evaluated
the protein levels of the well-known cyclin-dependent kinase
inhibitor, p21/Waf1/Cip1, a downstream target for p53. As
expected, butyrate and VPA were able to increase both
mRNA and protein levels of p21, as measured by RT-PCR and
western blot, already after 6h (mRNA) or 8h (protein)
of treatment (Figure Sb). Accordingly, we looked for the
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Figure 5 Cell-cycle distribution and expression of p21/Waf1/Cip1
in SH-SY5Y neuroblastoma cells treated with butyrate (Bu) or VPA.
(a) Cell-cycle distribution of HDAC inhibitor-treated neuroblastoma
cells. Cells were synchronized by serum deprivation for 16 h before
butyrate or VPA treatment (16h). Values represent percentages
of phase-specific populations. Ml is the product of G;/G; ratio.
(b) RT-PCR analysis of relative mRNA levels after 6 h treatment
(left) and western blot analysis (right) of protein expression (30 ug
per lane of proteins) after 8h in the presence of butyrate or
VPA (0.9 mMm). B-Actin mRNA and protein levels were evaluated as a
proof of equal loading. All the experiments on SK-N-BE cells gave
similar results.

mRNA levels O

protein levels

activation of a typical p53 pathway. After treatment with
3mM HDAC inhibitors, whole or nuclear protein extracts
were collected to evaluate total levels of p53 and its
subcellular distribution by western blot. As shown in
Figure 6, HDAC inhibitors, even though ineffective on the
total levels of p53 (Figure 6a), were able to induce its nuclear
translocation as soon as 4h (Figure 6b). Nuclear transloca-
tion was associated with an enhanced trans activity of p53 as
demonstrated by electromobility shift assay experiments
(Figure 6¢) in which both butyrate and VPA caused p53 to
specifically bind its consensus DNA. Moreover, the HDAC
inhibitors were able to induce hyper-acetylation of pS53.
Indeed, by probing neuroblastoma cytosolic vs nuclear
fractions with an anti-acetyl p53-specific antibody (lysine
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Figure 6 Activation of the p53 pathway in SH-SY5Y neuroblastoma cells treated with butyrate (Bu) or VPA. (a) Western blot analysis of p53
levels in whole extracts (40 pg per lane of proteins) after 24 h treatment in the presence of low (0.3 mm) or high (3 mm) concentrations of
HDAC inhibitor. (b) Cytosolic (cyt, 40 ug per lane of proteins) vs nuclear (nuc, 7.5 pg per lane) distribution of p53 after 4 h treatment with
3 mMm butyrate or VPA (upper panel). Heat shock protein-90 (HSP-90; middle panel) and Lamin A/C (lower panel) were evaluated as a proof of
purity and equal loading for cytosolic (HSP-90) or nuclear (Lamin A/C) extracts. (c) Electromobility shift assay experiment with p53-specific
probe after butyrate and VPA treatment using 2ug of nuclear extracts. The specificity of p53 binding was assessed by performing the
experiment in duplicate with the labelled probe alone or by adding 20-fold excess of unlabelled probe (Exc. Unl.). (d) Western blot analysis of
p53 lysine (373 and 382) acetylation in cytosolic (cyt, 40 ng per lane of proteins) vs nuclear (nuc, 7.5 ug per lane) subcellular fractions. Total
levels of p53 in the cytosolic and nuclear compartments are displayed in (b). Experiments on SK-N-BE cells gave similar results.

373 and 382), we detected a reactive band in cells treated
with HDAC inhibitors, specifically in the nuclear compart-
ment (Figure 6d).

p53 expression and neuroblastoma cells response to HDAC
inhibitors

SH-SYSY and SK-N-BE cell lines depleted the pS3 protein
(SH-pS3 interference (p53i) and SK-p53i, respectively) by tran-
sient transfection of a plasmid encoding a p53-specific short
hairpin RNA displayed an altered response to treatment
with HDAC inhibitors. As shown in Figure 7a, this approach
allowed us to obtain mixed populations of cells whose p53
content was decreased by approximately 60% (SY) and 40%
(SK) compared with mock-transfected cells. In this condi-
tion, p53i cells proved to be more resistant to HDAC
inhibitor-induced killing (MTT assay), especially at the 0.3
and 0.9 mM concentrations (Figure 7b). In the same cells,
induction of p21/Waf1/Cipl by HDAC inhibitors was also
prevented (Figure 7¢).

Discussion

It has been shown that HDAC inhibitors may be pro-
differentiative (Hall et al., 2002) and/or pro-apoptotic
(Kawagoe et al., 2002) depending on the cell type considered,
suggesting that HDACs might represent a relevant target for
cancer therapy (Marks ef al., 2001). In partial agreement with

this, human neuroblastoma cell lines, at least in our hands,
were found responsive to HDAC inhibitor treatment as their
viability was reduced in a dose- and time-dependent fashion.
However, in contrast to previously reported data from other
groups (Yuan et al., 2001; Hao et al., 2004; Laeng et al., 2004),
no molecular (increased expression of pllI-tubulin or
GAP-43) or morphological (axon-like sprouting) signs of differ-
entiation were detected in all the culture conditions tested
(HDAC inhibitors acutely or chronically administered).

The reduced viability in neuroblastoma cells was likely to
depend on the induction of apoptotic death, as suggested
by mitochondrial cytochrome c release and nuclear DNA
fragmentation. These observations, therefore, suggest that
HDAC inhibitor-induced apoptosis is likely to proceed via
the mitochondrial pathway. At the same time, this does not
exclude the release of other cell-death effectors, such as
apoptosis-inducing factor (Susin et al., 1999) and endonu-
clease G (Widlak and Garrard, 2005), by mitochondria, as we
observed for cytochrome ¢ (Figures 2b and c).

It has been widely accepted that the mitochondrial
activation is crucial in several models of apoptosis (Waterhouse
et al., 2002). In these organelles, the balance between the
actions of pro-death (BAX, BID, NOXA, o«PUMA and BAD
among others) or pro-life (mainly Bcl-2 and BCL-X;) members of
the Bcl-2 family determines whether or not pro-apoptotic
mediators (such as cytochrome c) have to be released from the
mitochondria (Puthalakath and Strasser, 2002; Willis and
Adams, 2005). In our model, HDAC inhibitors were found to
affect the expression and distribution of some of these Bcl-2
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Figure 7 p53 dependence of HDAC inhibitor-induced effects. (a)
Densitometric analysis of p53 interference (p53i) vs SH-SY5Y and SK-
N-BE parental cell lines. Absorbance values of western blot p53-
reactive bands from p53i cells were corrected for the B-actin values
(internal standard) compared with the values obtained from parental
cell lines and expressed as % of reduction. (b) Cell death of wild-type
(wt) and p53i SH-SY5Y and SK-N-BE cells treated for 24h with
different butyrate or VPA concentrations. Results (expressed as % cell
death vs untreated controls) represent the meansts.e. of three
different experiments performed in quadruplicate. (c) Western blot
analysis of p21/Waf1/Cip1 expression in wt and p53i SH-SY5Y and
SK-N-BE cells following HDAC inhibitor treatment (0.9 mm, 8 h). (d)
Bcl-2 overexpression did not affect HDAC inhibitor-induced p53
nuclear translocation. Parental SH-SY5Y and SK-N-BE cell lines or
their Bcl-2 overexpressing derivatives were treated with butyrate
(0.9mm) for 6h and p53 subcellular localization was studied by
confocal microscopy with an anti-p53-specific antibody. Similar
results were obtained after VPA treatment (not shown).

homologues such as BAX, NOXA, oPUMA and Bcl-2 itself.
Particularly, the increase in oPUMA levels (detectable after
12h treatment) preceded the modification of NOXA and
Bcl-2 proteins (16h), an observation apparently in contrast
to the timing of cytochrome c release (already significant
after 12h). In our opinion, this discrepancy in the schedule
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of the molecular events that lead to the apoptotic death
may suggest that, while «PUMA takes part in the induction of
this process, the modulation of NOXA and Bcl-2 expression
serves as an amplifier to the cytotoxic effects of HDAC
inhibitors.

In the same experimental settings, VPM failed to modulate
Bcl-2 family members at all concentrations tested, thereby
reinforcing the hypothesis that these effects are a conse-
quence of the inhibition of deacetylase enzymes. It is also
important to mention that similar results, in terms of timing
of modulation, were obtained in SK-N-BE cells, thus
suggesting a more general, not cell-line specific, mechanism
of action for HDAC inhibitors.

Also, the subcellular localization of Bcl-2 and its parental
proteins in response to HDAC inhibitors was in agreement
with the hypothesis of a mitochondrial-dependent apoptotic
death. Indeed, both butyrate and VPA (3mM) caused
mitochondrial localization of BAX and PUMA, simulta-
neously lowering Bcl-2 in the same compartment. These
data seem to link the re-localization of pro-apoptotic Bcl-2
members tightly to cytochrome c release based on the lag-time
required for both events to occur (within 12 h after treatment).
The weak mitochondrial localization of the anti-apoptotic
Bcl-2 in butyrate- and VPA (3 mM)-treated cells, in fact,
represents a condition in which Bcl-2 would not be able to
counteract the rise in BAX and NOXA, thus reinforcing the
stimulus for cytochrome c release. Moreover, these experi-
ments suggest that BAX, although not upregulated at the
transcriptional level, might be activated in HDAC inhibitor-
induced apoptosis. This hypothesis is supported by other
groups who have linked the mitochondrial translocation of
BAX to the hyper-acetylation of Ku70, which normally retains
BAX in the cytosol (Subramanian et al., 2005).

It is also important to notice that Bcl-2 mRNA was
significantly downregulated already after 12h treatment
with HDAC inhibitors (3 mM) and this, considering its long
half-life (Schiavone et al., 2000), suggests that HDAC
inhibitors may induce a ‘factor’ responsible for Bcl-2 down-
regulation. The relevance of Bcl-2 in the response of neuro-
blastoma to HDAC inhibitors was further demonstrated in
cell lines overexpressing this protein.

In parallel, at a concentration (0.9 mM) lower than those
required for cell death to occur (3 mM), the HDAC inhibitors
were able to cause G, block of the cell cycle and induction of
the p21 protein a target for p53. The concurrent upregula-
tion of p21/Wafl/Cipl, NOXA and oPUMA, three genes
normally trans-activated by the tumour-suppressor gene p53
(Waga et al., 1994; Culmsee and Mattson, 2005), led us to
demonstrate that the HDAC inhibitors are able to activate
the p53-pathway in neuroblastoma cell lines. Notably, such
activation was not due to an increase in p53 protein levels
but to its hyper-acetylation, which is thought to stabilize its
nuclear active form (Legube et al., 2004). This latter finding
supports the observation of Zhao et al. (2006) that HDAC
inhibitor-triggered activation of p53 pathways is a conse-
quence of pS3 hyper-acetylation instead of an induction of
protein levels, and are particularly relevant considering that
neuroblastomas are usually characterized by the presence of
a sequestered cytoplasmic form of p53 (inactive), which may
account for their chemoresistance (Moll et al., 1995).



The centrality of p53 in the effects of HDAC inhibitors was
strengthened by the experiments with SK and SY cells in
which p53 levels were reduced via RNA interference. Under
these experimental conditions, SY cells became more
resistant to HDAC inhibitors, a finding compatible with
the greater effect of p53 knockout in SY than in SK cells.

The demonstration of p53 activation by HDAC inhibitors
is also of importance in another respect. There are several
reports in the literature linking the rise in p21/Wafl/Cip1
levels to a histone-directed effect of HDAC inhibitors
(Gottlicher et al., 2001) but, in contrast to these reports,
our results definitely associated the activation of the cyclin-
dependent kinase inhibitor with the presence of a functional
pS3 protein. Such findings were also supported by the
observations made in the GIMEN human neuroblastoma cell
line, which express very low levels of p53, comparable to
those in p53i SK and SY cells. The GIMEN cells were totally
resistant to treatment with HDAC inhibitors, at concentra-
tions up to 3mM (data not presented).

In conclusion, in two neuroblastoma cell lines, HDAC
inhibitors were able to induce apoptotic cell death involving
the mitochondrial pathway. The apoptotic programme is
likely to rely on BAX, NOXA and «PUMA activation, and
Bcl-2 downregulation. Moreover, Bcl-2 was reduced, thus
implying activation of a pathway controlling its degradation.
Interestingly, the involvement of the mitochondrial path-
way, which is downstream of the activation of the p53
tumour-suppressor gene, relies on its hyper-acetylation.
Indeed, cells overexpressing Bcl-2 were more resistant to
HDAC inhibitor treatment, without affecting p53 nuclear
localization (Figure 7d). Thus, HDAC inhibitors may not
only affect HDAC but may also be more promiscuous
inhibitors of deacetylase enzymes modulating the acetyla-
tion status of other proteins such as p53. This alternative
mechanism for HDAC inhibitors seems to be common to
those neuroblastoma cell line expressing a functional p53
(SK-N-BE and SH-SYSY), and clearly relies on its expression
(no effect in the p53-depleted GIMEN cell line). We did not
test whether an HDAC inhibitor-induced, p53-dependent
pathway is present in other cancer cell lines nor in normal
neuroblasts, but there is growing evidence that this might be
a more generalized event (Savickiene et al., 2006; Zhao et al.,
2006). More relevantly, the HDAC inhibitor-induced upre-
gulation of p21/Waf1/Cip1 has to be linked to their ability to
activate a canonical pS3 pathway.

To our knowledge, this is the first demonstration of an
HDAC inhibitor-dependent activation of the p53 pathway
in neuroblastoma cells known for an abnormal p53 function
that is responsible for their resistance to chemotherapy.
As a consequence of this ability to restore p53 function,
we consider HDAC inhibitors to be a promising class of
drugs for the treatment of chemoresistant neuroblastoma
tumours.
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