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Abstract

Neuroblastoma is a childhood cancer arising from the sympathetic nervous system. Disseminated neuroblastoma has a poor prognosis

despite intensive multimodality treatment. Histone deacetylases (HDACs) were recently discovered as a potential target for pharma-

cological gene therapy in cancer. HDACs have an important function in regulating DNA packaging in chromatin, thereby affecting the

transcription of genes.

In this paper, we tested the efficacy of a newly developed histone deacetylase inhibitor, BL1521, on neuroblastoma in vitro by

investigating the changes in: acetylation of histone H3, in situ HDAC activity, p21WAF1/CIP1 and MYCN expression, metabolic activity,

proliferation, morphology and the amount of apoptosis present.

BL1521 inhibited the in situ HDAC activity of a panel of neuroblastoma cell lines by at least 85%. Western analysis showed an increase

of histone H3 acetylation in neuroblastoma cells after incubation with BL1521. Northern analysis showed an increase in the expression of

p21WAF1/CIP1 and a decrease in the expression of MYCN in neuroblastoma cells after incubation with BL1521. Proliferation as well as the

metabolic activity of neuroblastoma cells decreased significantly in response to treatment with BL1521, regardless of the MYCN status of

the cells. BL1521 induced poly-(ADP-ribose) polymerase cleavage in a time- and dose-dependent manner, indicating the induction of

apoptosis. Furthermore, when compared to the HDAC inhibitors Trichostatin A and 4-phenylbutyrate, BL1521 has an intermediate

efficacy. Our results show that BL1521 is a potent inhibitor of HDAC and that HDACs are an attractive target for selective chemotherapy

in neuroblastoma.

# 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Neuroblastoma is a childhood tumour, which arises from

the sympathetic nervous system and has a cumulative

incidence of once every 7000 live births [1,2]. Neuroblas-

toma is the most common solid malignancy in children and

is responsible for approximately 15% of all childhood

cancer deaths [1–4]. Despite intensive chemotherapeutic

regimens the survival of children from metastasized neu-

roblastoma remains poor and 15–25% of all patients with

neuroblastoma will die within 5 years after diagnosis [1,2].

A striking feature of neuroblastoma is its genetic hetero-

geneity [5]. Some genetic features have been identified to

correlate with a clinical outcome. For instance, hyper

diploid karyotype and TrkA expression are associated with

favorable outcome, leading to spontaneous regression or

maturation of the tumour into a benign ganglioneuroma,

whereas the amplification of the proto-oncogene MYCN

and loss of heterozygosity (LOH) of chromosome 1p are

associated with a poor prognosis [1,3–7]. The high mor-

tality rate in advanced stage neuroblastoma has inspired the

search for new therapeutic agents.

Recently, HDAC have been discovered as a potential

target for pharmacological gene therapy in cancer [8–11].

HDACs are abundantly expressed in most tissues and

different groups have shown that their function is essential
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for the regulation of gene expression [12,13]. When HDAC

function is inhibited, it results in a hyperacetylation of

histones. This in turn leads to a looser packaging of DNA

around the chromatin, thus facilitating the transcription of

genes, resulting in changes in expression of a specific

subset of genes (up to 7% of all genes) [12]. These changes

in gene expression were shown to lead to a cascade of

effects resulting in reduced proliferation and metabolic

activity, induction of apoptosis and differentiation of

tumour cells in vitro and in vivo [8,14–17].

To date, a number of structurally divers HDAC inhibitors

have been identified which differ with respect to their

anti-tumour activity, specificity, toxicity and stability

[11,12,18]. For example, 4PBA has been extensively stu-

died with many promising results in vitro as well as in vivo

[11,17–21]. In one case, it was reported that a patient with

leukaemia resistant to treatment achieved complete remis-

sion upon treatment with 4PBA [19]. However, due to short

half-life of 4PBA a relative high concentration of 4PBA

(mM) was needed, hampering the clinical development

[22]. Furthermore, butyrate and phenyl butyrate, as com-

pared to for example TSA and Suberoylanilide hydroxamic

acid (SAHA), are not specific for HDAC inhibition only as

they can also inhibit phosphorylation and methylation of

proteins and DNA [23,24]. In addition, the production of

the more specific HDAC inhibitor TSA, is a complicated

one with a low yield, making it very expensive and this

consequently hampers the further application of TSA in a

clinical setting [12]. Therefore, the development of novel

HDAC inhibitors is warranted. In this study, we have

investigated a number of compounds, developed by Bea-

con Laboratories, which were rationally designed based on

the structure of TSA and 4PBA. The resulting compounds

were computer tested on their ability to occupy the active

site by using the crystal structure of the HDAC enzyme

from Aquifex aeolicus. This revealed that the compounds

were able to extend into the tube like active site in order to

be able to displace the Zn2þ moiety at the bottom, like TSA

does [25]. Our results demonstrate that BL1521, a struc-

tural hybrid of 4PBA and TSA, is a potent inhibitor of

HDAC activity and has a profound cytotoxic and differ-

entiation-inducing effect in the low micromolar concen-

tration range in neuroblastoma.

2. Materials and methods

2.1. Chemicals and antibodies

BL1521, BL1783, BL1431 and BL1255 were kindly

provided to us by Beacon Laboratories Inc. TSA and 4PBA

were purchased from Sigma. All compounds were dis-

solved in DMSO and stored at �20 8C. A mouse mono-

clonal antibody against PARP was purchased from Biomol.

A rabbit polyclonal antibody against acetylated histone H3

was purchased from Upstate Biotech. Both rabbit and

mouse secondary antibodies, conjugated to Horseradish

peroxidase (HRP), were purchased from DAKO. We pur-

chased ECL-plus and [a-32P]dCTP from Amersham

Bioscience. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenylte-

trazolium bromide (MTT) was purchased from Sigma.

Bromo-deoxyuridine (BrdU) proliferation kit, positively

charged nylon membrane and complete mini protease

inhibitors were purchased from Roche Applied science.

The fluorescent HDAC activity kit was purchased from

Biomol. SV total RNA isolation system was purchased

from Promega. Expresshyb hybridisation mix was pur-

chased from Clontech. QIAquick PCR purification Kit

was purchased from Qiagen. Cell culture media, antibiotics

and foetal bovine serum were obtained from Invitrogen.

All other reagents were of analytical grade.

2.2. Cell culture

The neuroblastoma cell lines were a generous gift

from Dr. R. Versteeg (Dept. Human Genetics, Academic

Medical Centre, Amsterdam, The Netherlands) and the

characteristics have been described in Ref. [26]. The

rhabdomyosarcoma cell line (RD), the medulloblastoma

cell line (DAOY) and hepatoma cell line (HepG2) were

obtained from the American Type Culture Collection. The

fibroblast cells we used were control fibroblasts. Cell lines

were maintained in medium consisting of RPMI 1640

supplemented with 10% v/v heat inactivated foetal bovine

serum, 50 U/ml penicillin/streptomycin, 0.25 mg/ml fungi-

zone, 0.2 mg/ml gentamicin and 4 mM glutamine, at 37 8C
in a humidified atmosphere with 5% CO2. Fibroblast and

HepG2 cells were cultured in DMEM under the same

conditions and supplements as described above. All incu-

bations of cells with compounds were carried out by

preparing a 1:1000 dilution from the DMSO stock solu-

tions in culture medium directly before use.

2.3. Viability

Cells were plated in 96-well plates at a density of 104

cells per well and allowed to adhere overnight. The experi-

ments were performed in quadruplicate and started by

replacing the medium with fresh medium containing dif-

ferent concentrations of the compounds under investiga-

tion. The cells were incubated for various time intervals

(24–72 h) with the compounds without refreshing the

medium. After the incubation was completed, the meta-

bolic activity was determined using the MTT assay, as

described previously [27]. From the dose effect curves

ED50 values (dose at which 50% of the metabolic activity

compared to vehicle control remains) were derived.

2.4. HDAC activity

HDAC activity was measured in situ in neuroblastoma

cells using a fluorescent substrate from Fluor-de-lys HDAC
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activity kit according to manufacturer’s protocol. Briefly;

cells were seeded in 96-well plates at a density of 5 � 104

and were allowed to adhere overnight. The following day

the medium was replaced by medium containing substrate

and BL1521 (0–50 mM) or TSA (1 mM) as a positive

control for maximal inhibition. The cells were allowed

to deacetylate the substrate for 2 h at 37 8C after which the

amount of deacetylated substrate was determined. The

substrate can be deacetylated by HDAC1, HDAC2,

HDAC3, HDAC4, HDAC8, HDAC9 and SIRT1 enzymes.

The amount of fluorescent signal directly reflects the

amount of combined HDAC activity that is present.

Fig. 1. The effect of Beacon Laboratories compounds on the metabolic activity of the neuroblastoma cell lines SKNBE(2) and NMB. Cells were cultured in

the presence of different concentrations of the Beacon Laboratories compounds for 3 days without refreshing the media. Panel A shows the structure of the

different compounds we used in our experiments. Panel B shows the reduction of metabolic activity as a result of incubation with Beacon Laboratories

compounds in SKNBE(2) and NMB cells as compared to vehicle control treated cells. The experiments are performed in quadruplicate; the values shown are

the mean � S.D.
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2.5. Western analysis

For protein analysis cells were grown in 25 cm2 flasks to

80% confluence. Subsequently, the cells were treated with

BL1521 (0–50 mM) or TSA (0–500 nM). The cells were

washed with PBS and harvested in medium, counted and

collected by centrifugation. The cells were dissolved in ice-

cold freshly prepared RIPA buffer (50 mM TrisCl pH 7.5,

150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate,

0.1% SDS, with protease inhibitors (complete mini,

Roche)). Lysates were sonicated and boiled (3 min). Pro-

teins derived from approximately 75 � 104 cells were

fractionated on a 10% (w/v) SDS–PAGE mini-gel and

transferred to a nitrocellulose membrane. The membrane

was blocked with PBS containing 5% (w/v) non-fat milk and

0.01% (v/v) Tween 20 during 1 h at room temperature.

Subsequently, the membrane was incubated with primary

antibody (anti-PARP at 1:5000 dilution or anti-acetylated

H3 at 1 mg/ml) in PBS supplemented with 3% (w/v) non-fat

milk and 0.01% (v/v) Tween 20, for 2 h at room temperature.

The membrane was washed three times for 5 min with PBS

containing 0.01% (v/v) Tween 20 and subsequently incu-

bated with the appropriate secondary antibodies (anti-mouse

HRP or anti-rabbit HRP) in PBS containing 3% (w/v) non-

fat milk, 0.01% (v/v) Tween 20 for 1 h at room temperature.

Subsequently, the membrane was washed three times for

5 min with PBS supplemented with 0.01% (v/v) Tween 20.

Detection was performed using chemiluminescence and

Bio-Max light film. Equal loading of the gels was deter-

mined using ponceau and coomassie staining.

2.6. Northern analysis

For gene expression analysis, cells were grown in

75 cm2 flasks to 80% confluence. Subsequently, the cells

were treated with DMSO, BL1521 (50 mM) or TSA

(500 nM) for 16 h. Next, the cells were lysed in SV

RNA lysis buffer and RNA was isolated and purified

according to the manufacturer’s protocol (Promega). For

Northern analysis 10 mg (7.4 mg for SKNAS) of total RNA

was fractionated on a 1% agarose gel containing 6 M

glyoxal (Sigma) and transferred to positively charged

nylon membranes (Roche) according to Sambrook et al.

[28]. Equal loading of total RNA present in the different

lanes on Northern blots was determined using methylene

blue. Probes for Northern analysis were amplified by

RT–PCR from a neuroblastoma cDNA pool, purified using

the QIAquick PCR purification Kit (Qiagen), and radiola-

beled using [a-32P]dCTP (Amersham Biosciences) and

the random prime labeling system according to Sambrook

Table 1

Anti-tumour efficacy of BL1521, TSA and 4PBA towards a panel of neuroblastoma cell lines

Cell line 4PBA (mM) BL1521 (mM) TSA (nM) Differentiation AI50 (mM)

MTT BrdU MTT BrdU MTT BrdU

MYCN single

SKNSH 2.2 3.4 3.0 >10 100 375 þþ 33

SKNAS� 3.1 4.8 3.7 10 190 >500 �/þ >50

GIMEN� 2.4 4.9 6.0 7.5 420 >500 þ >50

LAN6 3.9 4.3 1.1 9.5 175 495 þ 15

SJNB12 4.5 4.5 6.5 15 320 500 � 5

SHEP2 >5 4.5 >10 9.5 500 >500 � >50

MYCNþ
KCNR 1.2 1.1 12 2.3 80 60 �/þ 33

NMB 2.4 1.9 2.2 2.5 180 20 � 33

SKNBE(2) 2.5 3.7 2.3 >10 90 285 �/þ 33

SJNB6 4.1 2.5 8.5 >10 90 140 � >50

AMC106 3.1 4.9 5.1 9.0 >500 >500 � 33

SJNB8� 2.5 4.6 4.5 8.5 270 220 � >50

N206 2.6 1.9 3.5 7.5 120 70 � 5

SHEP21N� >5 3.2 >10 >10 >500 220 � 50

SJNB10 >5 4.8 >10 >10 >500 >500 � >50

Fibroblasts Nd Nd >10 Nd Nd Nd Nd Nd

HepG2 Nd Nd >10 Nd Nd Nd Nd Nd

RD 4.5 >5 >10 >10 390 500 Nd Nd

Daoy 4.5 >5 9.2 >10 450 500 Nd Nd

ED50 (columns 1–6) values were determined for metabolic activity and proliferation using MTT and BrdU assays, respectively, after 72 h of treatment. Values

shown are the mean of two to six different experiments with each experiment performed in quadruplicate. The cell lines showing induced differentiation, as

determined by microscopic inspection, after 4- to 6-day incubation with BL1521 are indicated (also see Fig. 5). þþ indicates extensive outgrowth of neurites

from the cells measuring at least twice the length of the cell body and flattening and elongation of the cell body. þ indicates outgrowth of neurites from the

cells measuring less than two cell body lengths. �/þ indicates a modest increase in neurite length growing from the cells. � indicates no neurite outgrowth

was observed. Nd: Not determined. Apoptotic index 50% (AI50) was derived from the PARP western analysis as the concentration at which both fragments of

PARP, 113 kDa and 89 kDa, were equally strong after 24 h of treatment with BL1521. �Cell lines sensitive to TRAIL-induced apoptosis. Neuroblastoma cell

lines are divided into MYCN single copy (MYCN single) and MYCN amplified (MYCNþ) subsets.
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et al. [28]. p21WAF1/CIP1 primers: forward 50-atgaaatt-

caccccctttcc-30 and reverse 50-agcacttcagtgcctccag-30.
MYCN primers: forward 50-cttcggtccagctttctcac-30 and

reverse 50-tcctgggtaatgagaggtgg-30. Hybridization was per-

formed at 68 8C using Expresshyb (Clontech) overnight.

The blots were washed twice first in 1� SSC, 0.1% w/v

SDS at room temperature for 20 min, then in 0.2� SSC,

0.1% w/v SDS at 68 8C for three times 20 min before

analysis with the Fuji FLA 3000 phosphor imager.

2.7. Proliferation

Proliferation was measured using a BrdU kit according

to manufacturer’s protocol. In brief, cells were plated in

96-well plates at a density of 104 cells per well and allowed

to adhere overnight. The experiments were performed in

quadruplicate and started by replacing the medium with

fresh medium supplemented with different concentrations

of the compounds under investigation. The cells were

incubated for 72 h with the compounds without refreshing

the medium. Sixteen hours before the end of the experi-

ment, the BrdU labelling solution was added to the wells.

The amount of BrdU uptake in the DNA of the cells was

subsequently determined by fixation of the cells and

incubation with an anti-BrdU-POD antibody followed

by colorimetric detection. ED50 values were derived from

the dose effect curves.

3. Results

The structure of four different compounds: BL1255,

BL1430, BL1521 and BL1783 are shown in Fig. 1A.

BL1255 is a carboxylic acid with a high resemblance to

4PBA whereas BL1521 contains a hydroxamic acid group

like TSA. All compounds contain a phenyl group except

Fig. 2. HDAC inhibitory potential of BL1521. Panel A shows the HDAC activity of different cell lines, at equal cell density, in the presence of positive

control TSA (1 mM) or BL1521 (0–50 mM), relative to untreated control. Experiments were performed in triplicate and the bars indicate �S.D. Panel B shows

an immunoblot with the time-dependent increase in histone H3 acetylation as a result of BL1521 (50 mM) or TSA (500 nM) treatment for 2.5 or 4 h of LAN6,

N206, AMC106 and KCNR cells. Panel C shows the changes in mRNA expression of p21WAF1/CIP1 and MYCN as a result of BL1521 (50 mM) or TSA

(500 nM) treatment for 16 h of SKNAS, GIMEN, SJNB10 and SKNBE(2) cells.
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for BL1430, which is a methylene dipropionate ester. In

order to determine the potency of the various compounds,

we incubated neuroblastoma cells (SKNBE(2) and NMB)

for 72 h with increasing concentrations of the compounds

and measured the effect on the metabolic activity using

MTT (Fig. 1B). BL1521 is by far the most potent com-

pound in inhibiting the metabolic activity in the two

neuroblastoma cell lines (Fig. 1B) with an ED50 value

of approximately 2.3 mM (Table 1). Both cell lines are least

sensitive to BL1430 and have comparable sensitivity

BL1783 (carboxylic acid) with an ED50 of around

80 mM. SKNBE(2) cells, however, are more sensitive to

BL1255 (ED50 ¼ 55 mM) when compared to NMB cells

(ED50 ¼ 220 mM). The impact of BL1521 on the metabolic

activity of fibroblast cells, hepatoma (HepG2), rhabdo-

myosarcoma (RD) and medulloblastoma (DAOY) is shown

in Table 1. On average no significant difference between

these cell lines and the neuroblastoma cell lines was found.

The ability of BL1521 to inhibit HDAC activity was

measured in situ using a fluorescently labelled HDAC

substrate. Fig. 2A shows the relative HDAC activity of

four different neuroblastoma cell lines measured in tripli-

cate. TSA at a concentration of 1 mM, almost completely

inhibited the HDAC activity in three out of four neuro-

blastoma cell lines. BL1521 inhibited the HDAC activity in

a concentration-dependent manner and at a concentration

of 33 mM an inhibition of at least 85% was achieved in all

cell lines compared to vehicle treated controls. The average

ED50 of BL1521 proved to be approximately 8 mM. Wes-

tern analysis of the amount of acetylated histone H3

revealed an increase after treatment of the neuroblastoma

cell lines with BL1521. Representative results are shown in

Fig. 2B, showing a clear time-dependent increase of the

amount of acetylated histone H3. A moderate to strong

induction of p21WAF1/CIP1 occurred after treatment with

BL1521 (Fig. 2C) in the MYCN single copy cell lines

SKNAS and GIMEN and the MYCN amplified cell lines

SJNB10 and SKNBE(2). In contrast, no induction of

p21WAF1/CIP1 was observed with the HDAC inhibitor

TSA. Furthermore, the incubation of the MYCN amplified

cell lines SJNB10 and SKNBE(2) with BL1521 (50 mM)

resulted in a strong reduction of MYCN expression,

whereas no such effects were observed in the presence

of TSA (500 nM) (Fig. 2C).

The time-dependent effect of BL1521 and of the two

structurally-related inhibitors, 4PBA and TSA, on the

metabolic activity of neuroblastoma cell lines is shown

in Fig. 3 and Table 1. At low concentrations all three

compounds result in a reduction in metabolic activity

compared to the vehicle control. The concentration that

is sufficient to reduce the metabolic activity to below

starting level (t ¼ 0 h) in the neuroblastoma cell line

NMB is 2.5 mM, 50 nM and 5 mM for BL1521, TSA

and 4PBA, respectively. Table 1 shows that the ED50 value

on reduction of metabolic activity (MTT) and proliferation

(BrdU) after treatment with increasing concentrations of

BL1521 for 72 h of a panel of neuroblastoma cell lines is in

the low micromolar range for most of the neuroblastoma

cell lines (between 1 and 10 mM). It is apparent from this

data that both the proliferation and metabolic activity were

inhibited in all cell lines by BL1521, TSA and 4PBA. On

average, slightly higher ED50 values were observed for the

inhibition of proliferation (BrdU) when compared to ED50

values of the inhibition of metabolic activity (MTT). There

appears to be no significant difference in sensitivity

towards BL1521 between MYCN single copy cell lines

and MYCN amplified cell lines (Table 1).

Distinct morphological changes of the cells were

observed in the presence of BL1521. In order to investigate

whether BL1521 is capable of inducing apoptosis, PARP

cleavage, a late apoptotic event, was measured. Fig. 4

shows that both BL1521- and TSA-induced apoptosis in

neuroblastoma cells in a dose- and time-dependent fashion.

Similar results were observed in other neuroblastoma cell

lines as well (Table 1). Table 1 shows the 50% apoptotic

index (AI50) which was derived from the PARP western

analysis as the concentration at which both fragments of

PARP were equally strong. This analysis was carried out

using protein from cells that were incubated for 24 h with

Fig. 3. The effects of BL1521, TSA and 4PBA on the metabolic activity of

NMB cells. The cells were cultured for 0–3 days with BL1521 (0–10 mM),

TSA (0–500 nM) and 4PBA (0–5 mM). The experiments are performed in

quadruplicate; the values shown are the mean � S.D.
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increasing concentrations of BL1521. Between the cell

lines no obvious correlation between the MYCN status and

the AI50 was found. The four cell lines that are sensitive to

TRAIL-induced apoptosis (marked with ‘�’) are on aver-

age slightly less sensitive to BL1521-induced apoptosis,

when comparing AI50 [29].

Furthermore, we observed a profound induction of

differentiation in several cell lines after prolonged treat-

ment with BL1521 at low concentration. Differentiation is

characterised by the elongated and more flat shape of the

cell body, the increase in neurite length and the amount of

neurite connections. Untreated, neuroblastoma cells have a

triangular body shape and little or no neurite outgrowth

(Fig. 5A, C, E and G). Fig. 5 shows a difference in response

to treatment with BL1521 when comparing the morpho-

logical changes in MYCN single copy (SKNSH and

GIMEN) and MYCN amplified cell lines (NMB and

KCNR). After 4-day incubation with 1 mM BL1521,

NMB cells clearly showed no differentiation. SKNSH

and GIMEN cells, however, showed extensive differentia-

tion. After 5–6 days incubation with BL1521, the cell

bodies were elongated, the neurite length was often more

than twice the length of the cell body and there was a high

degree of neurite connections. KCNR cells displayed a

modest amount of differentiation after 6 days of incubation

with BL1521. MYCN single copy cell lines proved to be

more prone to differentiation upon treatment with BL1521

while the MYCN amplified cell lines rarely underwent

differentiation (Fig. 5, Table 1).

4. Discussion

This study describes the effects of a newly developed

HDAC inhibitor BL1521 on neuroblastoma cells. BL1521

was found to be the most potent one of a number of

compounds tested and it is the only compound with a

hydroxamic acid group, like TSA, which might explain its

effectiveness in inhibiting metabolic activity of neuroblas-

toma cells.

Neuroblastoma has several characteristic molecular fea-

tures like loss of heterozygosity, deletion of chromosomes

and amplification of genes. Well known is the amplification

of MYCN, which is a proto-oncogene. MYCN amplification

occurs in almost 20% of all neuroblastoma tumours and is a

prognostic factor for poor survival [1–4]. It has been

suggested that the amplification of MYCN, which exerts

its function through the MYC/MAD/MAX network and

Id2 and RB, might be to induce or sustain cell proliferation

[24,30,31]. Recently, it has been shown that the HDAC

inhibitor MS-275 was able to reduce MYCN expression

[24]. Our results show that BL1521 is also able to reduce

the expression of MYCN in MYCN amplified cell lines in

contrast to TSA, which had no effect on MYCN expression.

Furthermore, the changes in morphology between the two

subsets of neuroblastoma cells show that MYCN single

copy cell lines are more prone to differentiation than

MYCN amplified cell lines upon treatment with BL1521.

These phenomena, however, did not lead to a significant

difference in sensitivity towards BL1521 between MYCN

single copy cell lines and MYCN amplified cell lines,

indicating that the mechanism by which HDAC inhibitors

affect growth and survival are probably independent of

MYCN.

To date, the effect of HDAC inhibitors remains illusive,

although many research groups have reported that HDAC

inhibitors are able to selectively induce the expression of

p21WAF1/CIP1 [11,17,30,32–34]. Recently, it has been

shown that a particular neuroblastoma cell line suffers

from difficulties in correctly executing cell cycle arrest

due to a dysfunctional p21WAF1/CIP1 protein. This resulted

in attenuation of G0–G1 cell cycle arrest, which might

contribute to the genetic aberrations found in this type of

tumour [35]. Our results suggest that at least the up-

regulation of p21WAF1/CIP1 mRNA is still functional in

the neuroblastoma cell lines tested since incubation with

Fig. 4. The time- and dose-dependent induction of PARP cleavage in

neuroblastoma cell lines. The cells were cultured for 24–72 h with BL1521

(0–50 mM), TSA (0–1 mM). The molecular weight of full length PARP is

113 kDa, whereas the molecular weight of cleaved PARP is 89 kDa.

A.J.M. de Ruijter et al. / Biochemical Pharmacology 68 (2004) 1279–1288 1285



BL1521 showed an increase of p21WAF1/CIP1 mRNA. How-

ever, as with MYCN, we did not observe an increase of

p21WAF1/CIP1 mRNA in these neuroblastoma cell lines after

incubation with TSA. Thus, although both BL1521 and

TSA are believed to inhibit HDACs in a similar fashion due

to the hydroxamic acid groups and show a similar response

in induction of histone H3 acetylation, we cannot exclude

yet any additional effects of BL1521 on the metabolism of

the cells besides the inhibition of HDAC.

The neuroblastoma cell lines tested showed a dose- and

time-dependent induction of PARP cleavage after incuba-

tion with both BL1521 and TSA. PARP cleavage is a late

apoptosis event and neuroblastoma is well known for its

high prevalence of the absence of caspase 8 expression,

resulting in an altered apoptosis pathway [30,36]. Inter-

estingly, we found no significant difference in sensitivity

towards the induction of apoptosis after incubation with

BL1521 between the TRAIL inducible apoptosis sensitive

and insensitive subsets of cell lines. This result might

suggest the activation of the mitochondrial apoptosis path-

way due to induced cellular stress by BL1521, or, alter-

natively, the reactivation of caspase 8 signalling via the

induced changes in gene expression by BL1521 treatment

[29,37,38].

In this study, we showed that BL1521 was capable of

reducing the HDAC activity in neuroblastoma cells to 15%

or less of control cells. This reduction represents the sum of

activity of HDAC1, HDAC2, HDAC3, HDAC4, HDAC8,

HDAC9 and SIRT1 due to substrate characteristics. In

contrast to classical HDACs, SIRT1 is an HDAC enzyme

that needs NADH for its activity. This results in an inability

of HDAC inhibitors to effectively inhibit the activity of

SIRT1. Our results demonstrate that the SIRT1 activity is

very low in most neuroblastoma cell lines since in all of the

neuroblastoma cell lines little or no residual HDAC activity

could be detected in the presence of TSA. Interestingly, the

maximal reduction of HDAC activity achieved in the cell

lines tested after incubation with BL1521 is 85% or more.

A conceivable explanation for the inability of BL1521 to

completely inhibit the HDAC activity might be a difference

Fig. 5. Different neuroblastoma cell lines showing various amounts of differentiation when treated with BL1521. The panels on the left show vehicle control

treated cells. The panels on the right show the cell morphology after treatment for 4–6 days with 1 mM BL1521 without refreshing the medium.

Differentiation is characterised by the elongated and more flat shape of the cell body, the increase in neurite length and the amount of neurite connections.

NMB cells clearly showed no differentiation after incubation with BL1521. SKNSH and GIMEN cells showed extensive differentiation and KCNR cells

display a modest degree of differentiation. NMA, MYCN amplified; NMS, MYCN single copy.
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in sensitivity of the different HDAC isoforms to inhibition

by BL1521. Moreover, it is not yet known which of the

classical HDACs are expressed in neuroblastoma cells and

to what extend. Analysis of SAGE data suggests that

especially HDAC2 might be preferentially expressed in

neuroblastoma [12]. BL1521 may prove to be a promising

HDAC inhibitor when comparing the effect on neuroblas-

toma cells to that of TSA and 4PBA. In conclusion, we

showed in this study that a new and potent HDAC inhibitor

has been developed with promising in vitro results on

neuroblastoma cells.
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