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ABSTRACT 

 

Transcriptional regulation in eukaryotes occurs within a chromatin setting, and is strongly 

influenced by the posttranslational modification of histones, the building blocks of 

chromatin, such as methylation, phosphorylation and acetylation. Acetylation is probably 

the best understood of these modifications: hyperacetylation leads to an increase in the 

expression of particular genes, and hypoacetylation has the opposite effect. Many studies 

have identified several large, multisubunit enzyme complexes that are responsible for the 

targeted deacetylation of histones. The aim of this review is to give a comprehensive 

overview of the structure, function and tissue distribution of members of the classical 

histone deacetylase (HDAC) family, in order to gain insight into the regulation of gene 

expression through HDAC activity. SAGE (serial analysis of gene expression) data show 

that HDACs are generally expressed in almost all tissues investigated. Surprisingly, no 

major differences were observed between the expression pattern in normal and malignant 

tissues. However, significant variation in HDAC expression was observed within tissue 

types. HDAC inhibitors have been shown to induce specific changes in gene expression and 

to influence a variety of other processes, including growth arrest, differentiation, 

cytotoxicity and induction of apoptosis. This challenging field has generated many 

fascinating results which will ultimately lead to a better understanding of the mechanism 

of gene transcription as a whole.  

 

Abbreviations used: CaMK, Ca2+/calmodulin-dependent kinase; CtBP, C-terminal binding protein; 

HDAC, histone deacetylase; HDACi, histone deacetylase inhibitor(s); HDRP, HDAC-related 

protein; MEF2, myocyte enhancer factor 2; N-CoR, nuclear receptor co-repressor; NES, nuclear 

export signal; NLS, nuclear localization signal; NuRD, nucleosome remodelling histone 

deacetylase; Rb, retinoblastoma protein; RbAp46/48, Rb-associated protein 46/48; SAGE, serial 

analysis of gene expression; SMRT, silencing mediator for retinoic acid and thyroid hormone 

receptors; TSA, trichostatin A; YY1, Yin and Yang 1. 

 

 

INTRODUCTION 

 

Transcription in eukaryotic cells is influenced by the manner in which DNA is packaged 

[1]. In resting cells, DNA is tightly compacted to prevent accessibility of transcription 

factors. DNA is packaged into chromatin, a highly organized and dynamic protein–DNA 

complex. The fundamental subunit of chromatin, the nucleosome, is composed of an 

octamer of four core histones, i.e. an H3/H4 tetramer and two H2A/H2B dimers, 

surrounded by 146bp of DNA (Figure 1) [2, 3]. Local chromatin architecture is now 

generally recognized as an important factor in the regulation of gene expression. During 

activation of gene transcription, this compact, inaccessible DNA is made available to DNA 

binding proteins via modification of the nucleosome [2]. This architecture of chromatin is 

strongly influenced by post-translational modifications of the histones. Compared with 
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methylation and phosphorylation, the acetylation of core histones is probably the best 

understood type of modification. Histone acetylation occurs at the ε amino groups of 

evolutionarily conserved lysine residues located at the N-termini. All core histones are 

acetylated in vivo; modifications of histones H3 and H4 are, however, much more 

extensively characterized than those of H2A and H2B [1]. Important positions for 

acetylation are Lys9 and Lys14 on histone H3, and Lys5, Lys8, Lys12 and Lys16 on histone 

H4 (Figure 1) [4]. Steady-state levels of acetylation of the core histones result from the 

balance between the opposing activities of histone acetyltransferases and histone 

deacetylases (HDACs) [1]. In general, increased levels of histone acetylation 

(hyperacetylation) are associated with increased transcriptional activity, whereas 

decreased levels of acetylation (hypoacetylation) are associated with repression of gene 

expression (Figure 1) [1, 2, 5]. 

 

The fact that acetylation is a key component in the regulation of gene expression has 

stimulated the study of HDACs in relation to the aberrant gene expression often observed 

in cancer. Although no direct alteration in the expression of HDACs has yet been 

demonstrated in human oncogenesis, it is now known that HDACs associate with a 

number of well characterized cellular oncogenes and tumour- suppressor genes [e.g. Mad 

and retinoblastoma protein (Rb)], leading to an aberrant recruitment of HDAC activity, 

which in turn results in changes in gene expression [6, 7]. In acute promyelocytic 

leukaemia, for example, the oncoprotein produced by the fusion of the PML 

(promyelocytic leukaemia) gene and the retinoic acid receptor α gene, appears to suppress 

the transcription of specific genes through the recruitment of HDACs. Thus the cancer cell 

is unable to undergo differentiation, leading to excessive proliferation [8–10]. Similar 

phenomena have been described for retinoic acid receptor α–PLZF (promyelocytic 

leukaemia zinc finger protein) fusion, AML1 (acute myelocytic leukaemia protein 1)–ETO 

fusion, and also in the Myc/Mad/Max signalling pathway involved in solid malignancies 

[11–14]. 

 

It is clear that HDAC enzymes seldom operate alone. Many proteins, with various 

functions such as recruitment, co-repression or chromatin remodelling, are involved in 

forming a complex that results in the repressor complex shown in Figure 1. The most 

important signal involved in the initiation process of repression is situated in the DNA 

itself. Methyl groups bound to the cytosine residues situated 5´ to guanosines in DNA, in 

so-called CpG islands, are directly responsible for the recruitment of the HDAC complex 

via proteins such as methylated-CpG-binding proteins and methyl-CpG-binding-domain- 

containing proteins, or via the enzymes that methylate the CpG islands, the DNA 

methyltransferases. The methyl groups provide the basis for epigenetic gene silencing, 

such as imprinting and X chromosome inactivation, since a high proportion of methylated 

CpG will result in a loss of expression of the gene encoded by this stretch of DNA. Although 

it seems that HDAC could be solely responsible for the repression of gene transcription via 



______________________________________________________________  

 8 

recruitment to methylated CpG, this is not the case. When HDAC activity is inhibited, the 

transcription of the gene under study is not always (completely) restored [15–21]. 

 

Figure 1. Various aspects of the transcription process and its regulation by histone modification 

 
(A) Schematic representation of a nucleosome. Circle represents the histones. Banana shape 

depicts the histone tail that can be modified to loosen DNA (black) winding. Small circle represents 

a tail without an acetyl (Ac) group. The dark 'banana shape' represents a histone tail with an acetyl 

group, relieving the tight packaging of the DNA. (B) Transcriptional repression and activation in 

chromatin. Circles represent core histone octamers; in the upper panel, acetylated histone tails 

(dark) are depicted emerging from the octamer. DNA is black, and the solid black arrow represents 

complex movement. Both histone acetyltransferase (HAT; activation) and HDAC (repression) 

require several cofactors (for DNA binding, for recruitment of the complex, for remodelling of the 

DNA helix to reduce the accessibility of transcription factors) for their activity [1,3,50]. 

 

In addition to deacetylation of histones, other proteins can also be deacetylated by HDACs, 

including p53, E2F, α-tubulin and MyoD, illustrating the complex function of HDACs in 

many processes in the cell [22, 23]. 
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Over the years, many different types of HDAC inhibitors (HDACi) have been developed, 

ranging from complicated structures of bacterial or fungal origin [trichostatin A (TSA), 

trapoxin] to the very simple butyrate. HDACi are capable of inhibiting HDACs with varying 

efficiency (at nanomolar to millimolar concentrations). Inhibition of HDACs can result in a 

general hyperacetylation of histones, which is followed by the transcriptional activation of 

certain genes through relaxation of the DNA conformation [24]. Generally, HDACi are 

known to be able to induce growth arrest, differentiation or apoptosis of cancer cells in 

vitro and in vivo [2, 10, 24–33]. DNA micro-arrays using malignant cell lines cultured in 

the presence of a HDACi indicated that a specific small number of genes (1–7%) showed 

altered expression [10, 27, 34, 35]. Thus the effect of HDACi on gene expression is believed 

not to be a general one, but rather involves alteration of the transcription of a specific 

subset of genes [18, 20, 21]. 

 

The aim of this review is to give a comprehensive overview of the structure, function and 

tissue distribution of the classical HDAC family members, in order to gain insight into the 

regulation of gene expression via HDAC activity. Knowledge about the regulation of HDAC 

activity, as well as its level of expression and tissue distribution, is crucial in order to 

achieve a better understanding of changes in gene expression, e.g. during development or 

in malignancy. In this review we assess the tissue distribution of HDACs by using SAGE 

(serial analysis of gene expression) databases on the Internet. In addition, a brief overview 

is given of HDACi and of the genes currently known to respond to HDACi treatment. 

 

Figure 2. Evolutionary relationship between the HDACs 

 

 

The actual distances may be greater than shown. The class I HDACs are related to yeast 

(Saccharomyces cerevisiae) RPD3, and the class II HDACs are related to the yeast HDA1 enzyme. 

RPD3 is most related to HDAC1 and HDAC2; HDA1 is most closely related to HDAC6 [4,42,69]. 

From the phylogenetic tree, it can be concluded that HDAC9a, HDAC9b and HDAC9c/HDRP form 

a distinct group within class II that seem to be less related to other members of class II. HDAC11 

does not show enough identity with class I or class II HDACs to be placed in either class. 
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GENERAL OVERVIEW 

 

Classification 

There are two protein families with HDAC activity: the recently discovered SIR2 family of 

NAD+-dependent HDACs (this family will not be subject of discussion in this review), and 

the classical HDAC family. Members of the classical HDAC family fall into two different 

phylogenetic classes, namely class I and class II (Figure 2) [4, 36]. The class I HDACs 

(HDAC1, 2, 3 and 8) are most closely related to the yeast (Saccharomyces cerevisiae) 

transcriptional regulator RPD3. Class II HDACs (HDAC4, 5, 6, 7, 9 and 10) share domains 

with similarity to HDA1, another deacetylase found in yeast [4]. Recently a new member of 

the HDAC family has been identified, HDAC11 [37]. This protein contains all the necessary 

features to be designated as a HDAC, and although it is tempting to conclude from Figures 

2 and 3 that HDAC11 is most closely related to the class I HDACs, no classification of 

HDAC11 to class I/II or the SIR2 family could be made, since the overall sequence 

similarity is too low [37]. Currently it is thought that HDACs of class I are expressed in 

most cell types, whereas the expression pattern of class II HDACs is more restricted (see 

Table 3), suggesting that they might be involved in cellular differentiation and 

developmental processes [38, 39]. 
 

Figure 3. Schematic depiction of the different isoforms of HDAC 

 

Bars depict the 

length of the 

protein. The 

catalytic domain 

is shown in grey. 

Note that HDRP 

does not possess 

any deacetylase 

activity. Black 

depicts a NLS. N, 

N-terminus, C, 

C-terminus. For 

further details, 

see [1, 38, 40, 41, 

43, 46, 48–50, 

54, 60, 67, 72, 73, 

76, 125]. 
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Localization 

To exert their function, HDACs need to be in the nucleus, where their predominant 

substrate is found. The nuclear localization of HDACs occurs via a nuclear localization 

signal (NLS) or via co- localization together with other proteins/HDACs. Most HDACs 

contain a NLS, but some can be cytosolic as well; this depends on other regulatory 

domains. Class I HDACs are found almost exclusively in the nucleus (Figure 4). The 

localization of HDAC1 and HDAC2 is exclusively nuclear, due to the lack of a nuclear 

export signal (NES) [19]. HDAC3, however, has both a nuclear import signal and a NES, 

suggesting that HDAC3 can also localize to the cytoplasm. Interestingly, HDAC3 is nearly 

always localized in the nucleus in studies described so far, which might be explained in 

part by the recruitment of the HDAC3 complex by HDACs 4, 5 and 7 when they are bound 

to the DNA via co-repressors (Table 1) [36, 40, 41]. This possibly indicates a cell-type-

specific domination of one signal over the other [41]. On over-expression of HDAC8 

(necessary because of its low abundance), it could be demonstrated that this protein was 

localized in the nucleus [42]. 

 

Figure 4. Localization of HDACs 

 
The nucleus is depicted in gray. 14-3-3 protein (banana shape) can retain HDAC4/5 or HDAC7 in 

the cytoplasm when they are phosphorylated. CaMK (small circle) is involved in nuclear export via 

the calcium/ calmodulin signalling pathway. Subcellular localization of (A) class I HDACs and (B) 

class II HDACs is shown. (C) Shuttling of HDAC4, HDAC5 and HDAC7 during muscle 

differentiation. 
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Class II HDACs are able to shuttle in and out of the nucleus in response to certain cellular 

signals (Figures 4B and 4C). Figure 4(B) shows that the predominant localization of 

HDAC6 is in the cytoplasm [22, 43]. HDAC11 resides in the nucleus; however, in activity 

assays, HDAC11 co-precipitates with the cytoplasmically localized HDAC6 [37, 43]. 

HDAC10 can be localized in both the nucleus and the cytoplasm, although the function of 

the localization in both compartments has not been clarified [44, 45]. The subcellular 

localization of HDAC9 can be cytosolic as well as nuclear, depending on the splice variant 

[43, 46]. 

 

Figure 4(C) shows that the localization of HDACs 4, 5 and 7 is a carefully regulated 

process. The shuttling of HDACs 4, 5 and 7 between the cytosol and the nucleus has been 

studied extensively in differentiating muscle cells, resulting in a clear model [36, 40, 47]. 

Due to a (pre-) differentiation signal, HDAC4 is phosphorylated by Ca2+/calmodulin-

dependent kinase (CaMK), resulting in the export of HDAC4 together with CRM1, a 

cellular export factor for proteins with a leucine-rich NES. 14-3-3 protein (a cytosolic 

anchor protein) binds the phosphorylated form of HDAC4 and thereby retains HDAC4 in 

the cytosol. After fusion of muscle cells, terminal differentiation (post-differentiation) 

occurs, and HDAC4 is released from 14-3-3 due to a decrease in its phosphorylation status, 

and will consequently shuttle back to the nucleus. 

 

HDAC5 resides in the nucleus during the proliferation of muscle cells (pre-differentiation) 

and is triggered to relocalize from the nucleus to the cytoplasm during differentiation. A 

mediator believed to be involved in this compartmental change of HDAC5 is CaMK (the 14-

3-3 consensus binding domain is present), although, since HDAC5 also has a NES domain, 

it could not be confirmed that CaMK is solely responsible for the transport of HDAC5 out 

of the nucleus. Thus the shuttling of HDAC5 takes place in the opposite direction and on a 

different time scale when compared with that of HDAC4. Both HDAC4 and HDAC5 reside 

initially in the same compartment, but end up in the cytosol and the nucleus respectively. 

 
 

Table 1. Co-repressors of HDACs 

 

The co-repressors required for the functioning of HDACs are grouped into different functional 

classes. Some of the co-repressors appear in more than one class due to their dual function. Several 

co-repressors are not always necessary, depending on tissue type and transcriptional requirements. 

Some HDACs are not listed, since little is known about their co-repressor requirements. Nuclear 

hormone receptors [e.g. oestrogen receptor (ER), glucocorticoid receptor (GR), thyroid hormone 

receptor (TR) and retinoic acid receptor (RAR)] function as transcriptional activators, binding the 

respective responsive element directly, when ligand is present. In the case of SMRT/N-CoR binding 

and function, no ligand is bound to the receptors, and thus they function as transcriptional 

repressors. Recruiters bind DNA, are sequence-specific, are methylation-specific, or are 

intermediates between DNA and the HDAC complex. From the group of recruiters, only one is 

usually present; all the other groups represent necessary co-repressors of HDAC activity. 
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Abbreviations: RBP, Rb binding protein; BRCA, breast cancer-associated susceptibility protein; 

NF-κ Β, nuclear factor-κΒ; MeCP, methylated CpG binding protein; MTA, metastasis-associated 

protein; SAP, Sin3-associated protein; TBL, transducin β-like protein; MBD3, methyl-CpG-

binding-domain-containing protein 3; PML, promyelocytic leukaemia; DNMT, DNA 

methyltransferase; ERK, extracellular-signal-regulated kinase; CtBP, C-terminal binding protein. 

 

 HDAC1 and HDAC2  

[ 16–19, 39, 47, 56–59, 95, 114, 

115] 

HDAC3 

[ 36, 41, 50, 

55, 65–67] 

HDAC4  

[32, 36, 46, 

50, 66, 73] 

HDAC5  

[ 32, 36, 46, 

50, 66, 73] 

HDAC7  

[ 32, 40, 

48–50, 54] 

HDAC9 

[43, 46, 67] 

 Sin3 

complex 

NuRD 

complex 

Co-

REST 

complex 

     

Histone 

binding 

RbAp48 RbAp48  RbAp48     

Recruiters Ikaros MBD3  HDAC4, 

HDAC5, 

HDAC7, 

HDRP, 

YY1, Rb, 

MEF2 MEF2, 

GATA-2 

MEF2 MEF2 

 YY1, RBP-1, Sp1, BRCA1, Rb, 

HDRP, heterochromatin 

protein-1, NF-κΒ, MeCP2, 

HDAC10 

GATA-2, HDAC9, HDRP, HDAC10           

Nuclear 

hormone 

receptor 

binding 

mSin3A, 

N-CoR, 

SMRT* 

  SMRT, N-CoR 

Remodel-

ling  

 Mi-2       

Necessary/ 

modulates 

HDAC 

activity 

 MTA2, 

p70, p32, 

Co-REST SMRT/N-

CoR 

SMRT/N-CoR, HDAC3  

Unknown RbAp46, 

SAP18, 

SAP30 

RbAp46  TBL1     

Association 

as inter-

mediate 

Mad/Max, Mxi/Max, MeCP-1, 

ER, GR, TR, RPX 

CRM1, 

HDAC3 

ERK1/2, 

CtBP, 

HDAC10 

CtBP, 

HDAC10 

CRM1, 

CtBP, 

HDAC10 

HDAC1, 

HDAC3, 

SMRT,  

N-CoR 

 homeodomain 

proteins, c-Ski, Sno, 

Aiolos, p53, NY-F, 

REST, Suv39H1, 

PML-RARα, DNMT 

      

* SMRT does not interact directly with HDAC1 
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HDAC7 has a very high degree of sequence similarity with HDAC5, except that HDAC7 

does not have a NES domain. Like HDAC5, HDAC7 is able to shuttle from the nucleus to 

the cytoplasm during muscle cell differentiation, indicating that calcium signalling (14-3-3 

protein binding) might again be involved. In cell types other than muscle cells, the 

regulation of the localization of HDAC5 and HDAC7 is less clear. In general, the 

localization of HDAC7 seems to depend on the presence of CaMK and 14-3-3 (other 

unknown proteins might also be required). When CaMK and 14-3-3 are present, HDAC7 

resides in the cytoplasm; however, if both CaMK and 14-3-3 are not expressed, HDAC7 is 

found in the nucleus. Even though there is a large degree of similarity in function and 

localization between HDAC5 and HDAC7, both enzymes are found in the nucleus in some 

cell lines (CV-1, MCF7), whereas in other cell lines (HepG2) HDAC5 is located in the 

nucleus and HDAC7 is localized in the cytosol. The presence of the NES domain on HDAC5 

might have a dominant role in determining the localization of HDAC5 in these cell lines, 

but clearly more research is needed to clarify these contradictory findings [43, 48, 49]. 

 

Mechanism of action 

The mechanism of action of the HDAC enzymes involves removing the acetyl group from 

the histones comprising the nucleosome. Hypoacetylation results in a decrease in the space 

between the nucleosome and the DNA that is wrapped around it (Figure 1). Tighter 

wrapping of the DNA diminishes accessibility for transcription factors, leading to 

transcriptional repression (Figure 1) [1, 3, 50]. The catalytic domain of HDAC is formed by 

a stretch of 390 amino acids consisting of a set of conserved amino acids. The active site 

consists of a gently curved tubular pocket with a wider bottom [51]. Removal of an acetyl 

group occurs via a charge-relay system consisting of two adjacent histidine residues, two 

aspartic residues (located approx. 30 amino acids from the histidines and separated by 

approx. 6 amino acids), and one tyrosine residue (located approx. 123 amino acids 

downstream from the aspartic residues) [38, 51]. An essential component of the charge-

relay system is the presence of a Zn2+ ion. This atom is bound to the zinc binding site on 

the bottom of the pocket. However, other cofactors are required for HDAC activity (Table 

1): most recombinantly expressed enzymes are found to be inactive. HDACi function by 

displacing the zinc ion and thereby rendering the charge-relay system dysfunctional. TSA, 

with its hydroxamic acid group and its five-carbon atom linker to the phenyl group, has the 

optimal conformation to fit into the active site [51]. TSA is the most potent reversible 

HDACi currently known, with an IC50 in low nanomolar range [52]. All HDACs are 

thought to be approximately equally sensitive to inhibition by TSA [19, 32, 50, 53]. 
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CLASS I HDACs 

 

HDAC1 and HDAC2 

HDAC1 and HDAC2 are highly similar enzymes, with an overall sequence identity of 

approx. 82% (Figure 2). The catalytic domain on the N-terminus forms the major part of 

the protein (Figure 3) [1, 6, 54, 55]. HDAC1 and HDAC2 are inactive when produced by 

recombinant techniques, implying that cofactors are necessary for HDAC activity to occur. 

In vivo, HDAC1 and HDAC2 only display activity within a complex of proteins. These 

complexes consist of proteins necessary for modulating their deacetylase activity and for 

binding DNA, together with proteins that mediate the recruitment of HDACs to the 

promoters of genes [56]. Three protein complexes have been characterized that contain 

both HDAC1 and HDAC2: Sin3, NuRD (nucleosome remodelling and deacetylating) and 

Co-REST (Table 1). Both the Sin3 complex (named after its characteristic element mSin3A) 

and the NuRD complex consist of a core complex containing HDAC1, HDAC2, Rb-

associated protein 48 (RbAp48, which binds histone H4 directly) and RbAp46. The core 

complex alone does not possess maximal HDAC activity, and additional cofactors are 

needed (Table 1) [39, 56–59]. In addition to functioning through these complexes, HDAC1 

and HDAC2 can also bind directly to DNA binding proteins such as YY1 (Yin and Yang 1, a 

cellular nuclear matrix regulatory protein), Rb binding protein-1 and Sp1 [2, 50, 54, 55, 

60–64]. 

 

In addition to the regulation of HDAC1 and HDAC2 activity by the availability of co-

repressors, a second means of regulating activity is via post-translational modifications. 

Both activity and complex-formation are regulated by phosphorylation. HDAC1 and 

HDAC2 are phosphorylated at a low steady-state level in resting cells. 

Hyperphosphorylation of HDAC1 and HDAC2 leads to a slight but significant increase in 

deacetylase activity, and at the same time to disruption of complex-formation between 

HDAC1 and HDAC2 and between HDAC1 and mSin3A/YY1. When hypophosphorylation of 

HDAC1 and HDAC2 occurs, the activity of HDAC1 and HDAC2 decreases, but complex-

formation is increased. The apparently contradictory consequences of phosphorylation 

maintain HDAC activity at a certain optimal level. Mutational analysis of HDAC1 shows 

that Ser421 and Ser423 are crucial phosphorylation sites; when they are mutated, 

complex-formation is hampered and HDAC activity is decreased [39, 47]. 

 

HDAC3 

HDAC3 is evolutionarily most closely related to HDAC8, with 34% overall sequence 

identity, and HDAC3 has the same domain structure as all class I HDACs (Figures 2 and 

3). In HDAC1 and HDAC2, the regions that correspond to amino acids 181–333 of HDAC3 

are very similar to each other (93% identity). However, the corresponding region in 

HDAC3 has only 68% identity with HDAC1 and HDAC2. Surprisingly, the non-conserved 

C-terminal region of HDAC3 is required for both deacetylase activity and transcriptional 
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repression. In addition to the NLS that other class I HDACs possess, a NES is also present 

in HDAC3 (amino acids 180–313). The balance between these two signals is probably 

dependent on cell type and on environmental conditions [41]. HDAC3 shares structural 

and functional features with other class I HDACs, but it exists in multisubunit complexes 

that are different from other known HDAC complexes. This could imply that individual 

HDACs have distinct functions due to their complex specificity. 

 

SMRT (silencing mediator for retinoic acid and thyroid hormone receptors) and N-CoR 

(nuclear receptor co-repressor) are necessary factors for HDAC3 activity (Table 1). (N-CoR 

and SMRT are two distinct, but highly related, proteins that share similar domain 

structure and function. Both act as co-repressors. See [43,54] for more details.) Both 

SMRT and N-CoR have a conserved deacetylase-activating domain for HDAC3 activation 

[65]. HDAC3 is able to form oligomers in vitro and in vivo with other HDACs [41]. Using 

over-expression coupled to immunoprecipitation, it was shown that HDAC3 can co-

precipitate with HDACs 4, 5, and 7 through complex-formation with SMRT and N-CoR 

[40, 41]. Endogenous HDAC3 mostly associates with itself, and only a small fraction of 

HDAC3 interacts with HDAC4. HDAC3 can also be found in a complex with HDAC-related 

protein (HDRP) (see HDAC9 below) [36, 55, 66, 67]. HDAC3 shares the ability of HDAC1 

to mediate the Rb–RbAp48 interaction, suggesting a mediating role of these HDACs in the 

cell cycle process. HDAC3, however, does not interfere with Rb–E2F activity, in contrast 

with HDAC1 and HDAC2 (Table 1) [57, 68]. 

 

HDAC8 

Of all the class I HDACs, HDAC8 is most similar to HDAC3 (34% identity; Figure 2). 

HDAC8 consists largely of the catalytic domain with an NLS in the centre (Figure 3) [32, 

38, 43, 50]. Due to its very recent discovery, it is not yet known whether HDAC8 function 

is regulated by a co-repressor complex of proteins. Two different transcripts of 2.0kb and 

2.4kb have been found. Discrepancies with respect to chromosomal localization existed, as 

the gene has been mapped to Xq21.2–Xq21.3 and to Xq13, although the latter is now 

considered to be correct (Table 2). Northern analysis, after lengthy incubations, revealed a 

varying degree of HDAC8 expression in several tissue types, suggesting a very low 

abundance of HDAC8 mRNA [38, 69]. 
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Table 2. Chromosomal localization of HDACs and reliable tags used to determine expression 

Enzyme UniGene cluster # (Gi #) Chromosomal 

location 

SAGE tags 

HDAC1 Hs.88556 (12653070) 1p34 TCCAAAGTAA 

HDAC2 Hs.3352 (4557640) 6q21 CTTTATGTGA 

HDAC3 Hs.279789 (13128861) 5q31* ACAATGACAA 

HDAC4 Hs.91400 (13259519) UTR? 2q37 CAACCTCCAG/CACGCCTGGG 

HDAC5 Hs.9028 (13259520) 17q21 GAGCAGGAGC 

HDAC6 Hs.6764 (15079316) Xp11 GCAAGGTTGC/TGTCCTCCCA 

HDAC7 Hs.275438 (13259521) 12q13, a and b 

isoforms 

7a: TTTTTGTAAA (7b is 

unclear) 

HDAC8 Hs.112272 (EST) (8923768) Xq13 TGGTCTAGTT 

HDAC9 Hs.116753 [9a, 17158038; 9b, 17158040;  

9c, 7662279 (=HDRP, 3882208)] 

7p15–p21; three 

isoforms 

TGGCTGAGCA 

HDAC10 Hs.26593 (16903565) 22q13; two splice 

variants 

CAACCCACGC 

HDAC11 Hs.? (10438543) 3p25  

 

Data were obtained from the NCBI SAGE database (http://www.ncbi.nlm.nih.gov/UniGene/) in 

combination with the Human Transcriptome Map (http://www.amc.uva.nl/), freely available on 

the Internet. The numbers shown in Table 3 were generated on the basis of the tags. Tags shown 

are unique for the gene and are considered reliable. UTR, untranslated region; EST, expressed 

sequence tag. * From Blast searching and looking at UniGene clusters, it seems that HDAC3 has 

high identity with part of chromosome 11, which is possibly another HDAC-like gene. 

 

 

CLASS II HDACs 

 

HDAC4, HDAC5 and HDAC7 

HDAC4, HDAC5 and HDAC7 are found in the same region of the phylogenetic tree, and 

represent a subgroup within the class II HDACs. HDAC4 and HDAC5 are most similar to 

each other (overall similarity 70%), but HDAC7 is also closely related (58 and 57% overall 

similarity respectively) (Figure 2). All three HDACs have their catalytic domain on the C-

terminal half of the protein and the NLS is situated close to the N-terminus (Figure 3). 

Binding domains for C-terminal binding protein (CtBP), myocyte enhancer factor 2 

(MEF2) and 14-3-3 are conserved in all three HDACs on the N-terminus [1,43]. 

Furthermore, HDAC5 has a NES within the catalytic domain, suggesting nuclear–

cytoplasmic trafficking. HDAC4, HDAC5 and HDAC7 are able to interact with SMRT/N-

CoR, and the co-repressors BCoR (Bcl-6-interacting co-repressor) and CtBP (Table 1). 

 

The N-termini of HDAC4, HDAC5 and HDAC7 interact specifically with and repress the 

myogenic transcription factor MEF2. MEF2 plays an essential role, as a DNA binding 

transcription factor, in muscle differentiation [70]. When MEF2 is associated with HDAC4, 
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5 or 7, the function of MEF2 as a transcription factor is inhibited, thus blocking muscle cell 

differentiation. CaMK activity overcomes this inhibition by dissociating the MEF2–HDAC 

complex due to phosphorylation of HDAC4/5/7. Subsequently, transport (along with the 

cellular export factor CRM1) of the HDAC out of the nucleus can occur, illustrating another 

type of regulation of HDAC activity [65, 71, 72]. Interestingly, HDAC4, 5 and 7 associate 

with HDAC3 in vivo via co-recruitment to the SMRT/N-CoR factors in the nucleus (Table 

1), with an absence of HDAC3 leading to inactivity. This suggests that HDAC4, 5, and 7 

function as a link between DNA-binding recruiters and the HDAC3-containing HDAC 

complex [36, 40, 41]. 

 

The subcellular localization of HDAC5 and HDAC7 differs from that of HDAC4 at the 

different stages of muscle cell differentiation (Figure 4). These HDACs might complement 

each other in order to control the differential regulation of gene expression during the 

various stages of differentiation in muscle cells. These three HDACs are able to 'fine tune' 

the repression of gene expression due to the need for co-repressors for their activity, and 

even more intriguingly via their ability to change localization in response to a specific 

signal, thus providing a carefully regulated sequence of changes in gene expression during 

differentiation [32, 36, 40, 43, 46, 48–50, 54, 63, 72–74]. 

 

HDAC6 

The phylogenetic tree shows that HDAC6 is evolutionarily most closely related to HDAC10 

(Figure 2). In general, though, the identity of HDAC6 with other human HDACs is low, 

with some resemblance to yeast HDA1 (Saccharomyces cerevisiae) indicating an early 

separation from the other HDACs in evolution. HDAC6 is a rather unique enzyme within 

the classical family of HDACs, because it contains two catalytic domains arranged in 

tandem (Figure 3) [32, 50]. Another unique feature of HDAC6 is the presence of a HUB 

(HDAC6-, USP3-, and Brap2-related zinc finger motif) domain on the C-terminus. This 

domain is a signal for ubiquitination, suggesting that this HDAC is particularly prone to 

degradation [43]. The catalytic domains of HDAC6 are most similar to the catalytic domain 

of HDAC9. HDAC6 functions as a tubulin deacetylase, regulating microtubule-dependent 

cell motility [22]. Although it resides predominantly in the cytoplasm (having a NES) to 

exert its function, HDAC6 is also found in the nucleus in a complex together with HDAC11. 

The function of HDAC6 has been little studied in comparison with other HDACs, but it 

seems to have many special and interesting features [32, 42, 43, 50, 75]. 

 

HDAC9 

The phylogenetic tree in Figure 3 shows that HDAC9 splice variants are clustered as a 

separate group related to HDAC4/5/7 within class II of the classical HDAC family. The 

HDAC9 catalytic domain is located on the N-terminus, as for the class I HDACs. There are 

three known splice variants, HDAC9a, HDAC9b and HDRP/HDAC9c, but more variants 

are suspected (Figures 2 and 3) [46]. HDAC9c/HDRP lacks the catalytic domain and is 
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50% similar to the N-terminus of HDAC4 and HDAC5. By analogy with HDAC4/5/7, 

HDRP is able to recruit HDAC3, thus circumventing the lack of a catalytic domain. In 

addition, HDAC9 is also able to interact with MEF2 (CaMK/14-3-3), indicating that 

HDAC9 may have an important function in muscle differentiation. The alternative splicing 

might also represent another way of fine-tuning HDAC activity. Certain cell types might 

express one isoform, while others express the other [43, 46, 67]. 

 

HDAC10 

HDAC10 is the most recently discovered member of the class II HDACs. Two mRNA 

species, with a slight difference in length, have been found, suggesting the existence of two 

splice variants of HDAC10 [44]. Analysis of protein sequence identity shows that HDAC10 

is most closely related (37% overall similarity) to HDAC6 (Figure 2) [75]. HDAC10 has a 

catalytic domain on its N-terminus, and a NES and a putative second catalytic domain on 

the C-terminus. Also, two putative Rb binding domains have been found on HDAC10, 

suggesting a role in regulation of the cell cycle. Furthermore, HDAC10 is found to interact 

with HDACs 1, 2 and 3 (and/or SMRT) and HDACs 4, 5 and 7, but not with HDAC6, 

although some contradictory results are presented in the literature. The fact that HDAC10 

is able to associate with many other HDACs indicates that it might function as a recruiter 

rather than as a deacetylase. However, when expressed by recombination, HDAC10 alone 

does show deacetylating activity [44, 45, 75, 76]. 

 

HDAC11 

From the phylogenetic analysis, it appears that HDAC11 is most closely related to HDAC3 

and HDAC8, suggesting that it might be more closely related to the class I HDACs than to 

the class II HDACs (Figure 2). The classification of HDAC11, however, has not yet been 

determined, since its overall sequence identity with the other HDACs is limited. HDAC11 

contains a catalytic domain situated at the N-terminus (Figure 3), with proven HDAC 

activity that can be inhibited by trapoxin (a TSA analogue). HDAC11 was found not to 

reside in any of the known HDAC complexes (Sin3, N-CoR/SMRT), possibly indicating a 

biochemically distinct function of HDAC11 [37]. 

 

 

TISSUE DISTRIBUTION OF HDACs 

 

We used SAGE data from the AMC Human Transcriptome Map, available on the Internet, 

to generate a first indication of the tissue distribution of HDACs in normal and tumour 

tissue [77]. A general overview of HDAC expression specified by tissue type is given in 

Table 3. The numbers indicate the amounts of mRNA molecules that were found, 

standardized to 100 000 tags. To enhance the reliability of the data, it will be necessary to 

verify these expression profiles by Northern analysis. HDAC11 expression was not 

included, since no UniGene cluster number or SAGE tag (Table 2) is available as yet. 
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Table 3. General HDAC expression per 100 000 tags by tissue type 

 
 

HDAC expression in 

various normal and 

cancerous cells is shown. 

The values are calculated 

averages. These expression 

data are based on the SAGE 

tags given in Table 2. 'All 

normal' and 'all tumour' 

represent the overall 

averages of all normal and 

tumour tissues respectively 

found in the Human 

Transcriptome Map 

(http://www.amc.uva.nl). 

ND, no data available. * 

From NCBI UniGene; no 

hits in Human 

Transcriptome Map. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The SAGE data for HDACs 1, 2, 3, 5, 6, 7 and 10 suggest that they are more or less generally 

expressed in all tissues examined. HDAC8 and HDAC9 seem to be expressed more in 

tumour tissues than in normal tissues, and this feature is even more striking for HDAC4. 

The lack of HDAC4 expression in normal somatic tissue could suggest that HDAC4 is not 

essential. The role of HDAC4 in muscle differentiation may, however, imply that HDAC4 is 

expressed only in embryonic muscle tissue, which is lacking from the databases. Unlike 

HDAC4, HDAC5 is expressed in heart tissue, together with HDAC7 and HDAC9, which is 

Expression (per 100 000 tags)  

 Class I  Class II  

HDAC 

Tissue 

1 2 3 8 4* 5* 6 7 9 10 

Normal tissue           

All normal 1.4 3.0 1.85 0.2 0.01 0.42 4.5 2.2 0.55 1.15 

Brain 0.3 1.6 0.8 – – 7.2 4.5 0.8 0.8 2.38 

Breast – – 4.3 – – 4.0 8.6 2.9 – 3.3 

Colon 7 5.0 – – – 4.6 4.0 – – 2.0 

Kidney 1.8 11.9 2.7 0.9 – – – – – 4.6 

Ovary 4.1 3.1 5.2 – – – 4.1 9.3 2.1 2.9 

Pancreas 0.7 1.5 3.0 0.7 – – 2.2 1.5 – – 

Prostate 1.3 3.3 3.3 – – 3.3 5.3 2.7 – 5.2 

Heart* – 2.3 – – – 9.5 2.3 2.3 1.1 – 

Tumour tissue           

All tumour 1.75 4.1 1.95 0.55 0.19 3.4 5.5 2.15 1.0 1.3 

Brain 1.9 3.8 2.5 0.9 6.1 6.1 7.2 1.5 1.7 3.1 

Breast 0.2 3.0 1.1 – – – 8.9 3.2 – 4.3 

Colon 1.8 2.3 1.5 0.6 1.6 3.7 2.0 1.5 2.6 2.5 

Neuroblastoma 0.5 9.1 2.0 0.5 – 8.5 1.5 1.0 1.5 ND 

Ovary 2.6 6.1 2.6 1.0 3.1 – 4.2 2.9 1.0 2.6 

Pancreas 2.3 2.3 3.0 1.5 2.9 7.95 3.0 1.5 0.8 2.8 

Prostate 2.1 3.2 1.9 0.2 2.4 3.8 2.6 1.6 – 2.95 

Heart ND ND ND ND ND ND ND ND ND ND 
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in agreement with their proposed function in muscle tissue. Surprisingly, HDAC 

expression in tumour tissue was only slightly higher than in normal tissue (increased in 37, 

decreased in 13 and the same in seven). Using Northern analysis, nearly all HDAC mRNAs 

have been detected in many other tissue types (for references, see individual sections). 

Northern analysis is a much more sensitive technique than SAGE, indicating that the 

expression of HDACs is generally rather low. Rare transcripts have a slight chance of not 

being present in a SAGE database due to a limited amount of tags sequenced. Thus the 

SAGE data show that HDAC expression is low and rather uniform, and that HDACs are 

almost equally well expressed in normal tissue and tumour tissue. A comparison between 

nine cell lines/primary tumour SAGE databases of neuroblastoma, however, showed a 

large variation in HDAC expression within this tumour category, ranging from no 

detectable HDAC expression to 31 tags/100 000 for HDAC2 (results not shown). It has 

also been reported that HDAC expression can change under the influence of HDACi and 

cell density [78, 79]. Furthermore, since HDAC6 and HDAC8 are located on chromosome 

X, a chromosome known for its ability to undergo X-inactivation via deacetylation, it might 

be interesting to find out whether these HDACs are subject to or directly involved in X-

inactivation [80]. Studies using over-expression and deletion of RPD3 and HDA1 

(representatives of class I and class II HDACs) in yeast showed differences in specificity 

with regard to the deacetylation of lysine residues in histones H3 and H4. This might 

indicate that, due to differences in expression of the HDACs (classes I and II) in various 

cell types, different acetylation patterns could occur, resulting in different transcriptional 

regulation [81, 82]. 

 

 

HDACi 

 

It is currently thought that many HDACi function by blocking access to the active site 

(reversible or irreversible) of HDAC. There are many inhibitors known, but the most 

potent discovered so far is Trichostatin A (TSA). TSA is a fermentation product of 

Streptomyces. Originally TSA was used as an anti-fungal agent, but later it was discovered 

to have potent proliferation-inhibitory properties with cancer cells. TSA belongs to the 

group of hydroxamic acids, and is effective at nanomolar concentrations in vitro (Table 4). 

The ability of TSA to inhibit HDAC was reported for the first time by Yoshida et al. in 1990 

[52]. Because the production of TSA is costly and highly inefficient (20 steps, resulting in a 

2% yield), the search for alternative HDACi is ongoing and of high importance [83, 84]. 

 

Today TSA is used mainly as a reference substance in research for newly developed 

HDACi. Many related compounds belonging to the hydroxamic acid group have been 

developed, but oxamflatin is the only compound in this group with similar in vitro potency 

to TSA (Table 4). 
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Another well known group of HDACi are short-chain fatty acids such as butyrate, 

phenylbutyrate and valproic acid. These compounds are far less efficient in their HDAC-

inhibiting capability than TSA (millimolar compared with nanomolar range). Cyclic 

tetrapeptide antibiotics are the third group of inhibitors, and these compounds are 

characterized by their complicated structure and their high HDAC-inhibitory potential. 

Most of these compounds are products of bacteria or fungi, but apicidine and depsipeptide 

are composed of a chemically engineered combination of hydroxamic acids and cyclic 

tetrapeptides, as is oxamflatin. Benzamides, including CI-994 (N-acetyldinaline) and MS-

275, comprise the final group of established HDACi. 

 

Although the effects of HDACi in inhibiting HDAC activity are considered to be the same, 

there are two exceptions with regard to the mechanism of inhibition. All HDACi inhibit 

HDAC in a reversible fashion, except for trapoxin and depudesin, which inhibit the enzyme 

irreversibly through a different mechanism, namely via covalent binding to the 

epoxyketone group [32, 83, 85].  

 

It is thought that almost all HDACs are approximately equally sensitive to the different 

HDACi. Exceptions are HDAC6 and HDRP, because of their 'abnormal' amount of catalytic 

domains. It has been reported that HDAC6, comprised of a double catalytic domain, is 

sensitive to one inhibitor (TSA; reversible), but resistant to inhibition by another 

(trapoxin; irreversible) [83]. Furthermore, it was discovered that class II HDACs are five 

times less susceptible to inhibition by valproic acid than are class I HDACs, and HDAC4 

has been reported to be less sensitive to inhibition by butyrate. The development of new 

HDACi targeted at a specific HDAC, together with elucidation of the tissue distributions of 

the subtypes, might make a tailored use of HDACi possible [26, 43]. 

 

Some of the compounds mentioned above have been entered into clinical trials [butyrate, 

phenylbutyrate, depsipeptide, pyroxamide, suberoyl anilide bishydroxamide (SAHA), 

valproic acid, CI-994]. In many studies, an increase in histone acetylation has been 

observed; this resulted in a partial response in some patients, but in a few patients a 

complete response was achieved. The proposed mechanism consists of the re-expression of 

silenced genes and/or the silencing of downstream genes due to the regained access of 

their promoters to other modulatory factors [8, 9, 31, 32, 85–93]. The intriguing results 

achieved in these clinical trials might contribute greatly to enhancing our understanding of 

HDAC function, although little is known as yet about the specific functions of the 

individual HDACs and the specific consequences of using HDACi in normal cells. 

Therefore studies investigating the mechanism of action of all HDACs, plus the global 

effects of using HDACi, are warranted. 
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Table 4. HDACi 
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RESPONSIVE GENES 

 

By using HDACi in in vitro model systems, effects on the expression of many genes have 

been documented. The general effect often seen in cell lines is cytotoxicity, differentiation, 

inhibition of proliferation and induction of apoptosis. The mechanism by which changes in 

gene expression are thought to occur following HDAC inhibition is increased acetylation, 

resulting in increased recruitment of DNA-binding transcription factors, which in turn 

leads to increases in the expression of particular genes and decreases in the expression of 

other (downstream) genes. The amounts of acetylated histones (H4 or H3) increase in the 

presence of HDACi, as can be seen for some other acetylated proteins (e.g. p53, YY1). For 

example, the increased expression of p21 and of the luteinizing hormone receptor is only 

partly due to a general increase in acetylation, Sp1 sites in the promoter seem to be 

obligatory for reaching full induction of expression after HDACi treatment. This is possibly 

because HDAC1/2 can bind directly to Sp1, but Sp1 sites are also able to protect against 

DNA methylation, resulting in a more transcription-ready state of the promoter [16, 94, 

95]. On the other hand, the possibility of a direct response via other (unknown) DNA 

binding proteins that use HDACi as a ligand cannot be ruled out as yet (Table 5). The 

changes in expression (either increases or decreases) of the genes listed in Table 5 are the 

result of inhibition of HDACs. It is clear that, by studying the effects of HDACi on the 

expression of various genes and their regulatory pathways, a more detailed picture will 

emerge of how the inhibition of HDACs, combined with the HDAC expression profile of 

that cell, ultimately determines the fate of the cell. Since it is not always entirely clear 

which sequence of events has culminated in the remission of disease in one patient and not 

in others, the results of in vitro studies will be indispensable for developing a better 

understanding of the mechanisms involved [10, 24–30, 34, 51, 59, 79, 83, 93, 96–112]. 

 

Table 5. HDAC-responsive genes 

 

Function Genes 

Cell cycle Cyclin A [64], cyclin E [19], cyclin B1 [64], cyclins D1 and D3 [19, 104], 

p21WAF1/Cip1 [27, 64, 98, 109, 122, 123], p53 [ 79, 97] 

Apoptosis CD95/CD95 [99], gelsolin [35, 100], Bax [100, 109], Bcl-2 [19] 

Transcription factors GATA-2 [27], c-Myc [107], RARa and b [102] 

Other ErbB1 [97], erbB2 [97], Raf-1 [97], MMP-2 [30], tob-1 [27], p55 Cdc [27], 

PKCd [27], HM89 [27], HSP70 [ 27], ICAM-1 [27], STRA13 (related to HES 

genes) [106], hTERT [24, 108], IL-6 receptor [109], IL-2, -8 and -10 [19], 

VEGF [120], Notch [102], CPA3 [124] 

 

Listed are genes whose expression has been shown to be affected by HDACi. No discrimination is 

made between increased and decreased expression.  
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Abbreviations: RAR, retinoic acid receptor; MMP, matrix metalloproteinase; PKC, protein kinase 

C; HSP, heat-shock protein; ICAM, intercellular cell-adhesion molecule; HES, hairy and enhancer 

of split; hTERT, human telomerase reverse transcriptase; IL, interleukin; VEGF, vascular 

endothelial growth factor; CPA3, carboxypeptidase A3. 

 

 

CONCLUDING REMARKS 

 

HDACs appear to be key enzymes in the regulation of gene expression. HDAC function 

seems to be regulated by its intrinsic features, abundance, cellular compartmentalization 

and association with cofactors. Each cell type requires a specific gene expression pattern, 

thus prescribing a certain requirement of HDAC expression. Surprisingly, cellular 

transformation and oncogenesis did not result in major changes in HDAC expression. In 

the tumour tissues we examined, at least one HDAC proved to be present. The intra-tissue 

variation in HDAC expression might underlie the great variation in responses noted so far 

in in vitro studies and in clinical trials with HDACi. A wide variety of processes are 

associated with the inhibition of HDACs, such as apoptosis, necrosis, differentiation, 

inhibition of proliferation and cytostasis. In addition, drug resistance can be overcome, 

and the restoration of expression of silenced genes is known to occur. Although few studies 

have been performed with normal healthy cells, animal experiments and clinical trials have 

reported few or no side effects of the tested HDACi within the therapeutic range [8, 31, 98, 

101–103]. Last but not least, the efficiency of HDACi is greatly dependent on their stability 

in vivo. Most HDACi are not very stable due to their innate structure, and can also be 

readily degraded by first-pass liver metabolism [50]. 

 

Currently, many efforts are being made to expand our knowledge of the HDACs and to 

develop potent and stable HDACi [113]. In the future, this might give rise to the tailored 

use of HDAC-specific HDACi in order to dissect the complex functions of HDACs in a cell-

type-specific manor. 

 

This study was supported by funds from the Dutch Cancer Society. 
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ORIGIN 

 

Neuroblastoma is a malignant solid tumour that occurs in children and consists of 

undifferentiated neuroectodermal cells derived from the neural crest [1,2]. The 

differentiation of primordial neural crest cells into the specialized cells that comprise the 

sympathetic nervous system requires a wide array of signalling pathways: the 

neurotrophin, Wnt, Bone Morphogenic Proteins (BMPs) and Notch signalling pathways [3-

6]. As a result, tumours arise along the migratory route of the neural crest cells in and 

around the spinal cord and sympathetic chain, aorta and adrenal gland. Consistent with an 

origin from multipotent neural crest cells neuroblastoma cells are arrested at different 

stages of maturation and thus often consist of multiple cell phenotypes [1,2,7]. Studies 

have shown the presence in neuroblastoma of three distinct cell types: S-type 

Schwannian/melanoblastic precursors, N-type neuroblastic/neuroendocrine precursors, 

and I-type stem cells. In response to particular stimuli these distinct cell types can 

differentiate predictably along specific neural crest lineages. This results in melanocytes, 

smooth muscle cells or Schwann cells for S-type cells, in neuronal or neuro-endocrine cells 

for N-type cells and I-type cells can differentiate either way. I-type cells are considered to 

be more malignant, as is confirmed by the higher incidence of I-type cells in tumours that 

progress, than N- or S-type cells [7]. 

 

 

INCIDENCE, DIAGNOSIS and STAGING 

 

Neuroblastoma is one of the most common solid tumours in children with 7.5 cases for 

every 100 000 infants. There are 1.3 new cases per 100 000 children under the age of 15 

years every year, which accounts for 9 % of all childhood cancers [1,2]. Neuroblastoma is 

often described as enigmatic and unpredictable because it is associated with contrasting 

patterns of clinical behaviour; life threatening progression, maturation into 

ganglioneuroma or spontaneous regression [1,2,8].  

An accurate non-invasive option for the diagnosis of suspected neuroblastoma is the 

determination of urinary catecholamines and their metabolites. Neuroblastoma cells are 

derived from primordial neural crest cells, which under normal physiological conditions 

are responsible for the production and excretion of epinephrine and norepinephrine. As a 

result these tumours have an active dopa-metabolism leading to an overproduction of 

catecholamines (dopamine (DA) and norepinephrine (NE)) and their metabolites 

(homovanillic acid (HVA) and vanillylmandelic acid (VMA)). A number of studies have 

shown that aggressive neuroblastoma is associated with higher urinary levels of NE, DA, 

HVA and VMA as well as high ratios of DA/HVA and DA/VMA. Moreover, the specific 

patterns of urinary catecholamines and their metabolites were correlated with the 

maturation status of the neuroblastoma tumour [9-12].  
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The neuroblastoma tumour and its metastases can be localized using a variety of imaging 

techniques such as computed tomography (CT), Magnetic Resonance Imaging (MRI), 

metaiodobenzylguanidine (MIBG radio labelled with 131 I or 123 I) scintigraphy and 99mTc-

methylene diphosphanate (99mTc-MDP) bone scan. MIBG is a particularly interesting 

compound since it is a structural analogue of NE. Neuroblastoma cells abundantly express 

the NE transport protein which results in the specific accumulation of radio labelled MIBG 

in neuroblastoma cells allowing a rapid detection of 90 % of all neuroblastoma tumours 

and its metastases. Subsequently, an histologic evaluation of the tumour tissue, 

neighbouring tissues and bone marrow, harvested during biopsy, surgery or bone marrow 

aspiration, is made using the Shimada classification to determine whether the tumour has 

favourable or unfavourable characteristics [9-13]. 

Several factors such as age, stage (Table 1), Shimada classification and MYCN status of the 

tumour at the time of diagnosis enable physicians to predict, to some extent, the biological 

course of the disease [1,2,14].  

 

Table 1. Neuroblastoma staging system according to INSS: International Neuroblastoma Staging 

System [15] 

 

STAGE Description 

1 Localized tumour with complete gross excision, with of without residual disease; 

representative ipsilateral lymph node negative for tumour microscopically (lymph nodes 

attached to and removed with the primary tumour may be positive) 

Localized tumour with incomplete gross excision; representative ipsilateral nonadherent 

lymph nodes negative for tumour microscopically 

2A 

 

2B Localized tumour with or without complete gross excision; with ipsilateral nonadherent 

lymph nodes positive for tumour. Enlarged contralateral lymph nodes must be negative 

microscopically 

3 Unresectable unilateral tumour infiltrating across the midline, with or without regional 

lymph node involvement; or midline tumour with bilateral extension by filtration 

(unresectable) or by lymph node involvement 

4 Any primary tumour with dissemination to distant lymph nodes, bone, bone marrow, 

liver, skin and/or other organs (except as defined in stage 4S) 

4S Localized primary tumour (as defined in Stage 1, 2A, or 2B) with dissemination limited 

to skin, liver, and/or bone marrow (limited to infants age < 1 year) 

 

Three clinical patterns of neuroblastoma exist: I widespread disease that can regress 

spontaneously without treatment (stage 4S, see table 1), II local-regional tumour that may 

recur after initial surgery and chemotherapy or radiation therapy but does not metastasize 

to bone or bone marrow (stage 1, 2 and 3) and III metastatic disease that initially responds 

to cytotoxic treatment but frequently recurs with lethal consequences (stage 4). More than 

half of the patients present with stage 4 neuroblastoma [1,2,8].  

Apart from the factors mentioned above and the genetic markers which will be discussed in 

the following section, there are four more prognostic factors, which can be determined in 
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the blood serum. High serum levels of lactate dehydrogenase (LDH), ferritin, neuron-

specific enolase (NSE) or a sialic acid containing glycosphingolipid (Gd2) are correlated 

with poor outcome [16,17]. 

 

 

GENETICS 

 

Over the years, a wealth of knowledge about the molecular genetics of neuroblastoma has 

been accumulated. Table 2 shows the reported genetic features of neuroblastoma tumours 

including their prevalence and their potential correlation with outcome, if established. 

 

Table 2. Genetic features of neuroblastoma 

 

Abnormality Chromosome / Gene 

LOH 1p*(35%), 2q, 3p, 4p, 7q, 9p, 11q (43%), 14q (23%), 16p, 19q,  

GAIN 1q, 5q, 7q, 17q*, 18q 

Deleted/silenced Caspase 8**, INK4A 

High expression BCL2 (~85%), MYCN*(22%), TRKA∆, TRKB*, CD44∆ 

* associated with poor outcome, ∆ associated with favourable outcome, LOH = loss of 

heterozygosity, ** 63% in MYCN amplified tumours, 3.7 % in non MYCN amplified tumours 

[1,2,8,16,18-21] 

 

Changes in gene dosage as a result of loss or gain of parts of chromosomes could result in 

loss of (putative) tumour suppressor genes or gain of (putative) growth control genes. 

Furthermore, many neuroblastoma cells were reported to have changes in the normal 

diploid chromosomal content, frequently resulting in near-triploidy, which is associated 

with a favourable prognosis. The high expression of MYCN is a result of amplification, on 

average 50 to 100 fold. Due to the strong correlation of MYCN amplification with poor 

outcome, this gene is considered to be the major oncogene of neuroblastoma [1,2,22]. 

MYCN is a member of the MYC family of proto-oncogenes which encode nuclear proteins 

that form heterodimers with MAX protein through their helix-loop-helix-ZIP domains. The 

MYC/MAX complexes trans-activate a number of MYC target genes in a sequence-specific 

manner. MYC-MAX interaction is essential for MYC induced cell cycle progression, cellular 

transformation and transcriptional activation. Down regulation of MYCN expression has 

been shown to decrease proliferation and/or induce neuronal differentiation in 

neuroblastoma cells [22,23]. Currently, many efforts are made to identify the target genes 

of MYC that mediate these effects [24,25]. A recent study regarding the effect of gene 

dosage established a correlation between the high expression of NM23, a gene on 17q, and 

the 17q gain and the MYCN amplification observed in a subset of neuroblastoma, 

suggesting a possible role for NM23 in tumorigenesis and poor outcome [26]. 

In addition, although unrelated to outcome, the aberrant expression of a number of other 

genes was observed in neuroblastoma. A high percentage of neuroblastoma tumours and 
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cell lines were reported to have a high expression of cyclin D1, suggesting a role in 

neuroblastoma tumorigenesis [27]. One of the homeobox genes, an important group of 

genes that regulate neural crest differentiation, MEIS1 was observed to be highly expressed 

in approximately 25% of neuroblastoma cell lines and tumours. This might suggest a 

second oncogenic events following the amplification of MYCN [28,29]. In contrast, 

mounting evidence suggests that the differentiation pathway in neuroblastoma via the 

Delta-NOTCH signalling cascade is still intact. In neuroblastoma cell lines and tumours 

Delta like 1 (DLK1) expression showed a positive correlation with dopamine-β-hydroxylase 

(DBH) expression, an enzyme in the dopa-metabolism, suggesting a later differentiation 

stage. Moreover, DLK1 expression showed a negative correlation with NOTCH3, a marker 

of early stage of differentiation [6].  

 

 

SPONTANEOUS REGRESSION 

 

In particular the ability of neuroblastoma to spontaneously regress or mature into a benign 

ganglioneuroma has intrigued investigators for many years. Since the understanding of 

this phenomenon may assist in the development of more effective treatment strategies, a 

number of theories have been proposed, especially for stage 4S. One hypothesis is that 4S 

neuroblastoma is not a malignant tumour, but rather a hyperplastic group of mutant cells 

(one-hit in somatic cells) lacking a second event that is normally present in neuroblastoma. 

This theory was rejected by others who suggested that 4S could be a result of defective 

regulation of the differentiation of the neural crest cells. A third possibility could be that 

the blockage in differentiation could be a result of the deregulation of growth factor(s) 

and/or growth factor receptor(s). Another hypothesis is the influence of the maturation 

process induced by Schwann cells. In this process, the Schwann cell invades the tumour 

and promotes the maturation of the neuroblast cells from the inside out. This theory could 

explain the favourable prognosis of Schwannian-stroma rich tumours, used as one of the 

markers in the Shimada classification. A fifth possibility could be that the onset of 

apoptosis, necessary in the normal differentiation route, in neuroblastoma cells is delayed 

in time. This theory is based on the fact that in neuroblastoma the expression of BCL2, an 

anti-apoptosis gene, is often increased. However, in a small number of cases the 

progression of stage 4S disease into stage 4 was reported, in particular when an 

unfavourable Shimada classification and MYCN amplification were established 

[4,14,15,18,30]. 
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CURRENT TREATMENT STRATEGY and SURVIVAL 

 

Depending on the different characteristics mentioned above, an assessment is made as to 

the risk of tumour progression and poor outcome in order to decide which treatment 

strategy will be most successful in every individual neuroblastoma patient. Patients with 

4S neuroblastoma are only treated when the mass of the tumour generates life threatening 

complications or when progression into stage 4 is observed. Treatment for patients 

categorized as low risk generally consists of surgery alone or, when patients are 

symptomatic (spinal cord compression or respiratory compromise), in combination with a 

low dose of chemotherapy consisting of carboplatin, cyclophosphamide, doxorubicin or 

etoposide. Treatment for patients categorized as intermediate risk consists of surgery and a 

high dose of the same chemotherapy, as described above. Patients that are assigned to the 

high risk category are treated with an intensive induction therapy with either a high dose of 

the chemotherapeutic agents mentioned above, combined with iphosphamide or cisplatin 

or with irradiation using [131 I] MIBG. After this, surgery will take place in order to remove 

the primary tumour which is followed by another cycle of high dose chemotherapy and 

bone marrow transplantation. After recovery some of these patients are treated with oral 

13-cis-retinoic acid, a differentiation inducing agent, for another 6 months to improve 

patient survival [12,31,32]. In general, the survival of low and intermediate risk patients 

under the age of 1 year is 75-90 %. However, of the patients with stage 4 neuroblastoma of 

which the majority is older than 1 year at diagnosis, the overall survival rate is 

approximately 20 % despite intensive multimodality treatment regimens [1,2,8,12]. 

 

 

SCOPE OF THIS THESIS 

 

In the past several attempts have been made to discover drugs that use the propensity of 

neuroblastoma to differentiate and/or target specific genetic characteristics of 

neuroblastoma. Recently a new generation of anti-cancer drugs has evolved; histone 

deacetylase (HDAC) inhibitors. They function through altering the chromatin structure 

into a less tight conformation and hence induce expression of a subset of genes (chapter 1). 

Chapter 2 describes the chromosomal pathology of neuroblastoma and the ability of a 

subset of neuroblastoma to either mature into a benign ganglioneuroma or regress 

completely. We regarded neuroblastoma cells as an excellent target for the investigation of 

the potential of novel HDAC inhibitors in particular since preliminary experiments with a 

known HDAC inhibitor resulted in the reduction of MYCN, the neuroblastoma oncogene. 

In this thesis we characterized the effects of a novel HDAC inhibitor, BL1521, on 

neuroblastoma cells. Chapter 3 describes the effects of BL1521 on the in situ HDAC 

activity, the amount of apoptosis, the amount of differentiation, the proliferation and the 

metabolic activity of a panel of neuroblastoma cell lines with and without MYCN 

amplification. Chapter 4 describes the effects of BL1521 on the cell cycle and on the 
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expression of its regulatory proteins. The changes in gene expression in neuroblastoma 

cells in response to BL1521 were observed more closely using an Affymetrix oligonucleotide 

array as was described in chapter 5. Chapter 6 describes the effects of sequential treatment 

of neuroblastoma cells with BL1521 and gemcitabine (dFdC), a potent anti-cancer drug, on 

proliferation, metabolic activity and the pyrimidine de novo or salvage pathway. Finally, in 

chapter 7 recommendations for future studies are made.   
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CHAPTER 3 
  

The novel histone deacetylase inhibitor BL1521 inhibits proliferation  

and induces apoptosis in neuroblastoma cells 
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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 

pharmacological 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 (TSA) and 4-phenylbutyrate (4PBA), 

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.  

 

Abbreviations; HDAC, histone deacetylase; TSA, Trichostatin A; 4PBA, 4-phenylbutyrate; PARP, 

poly-(ADP-ribose) polymerase; ED50, effective dose were 50% of control value remains. 

 

 

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]. Neuroblastoma is one 

of the most common solid malignancies 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 neuroblastoma 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 heterogeneity [5]. Some genetic features have been 

identified to correlate with a clinical outcome. For instance, hyper diploid karyotype and 

TrkA expression are associated with favourable 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 
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chromosome 1p are associated with a poor prognosis [1, 3-7]. The high mortality 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 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 studied 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 remission 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 compared 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 Beacon 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 Zn2+ moiety at the bottom, like TSA does [25]. Our 

results demonstrate that BL1521, a structural hybrid of 4PBA and TSA, is a potent inhibitor 

of HDAC activity and has a profound cytotoxic and differentiation-inducing effect in the 

low micromolar concentration range in neuroblastoma. 

 

 

MATERIALS AND METHODS 

 

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 dissolved in DMSO 
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and stored at −20 °C. A mouse monoclonal 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 purchased ECL-plus and [α-32P]dCTP 

from Amersham Bioscience. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

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 purchased 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. 

 

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 g/ml 

fungizone, 0.2 mg/ml gentamycin and 4 mM glutamine, at 37 °C 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 incubations of cells with 

compounds were carried out by preparing a 1:1000 dilution from the DMSO stock 

solutions in culture medium directly before use. 

 

Viability 

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 containing different concentrations of the compounds under 

investigation. The cells were incubated for various time intervals (24–72 h) with the 

compounds without refreshing the medium. After the incubation was completed, the 

metabolic 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. 

 

HDAC activity 

HDAC activity was measured in situ in neuroblastoma cells using a fluorescent substrate 

from Fluor-de-lys HDAC 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. 
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The following day the medium was replaced by medium containing substrate and BL1521 

(0–50 µM) or TSA (1 µM) as a positive control for maximal inhibition. The cells were 

allowed to deacetylate the substrate for 2 h at 37 °C 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. 

 

Western analysis 

For protein analysis cells were grown in 25 cm2 flasks to 80 % confluence. Subsequently, 

the cells were treated with BL1521 (0–50 µM) 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). Proteins 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 a 1:5000 

dilution or anti-acetylated H3 at 1 µg/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 

incubated 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 determined 

using ponceau and coomassie staining. 

 

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 µM) 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 µg (7.4 µg 

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 radio-labelled using [α-32P]dCTP (Amersham Biosciences) 

and the random prime labelling system according to Sambrook et al. [28]. p21WAF1/CIP1 

primers: forward 5′-atgaaattcaccccctttcc-3′ and reverse 5′-agcacttcagtgcctccag-3′. MYCN 
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primers: forward 5′-cttcggtccagctttctcac-3′ and reverse 5′-tcctgggtaatgagaggtgg-3′. 

Hybridization was performed at 68 °C 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 °C for three times 20 min before analysis with the Fuji FLA 

3000 phosphor imager. 

 

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 experiment, 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. 

 

 

RESULTS 

 

The structure of four different compounds: BL1255, BL1430, BL1521 and BL1783 are 

shown in Figure 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 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 (Figure 1B). BL1521 is by far the most potent 

compound in inhibiting the metabolic activity in the two neuroblastoma cell lines (Figure 

1B) with an ED50 value of approximately 2.3 µM (Table 1). Both cell lines are least 

sensitive to BL1430 and have comparable sensitivity BL1783 (carboxylic acid) with an 

ED50 of around 80 µM. SKNBE(2) cells, however, are more sensitive to BL1255 (ED50 = 

55 µM) when compared to NMB cells (ED50 = 220 µM). The impact of BL1521 on the 

metabolic activity of fibroblast cells, hepatoma (HepG2), rhabdomyosarcoma (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.  
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Figure 1. The effect of Beacon Laboratories compounds on the metabolic activity of the 

neuroblastoma cell lines SKNBE(2) and NMB  

 

A 

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.  

 

B 
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Table 1. Anti-tumour efficacy of BL1521, TSA and 4PBA towards a panel of neuroblastoma cell 

lines. 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 Figure 5). ++ 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. + indicates outgrowth of neurites from the cells measuring less than two cell body lengths. 

−/+ 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 (MYCN+) subsets. 

 4PBA (mM)  BL1521 (µM)  TSA (nM)  
 
differentiation 

 
A.I 50 (µM) 

 MTT BrdU  MTT BrdU  MTT BrdU     
Cell line             

             
SKNSH 2.2 3.4  3.0 >10  100 375  ++  33 
SKNAS* 3.1 4.8  3.7 10  190 >500  -/+  >50 
GIMEN* 2.4 4.9  6.0 7.5  420 >500  +  >50  
LAN6 3.9 4.3  1.1 9.5  175 495  +  15 
SJNB12 4.5 4.5  6.5 15  320 500  -  5 
SHEP2 >5 4.5  >10 9.5  500 >500  -  >50 
             
KCNR 1.2 1.1  12 2.3  80 60  -/+  33 
NMB 2.4 1.9  2.2 2.5  180 20  -  33 
SKNBE(2) 2.5 3.7  2.3 >10  90 285  -/+  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 
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A.I 50 (µM) 

 MTT BrdU  MTT BrdU  MTT BrdU     
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SHEP2 >5 4.5  >10 9.5  500 >500  -  >50 
             
KCNR 1.2 1.1  12 2.3  80 60  -/+  33 
NMB 2.4 1.9  2.2 2.5  180 20  -  33 
SKNBE(2) 2.5 3.7  2.3 >10  90 285  -/+  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 
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The ability of BL1521 to inhibit HDAC activity was measured in situ using a fluorescently 

labelled HDAC substrate. Figure 2A shows the relative HDAC activity of four different 

neuroblastoma cell lines measured in triplicate. TSA at a concentration of 1 µM, almost 

completely inhibited the HDAC activity in three out of four neuroblastoma cell lines. 

BL1521 inhibited the HDAC activity in a concentration-dependent manner and at a 

concentration of 33 µM 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 µM.  
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Figure 2. HDAC inhibitory potential of BL1521 

 

A 

 

 

Panel A shows the HDAC activity of different cell lines, at equal cell density, in the presence of 

positive control TSA (1 µM) or BL1521 (0–50 µM), relative to untreated control. Experiments were 

performed in triplicate and the bars indicate ±S.D.  

 

B       C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Panel B shows an immunoblot with the time-dependent increase in histone H3 acetylation as a 

result of BL1521 (50 µM) 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 µM) or TSA (500 nM) treatment for 16 h of SKNAS, GIMEN, SJNB10 and SKNBE(2) 

cells.  
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Western 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 

Figure 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 

(Figure 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 µM) resulted in a strong 

reduction of MYCN expression, whereas no such effects were observed in the presence of 

TSA (500 nM) (Figure 2C).  

 

Figure 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 µM), 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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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 Figure 3 and 

Table 1. At low concentrations all three compounds result in a reduction of metabolic 

activity compared to the vehicle control. The concentration that is sufficient to reduce the 

metabolic activity to below starting level (t = 0 h) in the neuroblastoma cell line NMB is 2.5 

µM, 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 µM). 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. Figure 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 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 average 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 treatment 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 (Figure 5A, C, E and G). Figure 5 shows a 

difference in response to treatment with BL1521 when comparing the morphological 

changes in MYCN single copy (SKNSH and GIMEN) and MYCN amplified cell lines (NMB 

and KCNR). After 4-day incubation with 1 µM BL1521, NMB cells clearly showed no 

differentiation. SKNSH and GIMEN cells, however, showed extensive differentiation. 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 
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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 (Figure 5, Table 1).  
 

Figure 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 µM), TSA (0–1 µM). The molecular weight 

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

 

 

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, 
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which might explain its effectiveness in inhibiting metabolic activity of neuroblastoma 

cells. 

 

Figure 5. Neuroblastoma cell lines showing various amounts of differentiation in response to 

BL1521 

A

DC

B

E F

NMB NMA cells. 

A: vehicle control 

B: 1 µ M BL1521

4 day incubation

SK-N-SH NMS cells. 

C: vehicle control 

D: 1 µ M BL1521 

4 day incubation

GIMEN NMS cells. 

E: vehicle control 

F: 1 µ M BL1521 

5 day incubation

G H
KCNR NMA cells. 

G: vehicle control 

H: 1 µ M BL1521

6 day incubation

A

DC

B

E F

NMB NMA cells. 

A: vehicle control 

B: 1 µ M BL1521

4 day incubation

SK-N-SH NMS cells. 

C: vehicle control 

D: 1 µ M BL1521 

4 day incubation

GIMEN NMS cells. 

E: vehicle control 

F: 1 µ M BL1521 

5 day incubation

G H
KCNR NMA cells. 

G: vehicle control 

H: 1 µ M BL1521

6 day incubation

 
 

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 µM 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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Neuroblastoma has several characteristic molecular features 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 BL1521 showed an increase of 

p21WAF1/CIP1 mRNA. However, 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 incubation 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]. Interestingly, 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 

pathway due to induced cellular stress by BL1521, or, alternatively, the reactivation of 
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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 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 neuroblastoma 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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ABSTRACT 

 

Histone deacetylase inhibitors (HDACi) have been discovered as potential drugs for cancer 

treatment. The effect of BL1521, a novel HDACi, on the cell cycle distribution and the 

induction of apoptosis was investigated in a panel of MYCN single copy and MYCN 

amplified neuroblastoma cell lines. BL1521 arrested neuroblastoma cells in the G1-phase 

and induced up to 30 % apoptosis. Down-regulation of CDK4, up-regulation of p21WAF1/CIP1 

and an increase of hypophosphorylated Rb were observed, indicating a possible 

mechanism for the cell-cycle arrest. BL1521 also induced down-regulation of p27, which 

may underlie the observed induction of apoptosis. 

 

Abbreviations: HDAC, histone deacetylase; HDACi, histone deacetylase inhibitor; TSA, trichostatin 

A; CDK, cyclin dependent kinase; RT, Room temperature; HRP, horseradish peroxidase; Rb, 

retinoblastoma protein. 

 

 

INTRODUCTION 

 

Neuroblastoma is a common childhood tumour originating from neural crest cells in the 

sympathetic nervous system and is responsible for over 15 % of cancer-related death in 

children [1, 2]. The clinical diversity of neuroblastoma correlates with several characteristic 

genetic features [1]. One of the best genetic markers of poor prognosis is the amplification 

of the MYCN gene. These tumours do not respond as well to the treatment used in the 

clinic today as compared to those without MYCN amplification, consequently leading to a 

disease related mortality of up to 70 % [1,3]. Therefore, the development of new 

therapeutic strategies is warranted. 

Histone deacetylase (HDAC) has recently been discovered as a potential target for the 

development of new therapeutic agents [4]. Deacetylation of histones results in a tightened 

chromatin structure and reduces the accessibility of DNA, leading to a decrease in 

transcriptional activity [5,6]. When HDAC function is inhibited, histones remain 

acetylated, resulting in a more open chromatin conformation, which facilitates the 

transcription of genes [6]. It has been shown that in a variety of tumour cells, these 

changes resulted in a reduction of proliferation and metabolic activity and in an induction 

of apoptosis and differentiation, both in vitro and in vivo [4]. 

Thus far, a number of HDAC inhibitors (HDACi) have been identified with different anti-

tumour activity, specificity, toxicity, and stability [4, 6]. To date, conflicting results exist as 

to the effect of HDACi on cell cycle distribution. In a majority of tumour cells, HDACi 

appeared to up-regulate the expression of p21WAF1/CIP1 and down-regulate cyclin D1, which 

was paralleled by a cell cycle arrest in G1-phase. However, down-regulation of cyclin B1 

together with a G2/M-arrest has also been observed in response to HDACi treatment in 

tumour cells [7, 8]. 
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Treatment of neuroblastoma cells with a recently developed HDACi, BL1521 resulted in a 

significant decrease in cell proliferation, metabolic activity, and MYCN expression [9]. To 

date, the underlying mechanism for these observed effects is not known. Therefore, we 

have investigated the effect of BL1521 on the cell cycle distribution and the expression of 

cell cycle regulating proteins in a panel of neuroblastoma cell lines with different MYCN 

status. 

 

 

MATERIALS AND METHODS 

 

Cell culture 

Three MYCN single copy neuroblastoma cell lines, SKNAS, SKNSH, and GIMEN, and three 

MYCN amplified neuroblastoma cell lines, SJNB8, SKNBE(2), and IMR32, were cultured 

in RPMI 1640 supplemented with 10 % (v/v) heat inactivated foetal bovine serum, 50 

U/ml penicillin/streptomycin, 0.2 mg/ml gentamycin, 0.25 µg/ml fungizone, and 4 mM 

glutamine. Cells were cultured at 37 o C in a 90 % humidified atmosphere under 6.0 % 

CO2. All incubations of cells with compounds were carried out by preparing a 1:1000 

dilution from the DMSO stock solutions in culture medium directly before use. 

 

Flowcytometry 

The percentage of cells in G1, S, and G2/M-phase of the cell cycle was determined by 

flowcytometry using a bromodeoxyuridine (BrdU) and propidium iodide (PI) DNA staining 

procedure [10]. The stained cell nuclei were run on a FACS calibur (Beckton Dickinson) 

flowcytometer and the data were subsequently analyzed using the software WinMD1 

version 2.7. 

 

Staining of apoptotic cells with bis-benzimide (Hoechst, 33342) 

The nuclear fragmentation of apoptotic cells was assessed by staining the cells with the 

DNA fluorochrome bis-benzimide (Hoechst, 33342). Cells were grown in polystyrene slide 

flasks. After treatment of the cells with BL1521, they were fixed by adding 3 ml of a 1:3 

methanol-acetic acid solution to the medium (3 ml) and incubated for 5 min at room 

temperature (RT), followed by replacing the mixture with pure 1:3 methanol-acetic acid 

twice. The fixed cells were air dried and incubated with 10 mg/ml bis-benzimide (Sigma) in 

PBS at RT for 20 min. Subsequently, the cells were washed three times in MilliQ after 

which the cells were examined using a fluorescence microscope (Zeiss), filter 395-440, FT 

460, LP 470. Cells with condensed chromatin or fragmented nuclei were considered to be 

apoptotic.  

 

Trypan blue dye exclusion test 

The loss of membrane integrity in dying cells allows the preferential uptake of trypan blue. 

Cells were harvested using 1x trypsin-EDTA (Sigma) in PBS. Thereafter, 10 µl of the 
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suspended cells was mixed with 10 µl of 0.4 % (w/v) trypan blue in PBS, and examined 

using a Bürkerturk counting frame.  

 

Western analysis 

Expression levels of proteins were determined by western analysis, according to the 

methods used in Ref. [9]. Rabbit polyclonal antibodies against CDK4 (Santa Cruz) and p27 

(AbCam) were used in combination with swine-anti-rabbit polyclonal antibody, conjugated 

to Horseradish peroxidase (HRP) (Dako Cytomation). Mouse monoclonal antibodies 

against p21WAF1/CIP1 and Rb (BD Pharming Gen) were used in combination with rabbit-anti-

mouse polyclonal antibodies, conjugated to HRP (Biorad for p21WAF1/CIP1 detection and 

Dako Cytomation for Rb detection). The signal was detected with ECL+ (Amersham 

Bioscience) and Bio-Max light film (Kodak). Equal loading of the gels was determined 

using Ponceau staining. 

 

 

RESULTS 

 

To quantify the anti-proliferative effects of BL1521 in neuroblastoma cells, the cell panel 

was cultured with different concentrations of BL1521 for 1, 2, and 3 days. Representative 

examples after BL1521 treatment for MYCN single copy and MYCN amplified 

neuroblastoma cells are shown in Figure 1. A significant time-dependent decrease in cell 

number was observed in response to incubation with BL1521, demonstrating that BL1521 

was cytotoxic for the neuroblastoma cells. A 3 day incubation with 12 µM BL1521 resulted 

in a 92 % reduction of the number of viable GIMEN cells and a 83 % reduction of the 

number of viable SKNBE(2) cells compared to the untreated cells. 

 

Figure 1. Effects of BL1521 on the number of viable neuroblastoma cells 

 

 

Growth curve analysis of MYCN 

single copy (GIMEN) and MYCN 

amplified (SKNBE(2)) cells was 

determined by counting the cells 

following treatment with either 6 or 

12 µM BL1521. Data represent the 

average of four independent 

experiments and includes standard 

deviations. 
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The effect of BL1521 on the cell cycle of neuroblastoma cells is shown in Figure 2. Upon 

treatment of either single copy or amplified MYCN cells with BL1521, the cell cycle 

distribution of the cells, was markedly changed. The amount of cells in S-phase as well as 

the G2/M-phase decreased, whereas the amount of cells in the sub-G1 and G1-phase 

showed a substantial increase. The cells in the sub-G1 were identified as dead cells.  

 

Figure 2. Univariate analysis of cell cycle distribution of neuroblastoma cells with or without 

amplified MYCN, treated with 6 µM BL1521 for 24 h 

 

 
The number of cells is plotted against PI-fluorescence as a measure of DNA content. In the top left 

figure the G1, S and G2/M-phases of the cell cycle are depicted and the sub-G1 region, which is 

indicative of apoptosis. TSA was included as a positive control for G1 arrest by HDACi. 

Representative examples are shown of three separate experiments. 

 

To quantify the amount of S-phase cells, BrdU incorporation studies were performed. After 

24 hours of BL1521 treatment, neuroblastoma cells exhibited a marked decrease of the 

amount of cells in S-phase and G2/M-phase paralleled by an increase of cells in G1-phase. 

Representative results are shown in Figure 3: in response to BL1521 SKNAS and IMR32 

cells showed a reduction of S-phase of 22.9 % and 43.2 %, respectively. Interestingly, part 
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of the S-phase cells did not incorporate BrdU and were therefore defined as dying or dead 

cells according to Ref. [11]. 

 

Figure 3. Bivariate flowcytometry with MYCN single copy (SKNAS) and MYCN amplified (IMR32) 

neuroblastoma cells, treated with BL1521 compared to control 

 
Representative results of four independent experiments are shown, with a maximal SD ± 8 %. 

Similar results were found in other single copy and amplified MYCN cell lines. 

 

To elucidate the mechanism behind the induction of G1-phase arrest by BL1521, we studied 

the change in concentration of the cyclin dependent kinase (CDK) inhibitors p21WAF1/CIP1 

and p27, CDK4, and the change in Retinoblastoma protein (Rb) phosphorylation status in 

neuroblastoma cells (Figure 4). The amount of the p21WAF1/CIP1 protein increased in 

response to treatment with BL1521 as was expected from our previous studies [9]. In 

contrast, the protein concentration of p27 had decreased upon BL1521 treatment. This 

decrease of p27 was more substantial for the MYCN amplified cell line, compared to the 

MYCN single copy cell line. Furthermore, the complex partner of cyclinD, CDK4, also 

showed reduced expression in response to BL1521 treatment. In line with the increased 

p21WAF1/CIP1 level and the decreased CDK4 level, an increase in the hypophosphorylated 

state of Rb was observed. 
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Figure 4. Western blot analysis of p21WAF1/CIP1, CDK4, Rb, and p27 protein 
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Cells were incubated for 24 h with either 6 or 12 µM BL1521. Results were shown for 

neuroblastoma cells with amplified MYCN status (SJNB8) and single copy MYCN status (GIMEN). 

 

To quantify the amount of apoptosis induced by BL1521, nuclear fragmentation was 

determined. Figure 5, panel A shows normal cell nuclei of untreated cells and fragmented 

cell nuclei after 24 hours of treatment with BL1521. The number of cells displaying these 

fragmented cell nuclei increased in a dose responsive fashion as is shown in panel 5B. The 

MYCN amplified neuroblastoma cell line SKNBE(2) showed a significant increase (p < 

0.05) in the number of apoptotic cells from 1.9 % (± 0.5) for control cells, after treatment 

with 6 µM BL1521 15.9 % (± 8.0) up to 31.8 % (± 12.8) after treatment with 12 µM of 

BL1521. The MYCN single copy cell line, GIMEN, appeared to be less sensitive to the 

induction of apoptosis by BL1521, resulting in a maximal induction of apoptosis of 9.7 % (± 

6.9) after treatment with 12 µM of BL1521. 

 

 

DISCUSSION 

 

In this study, we investigated the underlying mechanism for the observed decrease in 

proliferation found in neuroblastoma cells in response to incubation with the HDAC 

inhibitor BL1521. Therefore, we determined the effects of BL1521 on the cell cycle and 

quantified the amount of apoptosis. Our results showed that BL1521 induced both an arrest 

in the G1-phase of the cell cycle and an increase in the number of apoptotic cells. Several 

mechanisms are able to induce the observed G1 arrest, as depicted in Figure 6. We 

identified four different possibilities which will be discussed in more detail in the following 

sections. 

The induction of G1 arrest could be resulting from the up-regulation of the members of the 

CIP/KIP family of cyclin-CDK inhibitors p21WAF1/CIP1, p27 and p57. p21WAF1/CIP1 is able to 

reduce the progression through the G1-phase and transition into the S-phase in cells 
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through, on the one hand, activating the restriction-point of the cell cycle and on the other 

hand, the inhibition of CDK2 and cyclinD-CDK4/6 complexes [12-15]. Cyclin-CDK 

complex activity is necessary for the progression of the cell cycle through G1-S and G2-M 

(Figure 6) [12, 14]. When the restriction-point is activated no transition into S-phase can 

take place and cells become more prone to apoptosis [16].  

 

Figure 5A. The nuclear staining of MYCN single copy neuroblastoma cells (GIMEN) and MYCN 

amplified neuroblastoma cells (SKNBE(2)) with Hoechst. Left= control; Right= treated with 12 µM 

BL1521 (24 h) 

A Control BL1521 12 µM 

GIMEN 

  
SKNBE(2) 

  
 

Figure 5B. The percentage of fragmented cell nuclei of neuroblastoma cells, with (SKNBE(2)) or 

without (GIMEN) amplified MYCN status, treated for 24 h with either 6 or 12 µM BL1521 

 

       B 

 
 

Data represent the average of three independent experiments and includes standard deviations.  

* Significant difference compared to control (p < 0.05 using t-test). 
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It has been shown that a number of HDACi are able to increase the expression of 

p21WAF1/CIP1 [17-20]. We previously showed that BL1521 treatment of neuroblastoma cells 

resulted in an increase of p21WAF1/CIP1 mRNA [9]. This study showed that the concentration 

of p21WAF1/CIP1 protein increased as well. Although it has been reported that in some 

neuroblastoma cell lines the endogenous p21WAF1/CIP1 is dysfunctional, the up-regulation of 

p21WAF1/CIP1 may still be partly responsible for the observed G1-phase arrest [21]. 

Unexpectedly the concentration of the p27 protein decreased in response to treatment with 

BL1521. Recently, it was described that p27 knock out cells were more sensitive to 

apoptotic stimuli than wt p27 cells and that a high concentration of p27 in the cytoplasm 

favour cell survival under conditions, which normally induce apoptosis [22, 23]. Since we 

observed that MYCN amplified cells were more prone to apoptosis and showed a more 

substantial decrease of p27, in comparison with MYCN single copy cells, the induction of 

apoptosis, as a result of BL1521 treatment is in line with the down-regulation of p27. 
 

Figure 6. Regulation of the G1-S transition by the cyclin-CDK/Rb pathway during BL1521 

treatment [12, 24] 
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The next possible contribution to the observed BL1521 induced G1 arrest could be the 

altered presence of members of the cyclinD-CDK4/6 complex. The cyclinD-CDK4 complex 

is responsible for the hyperphosphorylation of under-phosphorylated Rb. Under-
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phosphorylated Rb binds members of the E2F family of transcription factors rendering 

them inactive. Consequently, hyperphosphorylation of Rb results in the release of the E2F 

transcription factors leading to the expression of cyclinE and thus transition into the S-

phase of the cell cycle (Figure 6) [4, 12, 14, 24]. In our experiments, we observed a down-

regulation of CDK4 protein in response to BL1521. Accordingly, we observed that the 

concentration of hypophosphorylated form of the Rb protein increased, suggesting that the 

down-regulation of CDK4 may also be partly responsible for the observed G1-phase arrest 

in response to BL1521.  

The third possible factor that could contribute to the induction of G1-phase arrest in 

response to BL1521 incubation is the up-regulation of the INK4 family members. Under 

particular conditions HDACi have been reported to be able to up-regulate p15INK4b and 

p19INK4d expression [25, 26]. The p15INK4b and p19INK4d proteins function through the 

inhibition of the activity of the cyclinD-CDK4/6 complex [12, 14, 25, 26]. However, we 

could not detect any p19INK4d or p15INK4b, which might be explained by the high incidence 

of deletion of the p15INK4b locus, 9p21, and loss of heterozygozity of 9p in neuroblastoma 

that have been reported, resulting in loss of expression [27, 28].  

A fourth possible factor that should be taken into consideration is the effect of MYCN on 

the activation of the cyclinD-CDK4/6 complexes and on the down-regulation of members 

of the INK4 and CIP/KIP family. These effects of MYCN enhance S-phase progression and 

partly explain the high proliferative activity of MYCN amplified neuroblastoma cells [29, 

30]. Our previous results showed that MYCN expression had been down-regulated in 

response to BL1521, possibly contributing to the induction of the G1 arrest [9]. However, 

Figure 2 shows that the G1-phase arrest, induced by BL1521 in both the MYCN amplified 

and the MYCN single copy neuroblastoma cells, occurs in an approximately similar 

fashion. This suggests that the expression of MYCN is not a major factor in the 

establishment the G1-phase arrest. 

Apart from the ability to induce cell cycle arrest, HDACi are known to be able to induce 

apoptosis [9, 31]. Previously, we showed that BL1521 is able to induce PARP cleavage, an 

end stage marker of apoptosis, in a panel of neuroblastoma cell lines [9]. Our results 

showed that MYCN amplified cell lines appear to be more sensitive to the induction of 

apoptosis by BL1521 than the MYCN single copy cell lines. We have already discussed the 

possible role of p27 in this difference in sensitivity. Moreover, apart from the proliferative 

action of MYCN, it also has a function in promoting apoptosis suggesting a second reason 

for the difference in sensitivity towards undergoing apoptosis [32]. A third optional 

mechanism for the induction of apoptosis in response to BL1521 could be the increased 

ratio between pro-apoptotic and anti-apoptotic genes [33]. Currently, efforts are being 

made to elucidate the mechanism of apoptosis in neuroblastoma cells in response to 

BL1521 treatment. 

In conclusion, these results show that the decrease in proliferation observed in 

neuroblastoma cells in response to BL1521 treatment is a concerted result of the induction 
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of apoptosis and the induction of G1-phase arrest executed via the up-regulation of 

p21WAF1/CIP1 and or down-regulation of CDK4. 
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ABSTRACT 

 

Neuroblastoma is a childhood tumour with a poor survival in advanced stage disease 

despite intensive chemotherapeutic regimes. The new histone deacetylase (HDAC) 

inhibitor BL1521 has shown promising results in neuroblastoma. Inhibition of HDAC 

resulted in a decrease in proliferation and metabolic activity, induction of apoptosis and 

differentiation of neuroblastoma cells. In order to elucidate the mechanism mediating the 

effects of BL1521 on neuroblastoma cells, we investigated the gene expression profile of a 

MYCN single copy and a MYCN amplified neuroblastoma cell line after treatment with 

BL1521 using the Affymetrix oligonucleotide array U133A. An altered expression of 255 

genes was observed in both neuroblastoma cell lines. The majority of these genes were 

involved in gene expression, cellular metabolism and cell signalling. We observed changes 

in the expression of vital genes belonging to the cell cycle (cyclinD1 and CDK4) and 

apoptosis (BNIP3, BID and BCL2) pathway in response to BL1521. The expression of 37 

genes was altered by both BL1521 and Trichostatin A (TSA), which could indicate a 

common gene set regulated by different HDAC inhibitors. BL1521 treatment changed the 

expression of a number of MYCN associated genes and a number of outcome related genes. 

Several genes in the Wnt and the Delta/Notch pathways were changed in response to 

BL1521 treatment, suggesting that BL1521 is able to induce the differentiation of 

neuroblastoma cells into a more mature phenotype. 

 

 

INTRODUCTION 

 

Neuroblastoma is a childhood tumour, which originates from the sympathetic nervous 

system [1,2]. It is one of the most common solid malignancies 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 neuroblastoma 

remains poor [1,2]. One of the striking features of neuroblastoma is its genetic 

heterogeneity [5]. For instance, hyper diploid karyotype and TrkA expression are features 

associated with a favourable outcome, often 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 genetic 

markers associated with a poor prognosis [1,3-7]. The high mortality rate in advanced 

stage neuroblastoma warrants the development of new therapeutic approaches.  

Recently, histone deacetylase (HDAC) has been discovered as a potential target for 

pharmacological gene therapy in cancer [8-11]. HDACs are abundantly expressed in most 

tissues and their function is essential for the regulation of gene expression [12,13]. 

Inhibition of HDAC function results in hyperacetylation of histones and thus, a more open 

chromatin structure. Consequently, this facilitates the transcription of genes, in particular 

the expression of a specific subset of genes [12]. These changes in gene expression were 



  Chapter 5 
 

 75 

shown to induce 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 

[11,12,17-21]. Recently, BL1521, a novel member of the hydroxamic acid containing group 

of HDAC inhibitors (HDACi), showed promising effects in neuroblastoma [12,22]. BL1521 

was able to inhibit the in situ HDAC activity, to reduce proliferation, metabolic activity and 

MYCN expression, to induce histone H3 acetylation, apoptosis and the expression of 

p21WAF1/CIP1 in a panel of neuroblastoma cell lines [22].  

A variety of HDAC inhibitors was able to increase the expression of p21WAF1/CIP1 which was 

associated with an Sp1 site in the promoter of the gene [17,23-26]. Furthermore, the 

expression of genes involved in the cell cycle, like cyclin A, B1, D1, D3, E, p27 and p53, 

genes involved in apoptosis like gelsolin, BAX, BID and BCL2 were also affected by HDACi 

[12,27]. However, not all genes reported so far responded in a similar fashion to different 

HDAC inhibitors or in different cell types [28]. In order to elucidate which genes are 

affected by BL1521 in neuroblastoma cells, the gene expression profile was analyzed in two 

neuroblastoma cell lines, one with MYCN amplification (IMR32) and one without MYCN 

amplification (SKNAS), using the Affymetrix oligonucleotide array U133A. Our results 

show that the expression of 255 genes had changed in response to BL1521 in both 

neuroblastoma cell lines including vital genes belonging to the cell cycle (cyclinD1 and 

CDK4), apoptosis (BNIP3, BID and BCL2) and differentiation (HASH1 and PHOX2b) 

pathway. 

 

 

MATERIALS AND METHODS 

 

Cell culture 

The characteristics of the neuroblastoma cell lines have been described in reference [29]. 

Cell lines were maintained in RPMI 1640 tissue culture medium supplemented with 10 % 

v/v heat inactivated foetal bovine serum, 50 U/ml penicillin/streptomycin, 0.25 µg/ml 

fungizone, 0.2 mg/ml gentamicin and 4 mM glutamine, at 37 °C in a humidified 

atmosphere with 6 % CO2. All incubations of cells with compounds were carried out by 

preparing a 1:1000 dilution from the DMSO stock solutions in culture medium directly 

before use. 

 

Gene expression analysis 

Total RNA was extracted from exponentially growing control cells and from cells treated 

with 50 µM BL1521 (both cell lines) or 500 nM Trichostatin A (TSA; IMR32 only) for 16 

hours, using the SV total RNA isolation system (Promega). The samples were transferred 

to the LGTC Affymetrix Core Laboratory (Leiden) where they were processed according to 

Affymetrix protocols. In brief, RNA concentration was determined by absorbency at 260 
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nm, and quality was verified by the integrity of 28S and 18S rRNA using the RNA 6000 

Nano assay on the Agilent 2100 Bioanalyzer (Agilent Technologies). Next, 10 µg of high 

quality total RNA was used in a cDNA synthesis reaction using the Megascript T7 kit 

(Ambion), and the resulting cDNA was subsequently used to generate Biotin-labelled 

antisense cRNA. This was purified using Rneasy mini-columns (Qiagen) and the 

biotinylation was checked using the Agilent 2100 Bioanalyzer. Labelled nucleic acid target 

quality was confirmed using GeneChip Test3 arrays, after which the hybridization to 

Affymetrix GeneChip Human U133A oligonucleotide arrays was carried out. After an 

automated process of washing and staining, absolute values of expression were calculated 

from the scanned array using Affymetrix software [30]. The resulting images were 

imported into Genesifter.NetTM (VizX Labs, USA) to perform Robust Multi-array Average 

(RMA) and analyze our experiments [31]. From probe sets identified as changed in 

response to HDAC inhibition, with a 2.0 or higher fold change in expression compared to 

control, the concomitant gene name, description, abbreviation, unigene cluster number, 

chromosomal location and locus link were verified using Genesifter.NetTM and the NCBI 

data bases. These genes with an altered expression of more than 2.0 fold were considered 

to be differentially expressed [28]. 

  

Northern analysis 

For Northern analysis, 10 µg 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 Sambrooke et al. [32]. Equal loading of total RNA on the 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 radio labelled using [α-32P]dCTP (Amersham Biosciences) and the random 

prime labelling system according to Sambrooke et al. [32] (primers see Table 4). 

Hybridization was performed at 68°C using Expresshyb (Clontech) overnight. The blots 

were washed using the following protocol; first in 1×SSC containing 0.1 % w/v SDS at room 

temperature for 20 min, then in 0.2×SSC containing 0.1 % w/v SDS at 68°C three times for 

20 minutes followed by analysis with the Fuji FLA 3000 phosphor imager. 

 

 

RESULTS 

 

Robust Multi-array Average (RMA) comparison of the BL1521 or TSA treated sample 

versus control resulted in a list of 4914, 1339 and 620 probe sets that had changed at least 

two fold after treatment of IMR32 and SKNAS cells with BL1521 and of IMR32 cells with 

TSA, respectively (Figure 1A). Figure 1B shows scatter plots of the expression level of these 

probe sets with black indicating an increase in signal and dark grey indicating a decrease in 

signal, as a result of treatment with BL1521 or TSA. A balanced distribution of black and 

dark grey was observed for SKNAS neuroblastoma cells treated with BL1521 and for 



  Chapter 5 
 

 77 

IMR32 neuroblastoma cells treated with TSA. In contrast, as a result of treatment of 

IMR32 cells with BL1521 more probe sets were observed to have a decreased signal than an 

increased signal. The spots in light grey depict the probe-sets on the array that lie within 

the cut-off area of a 2.0 fold change.  
 

Figure 1.  

 

A 

 

B 

 
 

Panel A: circle diagram showing the number of probe sets of which the expression changed more 

than two fold in the different experiments. The overlap between the circles represents shared probe 

sets. : number of probe sets the separate experiments have in common. Panel B: Scatterplots of 

the three oligonucleotide array experiments with black: > 2 fold up-regulated, dark grey: > 2 fold 

down-regulated and light grey: 0-2 fold change. 

 

Table 1 shows the percentage of affected probe sets per experiment relative to the total 

number of probe sets on the Affymetrix U133A array.  

An analysis was made as to the function of the genes with altered expression, represented 

by the probe sets identified from the experiments; their relative contribution to the 
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different functional groups is shown in Figure 2. All three experiments resulted in a similar 

distribution of the probe sets over the various functional groups. Moreover, categorizing all 

probe sets of the Affymetrix U133A array itself resulted in a very similar distribution as 

observed for the experiments with BL1521 and TSA (data not shown). This may indicate 

that the probe sets, of which the signal changed in response to BL1521 or TSA, were 

randomly distributed over the different functional groups.  

 

Table 1. Number of probe sets with changed signal as a result of treatment with BL1521 (50 µM) or 

TSA (500 nM) compared to untreated control 

 

 BL1521 TSA 

 up down up down 

IMR32 1978 (8.9 %) 2936 (13.2 %) 259 (1.2 %) 361 (1.6 %) 

SKNAS 575 (2.6 %) 764 (3.4 %)   

 

Cut off 2.0. Percentage was calculated with the total number of probe sets on the Affymetrix 

oligonucleotide array U133A. 

 

Figure 2. Probe sets with an altered expression were assigned to different functional groups  
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Next, the probe sets in the different functional groups of the BL1521 experiments were 

separated into those with an increased signal and those with a decreased signal. Figure 3 

shows that in a few functional groups, the relative amount of probe sets with an increased 

or decreased signal was distributed unevenly. In the IMR32 cells, the number of probe sets 

of which the signal increased in response to BL1521 in the functional group “Extracellular 

component” was approximately three times larger then the number of probe sets with a 

decreased signal. This uneven distribution was observed to a lesser extent in the functional 

groups “Signal transducer activity” and “Development”, as well. SKNAS cells showed an 

approximately two fold higher percentage of probe sets with a decreased signal than probe 

sets with an increased signal in the functional groups “Other” (biological process) and 

“Transcription regulator activity”. This uneven distribution was observed to a lesser extent 

in the functional groups “Other” (molecular function) and “Extracellular component”. 

 

Figure 3. Percentages of probe sets of which the signal changed in response to treatment with 

BL1521 of IMR32 and SKNAS cells. Separated into increased and decreased signal and grouped 

into different ontology groups as determined by the Genesifter software 
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Table 2 shows the list of shared probe sets affected by BL1521 treatment in both IMR32 

and SKNAS cells. From the resulting list of probe sets the sequence was retrieved to 

confirm the gene name and the genes were subsequently sorted according to function and 

average fold change. For practical reasons, only those genes, of which the expression had 

changed 3 fold, are shown. Of these 255 genes 37 genes were up-regulated and 218 genes 

were down-regulated. The major part of the genes with an altered expression is involved in 

gene expression, cellular metabolism and cell signalling.  

 

Table 2. Common set of genes with altered expression as a result of treatment of IMR32 and 

SKNAS cells with BL1521 (50 µM) 

 

 average 

change 

abbreviation Gene [literature reference]  

Apoptosis 6.6 BNIP3 BCL2/adenovirus E1B 19kD-interacting protein 3 [27]  

 4.0 CLU Clusterin [80,81]  

 3.7 PHLDA2 Tumour suppressing sub transferable candidate 3   

     

 -7.5 CSE1L Chromosome segregation 1 (yeast homolog)-like  

 -6.1 TIA1 TIA1 cytotoxic granule-associated RNA-binding protein  

 -4.7 GULP1 CED-6 protein  

 -4.6 BCL2 B-cell CLL/lymphoma 2 [12]  

 -4.4 POGK pogo transposable element with KRAB domain  

 -3.3 BID BH3 interacting domain death agonist [27]   

     

Cell Cycle -14.2 CDKN1B Cyclin-dependent kinase inhibitor 1B (p27, Kip1) [27]  

 -9.0 NBS1 Nijmegen breakage syndrome 1 (nibrin) [27]  

 -8.7 SKP2 S-phase kinase-associated protein 2 (p45) [27]  

 -8.0 ILF3 Interleukin enhancer binding factor 3, 90kD  

 -7.6 CDK2AP1 CDK2-associated protein 1  

 -6.2 CCND1 Cyclin D1 (PRAD1: parathyroid adenomatosis 1) [12,80,82,83]  

 -5.8 BCAT1 Branched chain aminotransferase 1, cytosolic  

 -5.4 TUBGCP3 Spindle pole body protein  

 -5.4 RAN RAN, member RAS oncogene family  

 -5.2 NUCKS Similar to rat nuclear ubiquitous casein kinase 2  

 -5.1 IVNS1ABP NS1-binding protein  

 -5.0 STAG2 Stromal antigen 2  

 -5.0 CENPF Centromere protein F (350/400kD, mitosin)  

 -4.8 STK6 Serine/threonine kinase 6  

 -4.8 POLE3 Polymerase (DNA directed), epsilon 3 (p17 subunit)  

 -4.6 SMC1L1 SMC1 (structural maintenance of chromosomes 1, yeast)-like 1  

 -4.0 CTCF CCCTC-binding factor (zinc finger protein)  

 -4.0 GAS1 Growth arrest-specific 1  

 -3.9 CCNB1 cyclin B1 [12,80]  

 -3.9 TEB4 Similar to S. cerevisiae SSM4  

 -3.7 TLK1 Tousled-like kinase 1 [83]  

 -3.5 PLK1 Polo (Drosophila)-like kinase  

 -3.2 CENPA Centromere protein A (17kD)  
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 -3.1 STAG1 Stromal antigen 1  

 -3.1 RFC5 replication factor C (activator 1) 5, 36.5kDa  

 -3.1 CDK4 Cyclin-dependent kinase 4 [27,81]  

     

Development 5.6 ARC Activity-regulated cytoskeleton-associated protein  

 3.5 SERPINI1 Serine (or cysteine) proteinase inhibitor, clade I (neuroserpin),  

member 1 [84] 

 

     

 -32.0 PHOX2B Paired mesoderm homeobox 2b  

 -18.8 HASH1 Achaete-scute complex (Drosophila) homolog-like 1  

 -11.0 GATA3 GATA-binding protein 3  

 -8.6 MAB21L1 Mab-21 (C. elegans)-like 1  

 -4.8 CDK5R1 cyclin-dependent kinase 5, regulatory subunit 1 (p35)  

 -4.6 D1S155E NRAS-related gene  

 -4.3 DAZAP1 DAZ associated protein 1  

 -3.9 MAB21L2 Mab-21 (C. elegans)-like 2  

 -3.9 DACH Dachshund homolog (Drosophila)  

 -3.8 TBX2 T-box 2  

 -3.6 FALZ Fetal Alzheimer antigen  

 -3.4 ELAVL4 ELAV (embryonic lethal, abnormal vision, Drosophila)-like 4  

(Hu antigen D) 

 

 -3.2 TPM4 Tropomyosin 4 [85]  

 -3.2 LARP likely ortholog of mouse la related protein  

     

Gene 

Expression 

5.3 BHLHB2 Basic helix-loop-helix domain containing, class B, 2  

 5.0 EGR1 Early growth response 1  

 4.9 FOS V-fos FBJ murine osteosarcoma viral oncogene homolog  

 4.3 ELL2 ELL-Related RNA Polymerase II, elongation factor  

 3.3 SOX9 SRY (sex determining region Y)-box 9  

 3.2 PTRF Polymerase I and transcript release factor  

     

 -10.7 hnRNPA3 Heterogeneous nuclear ribonucleoprotein A3   

 -9.7 HNRPH3 Heterogeneous nuclear ribonucleoprotein H3 (2H9)  

 -9.6 HNRPD Heterogeneous nuclear ribonucleoprotein D 

 -8.8 U2AF2 U2 small nuclear ribonucleoprotein auxiliary factor (65kD)  

 -8.2 ADNP Activity-dependent neuroprotector  

 -7.5 SFRS3 Splicing factor, arginine/serine-rich 3  

 -6.9 QKI Homolog of mouse quaking QKI (KH domain RNA binding 

protein) 

 

 -6.8 ANP32B acidic (leucine-rich) nuclear phosphoprotein 32 family, 

member B (APRIL) [28] 

 

 -6.7 TCF4 Transcription factor 4  

 -6.5 BRD1 Bromodomain-containing 1  

 -6.4 ATF1 activating transcription factor 1  

 -6.1 ZNF278 Zinc finger protein 278 [86]  

 -6.0 HSPB1 Heat shock 27kD protein 1 [80,82,87]  

 -5.9 CBFA2T1 Core-binding factor, runt domain, alpha subunit 2; translocated 

to, 1; cyclin D-related 

 -5.9 IMP-3 IGF-II mRNA-binding protein 3  
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 -5.8 RBM16 RNA binding motif protein 16  

 -5.8 PTBP2 Neural polypyrimidine tract binding protein  

 -5.7 TCF3 Transcription factor 3 (E2A immunoglobulin enhancer binding 

factors E12/E47) 

 -5.3 CREBBP CREB binding protein (Rubinstein-Taybi syndrome)  

 -5.0 RNF110 ring finger protein 110  

 -4.9 SYNCRIP NS1-associated protein 1  

 -4.8 BAZ1A Bromodomain adjacent to zinc finger domain, 1A  

 -4.7 ARID1A AT rich interactive domain 1A (SWI- like)  

 -4.7 NCOA2 nuclear receptor coactivator 2  

 -4.6 SET SET translocation (myeloid leukemia-associated) [28]  

 -4.6 SMARCA4 SWI/SNF related, matrix associated, actin dependent regulator 

of chromatin, subfamily a, member 4 

 -4.5 BS69 Adenovirus 5 E1A binding protein  

 -4.5 EIF5A Eukaryotic translation initiation factor 5A  

 -4.5 E2F3 E2F transcription factor 3  

 -4.4 RBPMS RNA-binding protein gene with multiple splicing  

 -4.3 MUF1 MUF1 protein  

 -4.3 MYST4 MYST histone acetyltransferase (monocytic leukemia) 4  

 -4.3 FLJ13213 Hypothetical protein FLJ13213  

 -4.2 LASS2 Longevity assurance (LAG1, S. cerevisiae) homolog 2 [84]  

 -4.2 PHF2 PHD finger protein 2  

 -4.1 HNRPUL1 E1B-55kDa-associated protein 5  

 -4.0 PRPF4B PRP4 pre-mRNA processing factor 4 homolog B  

 -4.0 RBMX RNA binding motif protein, X-linked  

 -4.0 NFIB Nuclear factor I/B  

 -3.9 RNPC2 Splicing factor (CC1.3)  

 -3.8 PTBP1 Polypyrimidine tract binding protein 

 -3.8 FUSIP1 FUS-interacting protein (serine-arginine rich) 1 [30]  

 -3.8 SMARCC1 SWI/SNF related, matrix associated, actin dependent regulator 

of chromatin, subfamily c, member 1 

 -3.7 SFRS1 Splicing factor, arginine/serine-rich 1 (splicing factor 2, alternate 

splicing factor) 

 -3.7 DICER1 Dicer1, Dcr-1 homolog (Drosophila)  

 -3.7 SMARCB1 SWI/SNF related, matrix associated, actin dependent 

regulator of chromatin, subfamily b, member 1 

 -3.6 TOP2B Topoisomerase (DNA) II beta (180kD)  

 -3.6 HIF1A Hypoxia-inducible factor 1, alpha subunit (basic helix-loop-helix 

transcription factor) 

 -3.6 ILF3 interleukin enhancer binding factor 3, 90kDa  

 -3.5 HMGB3 High-mobility group (nonhistone chromosomal) protein 4  

 -3.5 KIAA1196 KIAA1196 protein  

 -3.5 E2F5 E2F transcription factor 5, p130-binding  

 -3.5 TFDP1 transcription factor Dp-1  

 -3.5 PMF1 Polyamine-modulated factor 1  

 -3.4 CNOT3 CCR4-NOT transcription complex, subunit 3  

 -3.4 TCF12 transcription factor 12 (HTF4, helix-loop-helix transcription 

factors 4) 

 

 -3.3 H2AFY2 Core histone macroH2A2.2  

 -3.3 FOXM1 Forkhead box M1  
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 -3.3 SFRS4 Splicing factor, arginine/serine-rich 4  

 -3.1 TLX2 T-cell leukemia, homeobox 2  

 -3.1 SNRPB Small nuclear ribonucleoprotein polypeptides B and B1  

 -3.1 EWSR1 Ewing sarcoma breakpoint region 1 [27]  

 -3.1 MEIS1 Meis1 (mouse) homolog  

 -3.0 MEIS2 Meis (mouse) homolog 2  

 -3.0 BAT1 HLA-B associated transcript 1  

 -3.0 TRIP13 Thyroid hormone receptor interactor 13  

     

Growth 6.0 IGFBP3 Insulin-like growth factor binding protein 3 [80]  

     

 -10.9 HDGFRP3 CGI-142  

 -5.2 TGFB1I1 transforming growth factor beta 1 induced transcript 1  

 -4.2 HDGF Hepatoma-derived growth factor (high-mobility group protein 

1-like) [27,84] 

 

 -3.5 INHBC Inhibin, beta C  

 -3.3 MKI67 antigen identified by monoclonal antibody Ki-67  

     

Metabolism 11.9 ALDOC Aldolase C, fructose-bisphosphate  

 6.4 HEP27 short-chain alcohol dehydrogenase (DHRS2) [28]  

 5.8 HBA2 hemoglobin, alpha 2  

 4.9 NEU1 Sialidase 1 (lysosomal sialidase) [84]  

 4.0 P4HA1 Procollagen-proline, 2-oxoglutarate 4-dioxygenase 

(proline 4-hydroxylase), alpha polypeptide I 

 3.7 BLVRB Biliverdin reductase B (flavin reductase (NADPH))  

 3.7 P4HA2 Procollagen-proline, 2-oxoglutarate 4-dioxygenase 

(proline 4-hydroxylase), alpha polypeptide II 

 3.4 CHST6 Carbohydrate (N-acetylglucosamine 6-O) sulfotransferase 6  

 3.2 GLA Galactosidase, alpha  

     

 -10.4 SLC20A1 Solute carrier family 20 (phosphate transporter), member 1  

 -9.2 SEPHS1 Selenophosphate synthetase ; Human selenium donor protein  

 -9.2 ZNF423 zinc finger protein 423  

 -9.2 PAIP1 Polyadenylate binding protein-interacting protein 1  

 -7.3 CTBP2 C-terminal binding protein 2  

 -5.5 UNG Uracil-DNA glycosylase  

 -5.3 UBE2E3 Ubiquitin-conjugating enzyme E2E 3 (homologous to yeast 

UBC4/5) 

 

 -5.2 UBQLN2 Ubiquilin 2  

 -5.0 MRPS6 mitochondrial ribosomal protein S6  

 -4.9 USP46 ubiquitin specific protease 46  

 -4.8 USP7 Ubiquitin specific protease 7 (herpes virus-associated) [27]  

 -4.8 UBE2E1 ubiquitin-conjugating enzyme E2E 1 (UBC4/5 homolog, yeast)  

 -4.6 SEC13L sec13-like protein  

 -4.6 SIAH1 Seven in absentia (Drosophila) homolog 1  

 -4.4 AUTS2 autism susceptibility candidate 2  

 -4.4 LOC221061 hypothetical protein LOC221061  

 -4.2 UBE2J1 Non-canonical ubquitin conjugating enzyme 1  

 -4.1 CTBP1 C-terminal binding protein 1  

 -4.0 MTMR4 Myotubularin related protein 4  
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 -4.0 DCK Deoxycytidine kinase  

 -3.9 UMP-CMPK UMP-CMP kinase  

 -3.8 ADSS adenylosuccinate synthase  

 -3.8 FKBP4 FK506-binding protein 4 (59kD)  

 -3.8 SENP6 SUMO-1-specific protease  

 -3.8 GPX7 glutathione peroxidase 7  

 -3.6 PABPN1 Poly(A)-binding protein, nuclear 1  

 -3.5 OTUB1 OTU domain, ubiquitin aldehyde binding 1  

 -3.5 TYMS Thymidylate synthetase [28]  

 -3.4 FADS1 fatty acid desaturase 1  

 -3.3 FLJ20257 Hypothetical protein FLJ20257  

 -3.3 HSA9761 Putative dimethyladenosine transferase  

 -3.2 MTMR1 myotubularin related protein 1  

 -3.2 MRPL9 Mitochondrial ribosomal protein L9  

 -3.1 DDC Dopa decarboxylase (aromatic L-amino acid decarboxylase)  

 -3.1 CAD Carbamoyl-phosphate synthetase 2, aspartate transcarbamylase 

and dihydroorotase                    

 -3.1 MGC22679 hypothetical protein MGC22679  

 -3.0 UCK2 Uridine monophosphate kinase  

     

Signalling 14.3 ERBB3 V-erb-b2 avian erythroblastic leukemia viral oncogene 

homolog 3 

 

 10.1 NDRG1 N-myc downstream regulated  

 9.1 PCDH9 protocadherin 9  

 7.6 ADM Adrenomedullin  

 7.0 STC1 Stanniocalcin 1  

 5.5 DUSP5 Dual specificity phosphatase 5  

 4.8 EPAS1 Endothelial PAS domain protein 1  

 4.5 CXCR4 Homo sapiens CXCR4 gene encoding receptor CXCR4. [27]  

 3.5 ENPP2 Ectonucleotide pyrophosphatase/phosphodiesterase 2 

(autotaxin) [82] 

 

 3.3 ANGPTL4 Angiopoietin-like 4  

 3.3 RGS16 regulator of G-protein signalling 16   

 3.2 GOLGIN-67 Golgin-67  

 3.1 RGS4 Regulator of G-protein signalling 4  

     

 -10.1 ARHGDIA Rho GDP dissociation inhibitor (GDI) alpha  

 -7.8 CHRNA3 Cholinergic receptor, nicotinic, alpha polypeptide 3  

 -5.8 RCN1 Reticulocalbin 1, EF-hand calcium binding domain  

 -5.7 EFS Signal transduction protein (SH3 containing)  

 -5.2 SMT3H1 SMT3 (suppressor of mif two 3, yeast) homolog 1  

 -4.9 Cab45 calcium binding protein Cab45 precursor  

 -4.7 ZNF532 zinc finger protein 532  

 -4.6 ANP32E acidic (leucine-rich) nuclear phosphoprotein 32 family, 

member E 

 

 -4.5 ANP32A acidic (leucine-rich) nuclear phosphoprotein 32 family, 

member A 

 

 -4.4 ZNF161 Zinc finger protein 161  

 -4.3  IRA1  likely ortholog of mouse IRA1 protein  

 -3.9 WSB2 CS box-containing WD protein  
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 -3.8 PTPRC protein tyrosine phosphatase, receptor type, C  

 -3.7 AES amino-terminal enhancer of split  

 -3.7 TRIM8 / 

GERP 

Ring finger protein 27  

 -3.6 ITPKB Inositol 1,4,5-trisphosphate 3-kinase B  

 -3.6 HMMR Hyaluronan-mediated motility receptor (RHAMM)  

 -3.5 RAP140 retinoblastoma-associated protein 140  

 -3.5 BMPR1A bone morphogenetic protein receptor, type IA  

 -3.3 TIMELESS Timeless (Drosophila) homolog  

 -3.3 TENS1 Tumor endothelial marker 6  

 -3.2 RHOBTB3 Rho-related BTB domain containing 3  

 -3.2 IRAK1 Interleukin-1 receptor-associated kinase 1  

 -3.1 RASL11B RAS-like, family 11, member B  

     

Structure 4.7 NEF3 Neurofilament 3 (150kD medium)  

 3.0 MAP1LC3B microtubule-associated protein 1 light chain 3 beta  

     

 -14.6 TMPO Thymopoietin  

 -5.8 LAMB1 Laminin, beta 1   

 -5.0 DLG5 Discs, large (Drosophila) homolog 5  

 -4.6 LMNB1 Lamin B1 [27]  

 -4.2 CKAP4 Cytoskeleton-associated protein 4  

 -4.0 PNN Pinin, desmosome associated protein  

 -4.0 SCHIP1 Schwannomin-interacting protein 1  

 -3.9 DBN1 Drebrin 1  

 -3.7 WASPIP Wiskott-Aldrich syndrome protein interacting protein  

 -3.4 CSPG2 Chondroitin sulfate proteoglycan 2 (versican)  

 -3.3 NEXN nexilin (F actin binding protein)  

 -3.3 SERPINH1 Serine (or cysteine) proteinase inhibitor, clade H member 1 

 -3.3 COIL Coilin  

 -3.3 ANK3 Ankyrin 3, node of Ranvier (ankyrin G)  

 -3.0 OK/SW-cl.56 beta 5-tubulin  

     

Transport -5.7 SLC38A1 Amino acid transporter system A1  

 -4.4 KPNB1 Karyopherin (importin) beta 1 [28]  

 -4.3 SLC25A13 Solute carrier family 25, member 13 (citrin)  

 -4.1 NBEA Neurobeachin  

 -3.6 FLJ22625 Hypothetical protein FLJ22625  

 -3.4 DKFZp586G

0123 

DKFZp586G0123: calcium-binding transporter  

 -3.1 SLC7A1 solute carrier family 7 (cationic amino acid transporter, y+ 

system),member 1 

     

Unknown 7.5 E2IG5 growth and transformation-dependent protein, estradiol-

induced 

 

 3.5 PTD015 PTD015 protein  

     

 -6.7 KIAA0648 KIAA0648 protein  

 -6.3 FLJ20373 Hypothetical protein FLJ20373  

 -5.8 FLJ11539 Hypothetical protein FLJ11539  
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 -5.3 FLJ38348 hypothetical protein FLJ38348  

 -5.2 LOC90806 LOC90806: Similar to RIKEN cDNA 2610307I21  

 -4.9 LUC7L2 CGI-74 protein  

 -4.7 HSU79274 Protein predicted by clone 23733  

 -4.7 KIAA0368 KIAA0368 protein  

 -4.6 C9orf10 chromosome 9 open reading frame 10  

 -4.4 TERA TERA protein  

 -4.0 C19orf13 chromosome 19 open reading frame 13  

 -4.0 UNRIP CGI-26 protein  

 -3.9 CGI-85 CGI-85 protein  

 -3.6 CASC3 cancer susceptibility candidate 3  

 -3.5 KIAA1076 KIAA1076 protein  

 -3.2 FLJ10357 FLJ10357: hypothetical protein FLJ10357  

 -3.1 C6orf74 chromosome 6 open reading frame 74  

 -3.1 C19orf7 chromosome 19 open reading frame 7  

 

Cut off at -3.0 and 3.0. References are shown when the gene has been reported by other groups in 

experiments involving HDACi. 

 

Table 3 shows the list of shared probe sets affected by BL1521 and TSA treatment in both 

IMR32 and SKNAS cells. From these probe sets the sequence was retrieved to confirm the 

gene name and the genes were subsequently sorted according to function and average fold 

change. Of these 37 genes 9 genes were up-regulated 2.0 fold or more and 28 genes were 

down-regulated 2.0 fold or more.  

 

Table 3. Changes in gene expression induced in both SKNAS cells and in IMR32 cells both with 

BL1521 and TSA 

 

 

Average 

Change Abbreviation Gene [literature reference] 

Cell Cycle  2.5 CETN2 Centrin, EF-hand protein, 2 

 -2.7 BCAT1 Branched chain aminotransferase 1, cytosolic 

 -2.4 POLE3 Polymerase (DNA directed), epsilon 3 (p17 subunit) 

    

Development 

 

3.6 

 

SERPINI1 

 

Serine (or cysteine) proteinase inhibitor, clade I (neuroserpin), 

member 1 

 -12.1 HASH1 Achaete-scute complex (Drosophila) homolog-like 1 

    

Gene 

Expression 4.3 EGR1 Early growth response 1 

 -7.2 HNRPD Heterogeneous nuclear ribonucleoprotein D 

 -5.6 EIF5A Eukaryotic translation initiation factor 5A 

 -5.2 HSPB1 Heat shock 27kD protein 1 [80,82,87] 

 -3.9 BAZ1A Bromodomain adjacent to zinc finger domain, 1A 

 -3.7 PTBP1 Polypyrimidine tract binding protein  

 -3.4 HSF1 heat shock transcription factor 1 

 -3.1 EEF1A2 Eukaryotic translation elongation factor 1 alpha 2 

 -3.0 CNOT3 CCR4-NOT transcription complex, subunit 3 
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 -3.0 MTA1 Metastasis associated 1 

 -2.3 MAZ MYC-associated zinc finger protein  

 -2.1 LSM7 U6 snRNA-associated Sm-like protein LSm7 

    

Metabolism 9.0 ALDOC Aldolase C, fructose-bisphosphate 

 7.5 HEP27  short-chain alcohol dehydrogenase (DHRS2) 

 -7.0 ZNF423 zinc finger protein 423 

 -3.9 PHGDH Phosphoglycerate dehydrogenase 

 -3.6 FKBP4 FK506-binding protein 4 (59kD) 

 -3.4 OTUB1 OTU domain, ubiquitin aldehyde binding 1 

 -2.5 PGLS 6-phosphogluconolactonase 

    

Signalling 

 

3.7 

 

ENPP2 

 

Ectonucleotide pyrophosphatase/phosphodiesterase 2 

(autotaxin) 

 2.8 MT1X Metallothionein 1X 

 2.6 MT2A Metallothionein 2A 

 -12.9 ARHGDIA Rho GDP dissociation inhibitor (GDI) alpha 

 -3.3 AES amino-terminal enhancer of split 

 -2.6 BANF1 Breakpoint cluster region protein, uterine leiomyoma, 1 

    

Structure 4.3 NEF3 Neurofilament 3 (150kD medium) 

 -3.2 WASPIP Wiskott-Aldrich syndrome protein interacting protein 

 -2.9 RHOBTB3 Rho-related BTB domain containing 3 

 -2.6 BTBD2 BTB (POZ) domain containing 2 

 -2.4 MPDU1 Mannose-P-dolichol utilization defect 1 

 -2.3 TLN1 Talin 1 

    

Unknown -2.9 ARS2 Arsenate resistance protein ARS2 

 -2.2 HELSNF1 mRNA-helicase with SNF2 domain 1 

 

Cut off at -2.0 and 2.0. References are shown when the gene has been reported by other groups in 

experiments involving HDACi. 

 

To qualitatively verify the results from the oligonucleotide array northern analysis was 

performed on five randomly chosen genes in a panel of 6 neuroblastoma cell lines, three of 

which are MYCN amplified (SJNB10, IMR32 and SKNBE(2)) and three of which are non-

MYCN amplified (GIMEN, SKNSH and SKNAS) as is shown in Figure 4. SERPINI1, EGR1 

and DHRS2 had been up-regulated and ARHGDIA and ZNF423 had been down-regulated 

on the Affymetrix oligonucleotide array U133A in response to BL1521 and TSA. The results 

of the northern analysis of the panel of neuroblastoma cell lines were in accordance with 

the Affymetrix oligonucleotide array U133A results. Interestingly, GIMEN and SKNSH 

cells showed a different pattern of EGR1, ZNF423 and DHRS2 in response to the treatment 

with BL1521 or TSA from compared to SKNAS cells. This may suggest that the data from 

the SKNAS cells insufficiently predicts the response to the inhibition of HDAC in other non 

MYCN amplified cell lines. Table 5 shows how genes, related to outcome of disease, MYCN 

and differentiation, were affected in SKNAS and IMR32 in response to treatment with 

BL1521 or TSA. 
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Table 4. Primers for RT-PCR for probes for Northern blotting 

 

Gene Primers 

 

DHRS2 

(HEP27) 

 

fw 5’-GGCTTTCTGTGAGGATGAGC-3’ 

rv 5’-CTGGAGAGCACAGGAAGGAC-3’ 

 

SERPINI1 

 

fw 5’-GCTCTTGCAATGGGAATGAT-3’ 

rv 5’-GGCGTCTCAAATTTGCATCT-3’ 

 

ZNF423 

 

fw 5’-AGAACCATGCCTACCCTGTG-3’ 

rv 5’-TCTCATTGCTGTGCTTGACC-3’ 

 

ARHGDIA 

 

fw 5’-GCCTGCGAAAGTACAAGGAG-3’ 

rv 5’-TGACGGGGAGATAGAACCTG-3’ 

 

EGR1 

 

fw 5’-CAGTCCCCTAGTGAGCATGA-3’ 

rv 5’-CCGCAAGTGGATCTTGGTAT-3’ 

 

fw = forward, rv = reverse 

 

Figure 4. Bar plot indicating the fold change of five genes in a panel of cell lines using northern 

analysis. Per cell line the control expression is set at 1.0.  And  represent the Affymetrix 

oligonucleotide array value of the BL1521 and the TSA experiments, respectively 
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Table 5A. Genes with altered expression in response to treatment with BL1521 or TSA of IMR32 or 

SKNAS cells related to neuroblastoma outcome 

 

  IMR32 SKNAS IMR32  

  BL1521 BL1521 TSA GENE NAME 

OUTCOME      

 Marker of:     

TH tumour 2.00 Nd Nd Tyrosine hydroxylase 

DDC tumour 0.42 0.26 Nd Dopa decarboxylase  

CDKN2D early stage 2.30 Nd Nd Cyclin-dependent kinase 4 

inhibitor D  

RAB9P40 advanced 

stage 

0.33 Nd Nd Rab9 effector p40 

CDKN3 advanced 

stage 

Nd Nd 2.00 Cyclin-dependent kinase  

inhibitor 3  

CD44 favourable 

outcome 

Nd 2.20 Nd CD44 antigen  

EPHB6 favourable 

outcome 

2.40 2.80 Nd EphB6, receptor protein tyrosine 

kinase 

WSB1 favourable 

outcome 

Nd 2.10 Nd WD-40-repeat protein with a 

SOCS box 

PRKACB favourable 

outcome 

0.43 Nd Nd Protein kinase, cAMP-dependent, 

catalytic, beta 

CDC2L5 favourable 

outcome 

0.35 Nd 0.48 Cell division cycle 2-like 5  

CDC25B favourable 

outcome 

0.45 Nd Nd Cell division cycle 25B 

TCF4 favourable 

outcome 

0.20 0.35 Nd Transcription factor 4 

CHD4 favourable 

outcome 

0.40 Nd Nd chromodomain-helicase-DNA-

binding protein 4 

SCF11 favourable 

outcome 

2.10 Nd Nd solute carrier family 11 

SCF25A13 favourable 

outcome 

0.26 0.21 Nd solute carrier family 25A  

member 13 

      

 

Nd indicates either less than 2.0 fold change or no change or unreliable data. 
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Table 5B. Genes with altered expression in response to treatment with BL1521 or TSA of IMR32 or 

SKNAS cells associated to MYCN expression 

 

 IMR32 SKNAS IMR32  

 BL1521 BL1521 TSA GENE NAME 

MYCN related      

     

MYCN 0.17 Nd 0.11 N-MYC PROTO-ONCOGENE PROTEIN 

MAZ 0.42 0.50 0.43 MYC-associated zinc finger protein  

NMI Nd 0.21 0.50 N-myc (and STAT) interactor 

MXI1 0.43 Nd Nd MAX-interacting protein 1 

NDRG1 5.20 15.00 Nd N-myc downstream regulated 

NDRG3 0.45 Nd 0.50 N-myc downstream-regulated gene 3 

NDRG4 0.37 3.10 Nd N-myc downstream-regulated gene 4 

ODC1 Nd 2.00 Nd Ornithine decarboxylase 1 

CLU 2.30 4.65 Nd Clusterin 

TRAP1 0.50 Nd Nd Heat shock protein 75 

PDGFRA 0.40 Nd Nd Platelet-derived growth factor receptor, alpha 

polypeptide 

NUMA1 0.43 Nd 0.22 nuclear mitotic apparatus protein  

DDX3Y Nd Nd 2.20 DEAD/H (Asp-Glu-Ala-Asp/His) box 

polypeptide, Y chromosome 

FGFR1 Nd Nd 0.48 Fibroblast growth factor receptor 1  

CARM1 0.43 0.38 Nd coactivator-associated arginine methyltransferase 

NUP153 0.22 Nd Nd Nucleoporin 153kD 

 

Nd indicates either less than 2.0 fold change or no change or unreliable data. 

 

 

DISCUSSION 

 

The development of micro array analysis has proven to be a powerful tool to examine the 

expression of many genes simultaneously under the same experimental conditions. In this 

study, the AffyMetrix oligonucleotide array U133A was used to identify BL1521 and TSA 

responsive genes in different neuroblastoma cell lines. Neuroblastoma cells are known to 

have a number of genetic abnormalities including the gain or loss of genes or even parts of 

chromosomes [33]. Especially the amplification of MYCN, a strong prognostic factor for 

poor outcome, has an important influence on the expression level of numerous genes 

involved in proliferation and apoptosis [34,35]. BL1521 is a newly developed HDACi which 

has been shown to be cytotoxic to different neuroblastoma cell lines, regardless of their 

MYCN status [22]. In contrast to effects of TSA on HDAC activity, BL1521 was not able to 

completely inhibit the total HDAC activity in a panel of cell lines [22]. It has been 

demonstrated that subtle differences in the structure of a compound can lead to a decrease 

in the ability to inhibit HDAC activity [28]. A hundred fold difference in potency between 
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BL1521 and TSA was observed in neuroblastoma cell lines [22]. HDACi, through inhibition 

of one or more of the HDAC isoforms, are able to increase the acetylation status of histones 

across broad domains of chromatin [12,36,37]. The increase in acetylation of histones, a 

relatively fast process, is responsible for the loosening of DNA wrapping and thus, the 

induction of gene expression [36,37]. It is therefore of considerable interest to assess the 

effect of the HDACi BL1521 on the genome wide gene expression patterns of different 

neuroblastoma cell lines. 

 

Table 5C. Genes with altered expression in response to treatment with BL1521 or TSA of IMR32 or 

SKNAS cells related to differentiation 

 

 IMR32 SKNAS IMR32   

 BL1521 BL1521 TSA  GENE NAME 

Differentiation     

      

DKK1 Nd Nd 2.60  Dickkopf (Xenopus laevis) homolog 1 

DKK2 Nd 0.32 Nd  Dickkopf (Xenopus laevis) homolog 2 

DKK3 Nd 2.90 Nd  Dickkopf (Xenopus laevis) homolog 3 

GATA3 0.06 0.17 Nd  GATA binding protein 3 

PHOX2b 0.02 0.04 Nd  Paired mesoderm homeobox 2b 

DLL3 0.23 Nd 0.45  Delta like 3 (Drosophila) 

JAG1 Nd 2.90 Nd  Jagged 1 (Alagille syndrome) 

JAG2 2.10 Nd Nd  Jagged 2 Notch ligand  

HES1 6.10 Nd Nd  Hairy and Enhancer of split (Drosophila) 

homolog 1 

HEY1 3.20 Nd Nd  Hairy/enhancer-of-split related with YRPW 

motif-like 1 

HEYL 2.50 Nd Nd  Hairy/enhancer-of-split related with YRPW 

motif-like 

HASH1 0.06 0.06 0.36  Achaete-scute complex hom. Like 1 

MEIS1 0.26 0.42 Nd  Meis1 (mouse) homolog 

MEIS2 0.27 0.42 Nd  Meis 2 (mouse) homolog 

HOXA9 2.30 Nd Nd  Homeo box A9 

 

Nd indicates either less than 2.0 fold change or no change or unreliable data. 

 

 

The expression profiles of IMR32 and SKNAS cells were studied after treatment with 

BL1521 or TSA compared to the appropriate controls. In general, HDACi have been shown 

to alter the expression of a specific subset of sensitive genes, ranging from 1 up to 7 % of 

cellular genes, depending on the type of HDACi and cell type [12,14,38]. The percentage of 

probe sets, showing altered expression after treatment of IMR32 cells with TSA (2.8 %) 

and SKNAS cells with BL1521 (6.0 %) is in line with these findings (Table 1). Interestingly, 

the relative amount of genes with altered expression in IMR32 by BL1521 (22 %) was 3 
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times higher than the 7 % reported before. The results above might suggest that BL1521 

has a more profound effect on gene expression than TSA. In our opinion, this could 

indicate that BL1521 might have a different effect on the various HDAC isoforms, leading 

to a difference in gene expression pattern as compared to that of TSA. However, it could 

also be argued that TSA is a highly specific HDACi whereas BL1521 has a similar structure 

as 4PBA, a short chain fatty acid, which is known to influence other processes, as well, in 

addition to the inhibition HDAC [39-41]. 

In all three experiments there were slightly more probe sets down-regulated than up-

regulated, possibly as a result of the down stream effects of early responsive genes. Down 

regulation of gene expression was shown to be consistent with cell differentiation 

suggesting that under these conditions the effect of BL1521 and TSA may reflect the 

induction of differentiation towards a more mature phenotype [42].  

Glaser and colleagues have defined a common set of 13 genes that were regulated by three 

different HDACi in three different cell lines [28]. Three genes: thymidylate synthase 

(TYMS), APRIL (ANP32B) and importin β (KPNB1), belonging to this core set of HDACi 

responsive genes, were also down-regulated by BL1521. Unexpectedly, we did not identify 

p21WAF1/CIP1, a well known HDACi responsive gene, as a BL1521 responsive gene 

[17,23,28,43,44]. p21WAF1/CIP1 expression was up-regulated 7 fold in the SKNAS BL1521 

experiment as was expected from earlier results [22]. However, no change in expression 

was found in IMR32 treated with BL1521. A conceivable possibility is that the p21WAF1/CIP1 

gene is deregulated in IMR32 neuroblastoma cells. The fact that also TSA, another HDACi, 

was unable to induce p21WAF1/CIP1 expression would be compatible with this hypothesis 

[45].  

HDACi have been shown to induce a G1-phase cell cycle arrest as a result of up regulation 

of p21WAF1/CIP1 and down regulation of cyclinD [12,17,25]. Previously, we observed a G1-

phase arrest in neuroblastoma cell lines in response to treatment with BL1521. The G1-

phase arrest proved to be a result of an increased p21WAF1/CIP1 protein level, a decreased 

CDK4 protein level and an increased level of hypophosphorylated Rb [46]. In accordance 

with this, the results of the oligonucleotide array show a 3.1 fold decrease of CDK4. In 

addition, cyclinD1 and cyclinB1 were down-regulated 6.2 and 3.9 fold, respectively. The 

down regulation of cyclinB1 alone could have resulted in a G2-phase arrest by blocking 

entry into mitosis [47]. However, the concerted down regulation of CDK4 and cyclinD1 

together with the up regulation of p21WAF1/CIP1 may have been more effective in establishing 

a G1-phase arrest, suggesting that the down regulation of cyclinB1 could be a down stream 

effect of this G1-phase arrest. As was expected from our previous studies [46], we observed 

a down regulation of p27 of 14.2 fold in response to BL1521, however, this is in contrast to 

the induction that was reported in response to treatment of different cancer cell lines with 

various HDACi [48,49]. p27, like p21WAF1/CIP1, is a member of the CIP/KIP family of 

cyclinD-CDK4/6 inhibitors and it has recently been reported that p27 may have a function 

in the induction of apoptosis, as well [50]. Since the treatment of neuroblastoma cells with 
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BL1521 does result in a marked induction of apoptosis this might be the consequence of the 

down regulation of p27 [46].  

Apart from the ability to induce cell cycle arrest, HDACi are known be able in induce 

apoptosis as well [12,26]. Previously, we showed that BL1521 induced PARP cleavage, an 

end stage marker of apoptosis, in a panel of neuroblastoma cell lines [22]. One suggested 

mechanism for this induction of apoptosis could be the increased ratio between the levels 

of expression of pro-apoptotic and anti-apoptotic genes [51]. Our results show that two 

major players in apoptosis; BCL2 (anti-apoptotic) and BID (pro-apoptotic) are both down-

regulated in response to BL1521. In many neuroblastoma cells, the functionality of the 

apoptosis route via caspase 8, which includes BID, is disabled through silencing or deletion 

of caspase 8 [33,52]. In addition, in neuroblastoma increased levels of BCL2 have been 

observed [33]. BNIP3, a recently discovered pro-apoptotic member of the BCL2 family, 

which functions via the caspase independent apoptosis pathway, was up-regulated 6.6 fold 

in response to BL1521 treatment (Table 2). Thus, the down regulation of BCL2 in 

neuroblastoma cells, in response to BL1521 treatment, may have activated the intrinsic 

caspase 9 route which, together with the up regulation of BNIP3, could have elicited the 

induction of apoptosis [33].  

In addition to TYMS, which belongs to the common set of HDACi responsive genes, down 

regulation of a number of other genes of the pyrimidine metabolism was observed. DCK, 

UMP-CMPK, TYMS, CAD and UCK2 are vital enzymes of the pyrimidine de novo or 

salvage pathway for the synthesis of (deoxy)nucleotides [53]. This might suggest that, 

BL1521 inhibits the synthesis of DNA and RNA. Interestingly, others have reported 

synergism between an HDACi, MS-275, and gemcitabine, a pyrimidine analogue which is 

currently used as a chemotherapeutic agent for solid tumours.  

Several genes have been identified as differentially expressed between advanced stage and 

early stage of neuroblastoma and between favourable and unfavourable outcome [54-57]. 

With the exception of CD44, EPHB6, WSB1 and SCF11 the expression of genes of which the 

high expression correlates with favourable outcome had been down-regulated in response 

to treatment with BL1521 or TSA.  

Many studies have demonstrated an association between MYCN gene amplification and 

aggressive neuroblastoma [58]. MYCN encodes a basic helix-loop-helix (bHLH) leucine 

zipper protein that, through dimerization with MAX, functions in transcriptional 

regulation, resulting in increased growth and proliferation and inhibited differentiation 

[35,58]. Our results show that in the IMR32 cell line with MYCN amplification; both 

BL1521 and TSA treatment decreased MYCN expression, which is in agreement with 

previous results [22]. Recently, it has been shown that the auto-regulation of the MYCN 

promoter is under the influence of HDAC2. Consequently, HDAC inhibition resulted in an 

increased MYCN expression, suggesting that the decrease in MYCN expression we found is 

a result of secondary effects of the inhibition of HDACs [59].  

The expression of three other genes, which are involved in the MYC/MAX network of 

transcription factors, MAZ, NMI and MXi1, were changed [35,60,61]. MAZ was down-
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regulated approximately 2 fold in all three experiments. NMI was down-regulated 5 fold in 

the SKNAS cells treated with BL1521 and 2 fold in the IMR32 cells treated with TSA. MXi1 

was down-regulated 2.3 fold in the IMR32 cells treated with BL1521. As a result, the 

MYC/MAX network of transcriptional regulation may have been attenuated in response to 

treatment with BL1521 or TSA.  

A few well known MYCN responsive genes showed an altered expression after treatment 

with BL1521 or TSA [62-64]. NDRG1 had been up-regulated in IMR32 and SKNAS cells, 

5.2 and 15 fold respectively, in response to treatment with BL1521 (Table 5B). NDRG3 had 

been down-regulated approximately 2 fold in IMR32 cells in response to treatment with 

either BL1521 or TSA. The expression of NDRG4 increased 3.1 fold in the SKNAS cells and 

decreased 2.8 fold in the IMR32 cells in response to treatment with BL1521 (Table 5B). The 

family of NDRG genes consist of four members, which are all expressed in neurons. The 

function of the NDRG1 gene has been most extensively characterized while the function of 

the other members is not yet known. High MYCN expression results in a strong repression 

of NDRG1. Moreover, NDRG1 levels increased dramatically during differentiation of 

neuroblastoma cells [63,64]. Our results show that in IMR32 cells treated with BL1521 the 

down regulation of MYCN is accompanied by an up regulation of NDRG1 which was even 

more profound in SKNAS cells (MYCN single copy). This may suggest that BL1521 is able 

to induce differentiation via the NDRG pathway.  

Ornitine decarboxylase 1 (ODC1) is a gene that is known to be induced by MYCN protein 

[62,65]. In our study ODC1 was up-regulated 2 fold in the non-MYCN amplified SKNAS 

cells in response to BL1521 suggesting that the regulation of ODC1 in response to BL1521 is 

not through MYCN. Clustrin (CLU), an extra cellular glycoprotein, has been implicated as a 

possible proliferation inhibiting factor and was shown to be a negative target of MYCN 

[58,66]. Our results showed that in both the BL1521 experiments, the expression of CLU 

was up-regulated suggesting a possible mechanism for the reduced proliferation seen in 

response to treatment of neuroblastoma cells with BL1521 (Table 5B) [22]. The other genes 

in Table 5B were discovered after performing genome-wide analysis to identify the genes of 

which the expression was associated with MYCN [58,62]. Unfortunately, no studies as to 

the mechanism or function of these genes and MYCN have been reported yet.  

Neuroblastoma tumours originate from the sympathetic nervous system (SNS). 

Neuroblastoma cells resemble neural crest-derived pre-cursor cells which are arrested at 

different stages of maturation. Consequently, a number of genes expressed in 

neuroblastoma cells are involved in neuroblast differentiation [67]. The Wnt pathway and 

the Notch pathway are important pathways in determining cell fate decisions in the 

process of differentiation of ectodermal cells into SNS cells [68]. Wnt signalling is believed 

to be one of the earliest cues for initiating induction of the ectodermal cells that give rise to 

the neural crest cells [68]. The Dickkopf-1 gene (DKK1) encodes for a secreted protein that 

acts as a potent inhibitor of the Wnt signalling pathway [69]. Recent reports showed that 

when DKK1 expression is restored in cancer cells, the cell growth is suppressed and 

apoptosis is induced [70]. Our results showed that TSA was able to induce the expression 
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of DKK1 in IMR32 cells 2.6 fold suggesting that under those conditions, the Wnt signalling 

in IMR32 cells is inhibited (Table 5C). DKK3, another family member, has no proven 

inhibitory activity on the Wnt pathway. It has, however, been implicated as a tumour 

suppressor gene, being down-regulated in several cancer cell lines [71]. Although the 

mechanism underlying this tumour suppressor function has not been elucidated yet, our 

results showed that in SKNAS cells DKK3 expression had increased in response to 

treatment with BL1521 (Table 5C). In the SKNAS BL1521 experiment DKK2 was down-

regulated 3 fold. However whether DKK2 has a function as Wnt antagonist or Wnt agonist 

is subject of debate (Table 5C) [72].  

The next step in the noradrenergic neuron differentiation would, in a normal physiological 

environment, be controlled by two systems; the initiation is controlled by bone 

morphogenic protein signalling (BMPs) which is followed by Notch signalling. The 

developing sympathetic ganglia cells produce BMP and the presence of BMP in the cells 

environment results in the induction of the expression of transcription factors like HASH1, 

PHOX2b and GATA3, which are required for the progression of the differentiation process. 

PHOX2b and GATA3 proteins are able to bind to the promoter of the subtype-specific 

noradrenergic marker gene tyrosine hydroxylase (TH) and dopamine-β-hydroxylase 

(DBH) and activate their transcription [68,73,74]. Our results showed that in the BL1521 

experiments, PHOX2b and GATA3 were down-regulated which might explain why the 

expression of TH was also down-regulated by BL1521 in IMR32 cells. These results suggest 

that the differentiation towards more chromaffin like cells was halted in response to 

BL1521. 

The commitment and maturation of neuronal progenitor cells towards neurons or 

Schwann cells is under the control of the Notch signalling pathway. Notch family members 

encode transmembrane receptors which are capable of binding ligands, including Delta, 

Jagged1 (JAG1) and Jagged2 (JAG2). Under physiological conditions, BMP signalling 

results in the expression of Delta family members in a subset of cells. When sufficient 

Delta expression has been generated, they activate the NOTCH receptors on the 

neighbouring cells resulting in the differentiation towards Schwann cells instead of 

neurons. Upon ligand binding, the intracellular fragment of NOTCH is translocated to the 

nucleus where it transactivates target genes, including the Hairy and Enhancer of Split 

(HES) family.  

HES genes encode transcriptional repressors which have been shown to down regulate 

bHLH transcription factors such as HASH1 [67,68,75,76]. Our results showed that in 

IMR32 cells treated with BL1521, Delta like 3 (DLL3) was down-regulated 4.3 fold and 

JAG2 was up-regulated 2.1 fold. The NOTCH targets HES1, HEY1 and HEYL were up-

regulated 6.1, 3.2 and 2.5 fold respectively. The next downstream gene in this pathway, 

HASH1, had been down-regulated 16.7 fold. In the SKNAS cells treated with BL1521, JAG1 

had been down-regulated 2.9 fold and HASH1 had been down-regulated 16.7 fold. In the 

IMR32 cells treated with TSA only a down regulation of HASH1 of 2.7 fold was observed. 

The rapid down regulation of HASH1, preceded by a (transient) up regulation of HES1, is 
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considered to be a marker of final maturation in neuroblastoma cells [67,68,75]. Although 

we can not exclude any direct interference of the action of the HDACi in the Notch 

signalling pathway these results suggest that BL1521 is able to induce terminal 

differentiation in neuroblastoma cells.  

In addition, MEIS genes, often expressed in neuroblastoma cells, have been shown to 

suppress differentiation, promote proliferation and even display oncogenic functions 

[77,78]. Our results showed that BL1521 treatment leads to down regulation of MEIS1 and 

MEIS2 in IMR32 and SKNAS cells, 3.8 and 2.4 fold, respectively (Table 5C). HOXA9, a 

functional partner of MEIS, had been up-regulated 2.3 fold in IMR32 cells in response to 

BL1521 treatment. This suggests another possible mechanism for the inhibition of 

proliferation observed in neuroblastoma cells in response to treatment with BL1521. 

The majority of knowledge gathered about HDAC function is focussed on the role of HDAC 

in the epigenetic regulation of gene expression. However, accumulating evidence suggests 

that apart from histones, a number of other proteins are modified by a concerted action of 

histone acetyltransferases (HAT) and HDAC. These proteins are involved in diverse 

processes such as transcriptional regulation (nuclear hormone receptors, p53, GATA3), 

protein degradation (Hsp90), gene silencing, DNA repair and cell cycle progression 

[48,79]. These proteins are additional targets of HDAC inhibitors, consequently the 

observed effects of BL1521 in neuroblastoma cells are the result of the concerted action of 

multiple interconnected pathways. 

 

 

ACKNOWLEDGEMENTS 

 

We would like to thank Beacon Laboratories Inc. (Phoenix, AZ, USA) for providing us with 

BL1521. This study was supported by funds granted by the Dutch Cancer Society. Array 

technology in the Leiden Genome Technology Centre was supported by grants from LUMC, 

NWO, CBG and the Centre for Medical Systems Biology (CMSB), a centre of excellence 

approved by the Netherlands Genomics Initiative/NWO. 

 

 

REFERENCES 

 

1. G.M.Brodeur, Neuroblastoma: biological insights into a clinical enigma, Nat.Rev.Cancer 
3 (2003) 203-216. 
2. F.Berthold, B.Hero, Neuroblastoma: current drug therapy recommendations as part of 
the total treatment approach, Drugs 59 (2000) 1261-1277. 
3. J.M.Maris, K.K.Matthay, Molecular biology of neuroblastoma, J.Clin.Oncol. 17 (1999) 
2264-2279. 
4. M.Schwab, Human neuroblastoma: from basic science to clinical debut of cellular 
oncogenes, Naturwissenschaften 86 (1999) 71-78. 
5. G.M.Brodeur, J.M.Maris, D.J.Yamashiro, M.D.Hogarty, P.S.White, Biology and genetics 
of human neuroblastomas, J.Pediatr.Hematol.Oncol. 19 (1997) 93-101. 



______________________________________________________________ 

 98 

6. J.Benard, Genetic alterations associated with metastatic dissemination and 
chemoresistance in neuroblastoma, Eur.J.Cancer 31A (1995) 560-564. 
7. R.Corvi, L.Savelyeva, M.Schwab, Patterns of oncogene activation in human 
neuroblastoma cells, J.Neurooncol. 31 (1997) 25-31. 
8. P.A.Marks, V.M.Richon, R.A.Rifkind, Histone deacetylase inhibitors: inducers of 
differentiation or apoptosis of transformed cells, J.Natl.Cancer Inst. 92 (2000) 1210-1216. 
9. M.Jung, Inhibitors of histone deacetylase as new anticancer agents, Curr.Med.Chem. 8 
(2001) 1505-1511. 
10. O.H.Kramer, M.Gottlicher, T.Heinzel, Histone deacetylase as a therapeutic target, 
Trends Endocrinol.Metab 12 (2001) 294-300. 
11. P.A.Marks, V.M.Richon, R.Breslow, R.A.Rifkind, Histone deacetylase inhibitors as new 
cancer drugs, Curr.Opin.Oncol. 13 (2001) 477-483. 
12. A.J.M.de Ruijter, A.H.van Gennip, H.N.Caron, S.Kemp, A.B.P.van Kuilenburg, Histone 
deacetylases (HDACs): characterization of the classical HDAC family, Biochem.J. 370 
(2003) 737-749. 
13. U.Dressel, R.Renkawitz, A.Baniahmad, Promoter specific sensitivity to inhibition of 
histone deacetylases: implications for hormonal gene control, cellular differentiation and 
cancer, Anticancer Res. 20 (2000) 1017-1022. 
14. L.M.Butler, X.Zhou, W.S.Xu, H.I.Scher, R.A.Rifkind, P.A.Marks, V.M.Richon, The 
histone deacetylase inhibitor SAHA arrests cancer cell growth, up-regulates thioredoxin-
binding protein-2, and down-regulates thioredoxin, Proc.Natl.Acad.Sci.U.S.A 99 (2002) 
11700-11705. 
15. D.C.Coffey, M.C.Kutko, R.D.Glick, L.M.Butler, G.Heller, R.A.Rifkind, P.A.Marks, 
V.M.Richon, M.P.La Quaglia, The histone deacetylase inhibitor, CBHA, inhibits growth of 
human neuroblastoma xenografts in vivo, alone and synergistically with all-trans retinoic 
acid, Cancer Res. 61 (2001) 3591-3594. 
16. D.M.Vigushin, S.Ali, P.E.Pace, N.Mirsaidi, K.Ito, I.Adcock, R.C.Coombes, Trichostatin 
A is a histone deacetylase inhibitor with potent antitumor activity against breast cancer in 
vivo, Clin.Cancer Res. 7 (2001) 971-976. 
17. S.Siavoshian, J.P.Segain, M.Kornprobst, C.Bonnet, C.Cherbut, J.P.Galmiche, 
H.M.Blottiere, Butyrate and trichostatin A effects on the proliferation/differentiation of 
human intestinal epithelial cells: induction of cyclin D3 and p21 expression, Gut 46 (2000) 
507-514. 
18. W.K.Kelly, O.A.O'Connor, P.A.Marks, Histone deacetylase inhibitors: from target to 
clinical trials, Expert.Opin.Investig.Drugs 11 (2002) 1695-1713. 
19. P.N.Munster, T.Troso-Sandoval, N.Rosen, R.Rifkind, P.A.Marks, V.M.Richon, The 
histone deacetylase inhibitor suberoylanilide hydroxamic acid induces differentiation of 
human breast cancer cells, Cancer Res. 61 (2001) 8492-8497. 
20. M.Gottlicher, S.Minucci, P.Zhu, O.H.Kramer, A.Schimpf, S.Giavara, J.P.Sleeman, 
C.F.Lo, C.Nervi, P.G.Pelicci, T.Heinzel, Valproic acid defines a novel class of HDAC 
inhibitors inducing differentiation of transformed cells, EMBO J. 20 (2001) 6969-6978. 
21. J.Jaboin, J.Wild, H.Hamidi, C.Khanna, C.J.Kim, R.Robey, S.E.Bates, C.J.Thiele, MS-
27-275, an inhibitor of histone deacetylase, has marked in vitro and in vivo antitumor 
activity against pediatric solid tumors, Cancer Res. 62 (2002) 6108-6115. 
22. A.J.M.de Ruijter, S.Kemp, G.Kramer, R.J.Meinsma, J.O.Kaufmann, H.N.Caron, 
A.B.P.van Kuilenburg, The novel histone deacetylase inhibitor BL1521 inhibits 
proliferation and induces apoptosis in neuroblastoma cells, Biochemical Pharmacology 68 
(2004) 1279-1288. 



  Chapter 5 
 

 99 

23. A.J.Burgess, S.Pavey, R.Warrener, L.J.Hunter, T.J.Piva, E.A.Musgrove, N.Saunders, 
P.G.Parsons, B.G.Gabrielli, Up-regulation of p21WAF1/CIP1 by histone deacetylase inhibitors 
reduces their cytotoxicity, Mol.Pharmacol. 60 (2001) 828-837. 
24. J.W.Han, S.H.Ahn, S.H.Park, S.Y.Wang, G.U.Bae, D.W.Seo, H.K.Kwon, S.Hong, 
H.Y.Lee, Y.W.Lee, H.W.Lee, Apicidin, a histone deacetylase inhibitor, inhibits proliferation 
of tumor cells via induction of p21WAF1/Cip1 and gelsolin, Cancer Res. 60 (2000) 6068-6074. 
25. V.M.Richon, T.W.Sandhoff, R.A.Rifkind, P.A.Marks, Histone deacetylase inhibitor 
selectively induces p21WAF1 expression and gene-associated histone acetylation, 
Proc.Natl.Acad.Sci.U.S.A 97 (2000) 10014-10019. 
26. M.Yoshida, R.Furumai, M.Nishiyama, Y.Komatsu, N.Nishino, S.Horinouchi, Histone 
deacetylase as a new target for cancer chemotherapy, Cancer Chemother.Pharmacol. 48 
Suppl 1 (2001) S20-S26. 
27. C.S.Mitsiades, N.S.Mitsiades, C.J.McMullan, V.Poulaki, R.Shringarpure, T.Hideshima, 
M.Akiyama, D.Chauhan, N.Munshi, X.Gu, C.Bailey, M.Joseph, T.A.Libermann, 
V.M.Richon, P.A.Marks, K.C.Anderson, Transcriptional signature of histone deacetylase 
inhibition in multiple myeloma: biological and clinical implications, 
Proc.Natl.Acad.Sci.U.S.A 101 (2004) 540-545. 
28. K.B.Glaser, M.J.Staver, J.F.Waring, J.Stender, R.G.Ulrich, S.K.Davidsen, Gene 
expression profiling of multiple histone deacetylase (HDAC) inhibitors: defining a 
common gene set produced by HDAC inhibition in T24 and MDA carcinoma cell lines, 
Mol.Cancer Ther. 2 (2003) 151-163. 
29. N.C.Cheng, A.J.Chan, M.M.Beitsma, F.Speleman, A.Westerveld, R.Versteeg, A human 
modifier of methylation for class I HLA genes (MEMO-1) maps to chromosomal bands 
1p35-36.1, Hum.Mol.Genet. 5 (1996) 309-317. 
30. J.M.Wright, P.L.Zeitlin, L.Cebotaru, S.E.Guggino, W.B.Guggino, Gene expression 
profile analysis of 4-phenylbutyrate treatment of IB3-1 bronchial epithelial cell line 
demonstrates a major influence on heat-shock proteins, Physiol Genomics 16 (2004) 204-
211. 
31. H.C.Galfalvy, L.Erraji-Benchekroun, P.Smyrniotopoulos, P.Pavlidis, S.P.Ellis, 
J.J.Mann, E.Sibille, V.Arango, Sex genes for genomic analysis in human brain: internal 
controls for comparison of probe level data extraction, BMC.Bioinformatics. 4 (2003) 37- 
32. Sambrook J., Fritsch E.F., and Maniatis T., Molecular Cloning, Cold Spring Harbor 
Laboratory Press, 1989. 
33. M.M.van Noesel, R.Versteeg, Pediatric neuroblastomas: genetic and epigenetic 'danse 
macabre', Gene 325 (2004) 1-15. 
34. C.Bouchard, P.Staller, M.Eilers, Control of cell proliferation by Myc, Trends Cell Biol. 8 
(1998) 202-206. 
35. C.Grandori, S.M.Cowley, L.P.James, R.N.Eisenman, The Myc/Max/Mad network and 
the transcriptional control of cell behavior, Annu.Rev.Cell Dev.Biol. 16 (2000) 653-699. 
36. Y.Katan-Khaykovich, K.Struhl, Dynamics of global histone acetylation and 
deacetylation in vivo: rapid restoration of normal histone acetylation status upon removal 
of activators and repressors, Genes Dev. 16 (2002) 743-752. 
37. A.Eberharter, P.B.Becker, Histone acetylation: a switch between repressive and 
permissive chromatin. Second in review series on chromatin dynamics, EMBO Rep. 3 
(2002) 224-229. 
38. C.Van Lint, S.Emiliani, E.Verdin, The expression of a small fraction of cellular genes is 
changed in response to histone hyperacetylation, Gene Expr. 5 (1996) 245-253. 
39. H.Wei, S.Kemp, M.C.McGuinness, A.B.Moser, K.D.Smith, Pharmacological induction 
of peroxisomes in peroxisome biogenesis disorders, Ann.Neurol. 47 (2000) 286-296. 



______________________________________________________________ 

 100 

40. X.Li, E.Baumgart, G.X.Dong, J.C.Morrell, G.Jimenez-Sanchez, D.Valle, K.D.Smith, 
S.J.Gould, PEX11alpha is required for peroxisome proliferation in response to 4-
phenylbutyrate but is dispensable for peroxisome proliferator-activated receptor alpha-
mediated peroxisome proliferation, Mol.Cell Biol. 22 (2002) 8226-8240. 
41. D.H.Perlmutter, Chemical chaperones: a pharmacological strategy for disorders of 
protein folding and trafficking, Pediatr.Res. 52 (2002) 832-836. 
42. J.M.Mariadason, D.Arango, G.A.Corner, M.J.Aranes, K.A.Hotchkiss, W.Yang, 
L.H.Augenlicht, A gene expression profile that defines colon cell maturation in vitro, 
Cancer Res. 62 (2002) 4791-4804. 
43. J.W.Han, S.H.Ahn, Y.K.Kim, G.U.Bae, J.W.Yoon, S.Hong, H.Y.Lee, Y.W.Lee, H.W.Lee, 
Activation of p21WAF1/Cip1 transcription through Sp1 sites by histone deacetylase inhibitor 
apicidin: Involvement of protein kinase C, J.Biol.Chem. 2001)  
44. Y.B.Kim, S.W.Ki, M.Yoshida, S.Horinouchi, Mechanism of cell cycle arrest caused by 
histone deacetylase inhibitors in human carcinoma cells, J.Antibiot.(Tokyo) 53 (2000) 
1191-1200. 
45. P.P.McKenzie, M.K.Danks, R.W.Kriwacki, L.C.Harris, P21Waf1/Cip1 dysfunction in 
neuroblastoma: a novel mechanism of attenuating G0-G1 cell cycle arrest, Cancer Res. 63 
(2003) 3840-3844. 
46. K. Ouwehand, A.J.M.de Ruijter, C.van Bree, H.N.Caron, A.B.P.van Kuilenburg, The 
histone deacetylase inhibitor, BL1521 induced a G1-phase arrest in neuroblastoma cells 
through alteration of cell cycle genes, FEBS lett. 579 (2005) 1523-1528. 
47. W.R.Taylor, G.R.Stark, Regulation of the G2/M transition by p53, Oncogene 20 (2001) 
1803-1815. 
48. R.Nimmanapalli, L.Fuino, P.Bali, M.Gasparetto, M.Glozak, J.Tao, L.Moscinski, 
C.Smith, J.Wu, R.Jove, P.Atadja, K.Bhalla, Histone deacetylase inhibitor LAQ824 both 
lowers expression and promotes proteasomal degradation of Bcr-Abl and induces 
apoptosis of imatinib mesylate-sensitive or -refractory chronic myelogenous leukemia-
blast crisis cells, Cancer Res. 63 (2003) 5126-5135. 
49. P.Finzer, C.Kuntzen, U.Soto, H.H.zur, F.Rosl, Inhibitors of histone deacetylase arrest 
cell cycle and induce apoptosis in cervical carcinoma cells circumventing human 
papillomavirus oncogene expression, Oncogene 20 (2001) 4768-4776. 
50. T.Ishii, M.Fujishiro, M.Masuda, K.Okudela, H.Kitamura, S.Teramoto, T.Matsuse, 
Nutritional deficiency affects cell cycle status and viability in A549 cells: role of p27Kip1, 
Cancer Lett. 213 (2004) 99-109. 
51. P.S.Moore, S.Barbi, M.Donadelli, C.Costanzo, C.Bassi, M.Palmieri, A.Scarpa, Gene 
expression profiling after treatment with the histone deacetylase inhibitor trichostatin A 
reveals altered expression of both pro- and anti-apoptotic genes in pancreatic 
adenocarcinoma cells, Biochim.Biophys.Acta 1693 (2004) 167-176. 
52. T.Teitz, T.Wei, M.B.Valentine, E.F.Vanin, J.Grenet, V.A.Valentine, F.G.Behm, 
A.T.Look, J.M.Lahti, V.J.Kidd, Caspase 8 is deleted or silenced preferentially in childhood 
neuroblastomas with amplification of MYCN, Nat.Med. 6 (2000) 529-535. 
53. J. Bierau, The pivotal role of CTP synthetase in the metabolism of (deoxy)nucleosides 
in neuroblastoma, Thesis University of Amsterdam, The Netherlands, 2003. 
54. X.X.Tang, M.E.Robinson, J.S.Riceberg, D.Y.Kim, B.Kung, T.B.Titus, S.Hayashi, 
A.W.Flake, D.Carpentieri, N.Ikegaki, Favorable neuroblastoma genes and molecular 
therapeutics of neuroblastoma, Clin.Cancer Res. 10 (2004) 5837-5844. 
55. J.Takita, M.Ishii, S.Tsutsumi, Y.Tanaka, K.Kato, Y.Toyoda, R.Hanada, K.Yamamoto, 
Y.Hayashi, H.Aburatani, Gene expression profiling and identification of novel prognostic 
marker genes in neuroblastoma, Genes Chromosomes.Cancer 40 (2004) 120-132. 



  Chapter 5 
 

 101 

56. M.Ohira, A.Morohashi, H.Inuzuka, T.Shishikura, T.Kawamoto, H.Kageyama, 
Y.Nakamura, E.Isogai, H.Takayasu, S.Sakiyama, Y.Suzuki, S.Sugano, T.Goto, S.Sato, 
A.Nakagawara, Expression profiling and characterization of 4200 genes cloned from 
primary neuroblastomas: identification of 305 genes differentially expressed between 
favorable and unfavorable subsets, Oncogene 22 (2003) 5525-5536. 
57. R.D.Riley, D.Heney, D.R.Jones, A.J.Sutton, P.C.Lambert, K.R.Abrams, B.Young, 
A.J.Wailoo, S.A.Burchill, A systematic review of molecular and biological tumor markers in 
neuroblastoma, Clin.Cancer Res. 10 (2004) 4-12. 
58. M.Alaminos, J.Mora, N.K.Cheung, A.Smith, J.Qin, L.Chen, W.L.Gerald, Genome-wide 
analysis of gene expression associated with MYCN in human neuroblastoma, Cancer Res. 
63 (2003) 4538-4546. 
59. M.K.Kim, W.L.Carroll, Autoregulation of the N-myc gene is operative in neuroblastoma 
and involves histone deacetylase 2, Cancer 101 (2004) 2106-2115. 
60. A.S.Zervos, J.Gyuris, R.Brent, Mxi1, a protein that specifically interacts with Max to 
bind Myc-Max recognition sites, Cell 72 (1993) 223-232. 
61. D.Bannasch, I.Weis, M.Schwab, Nmi protein interacts with regions that differ between 
MycN and Myc and is localized in the cytoplasm of neuroblastoma cells in contrast to 
nuclear MycN, Oncogene 18 (1999) 6810-6817. 
62. H.A.Coller, C.Grandori, P.Tamayo, T.Colbert, E.S.Lander, R.N.Eisenman, T.R.Golub, 
Expression analysis with oligonucleotide microarrays reveals that MYC regulates genes 
involved in growth, cell cycle, signaling, and adhesion, Proc.Natl.Acad.Sci.U.S.A 97 (2000) 
3260-3265. 
63. J.Li, L.Kretzner, The growth-inhibitory Ndrg1 gene is a Myc negative target in human 
neuroblastomas and other cell types with overexpressed N- or c-myc, Mol.Cell Biochem. 
250 (2003) 91-105. 
64. R.H.Zhou, K.Kokame, Y.Tsukamoto, C.Yutani, H.Kato, T.Miyata, Characterization of 
the human NDRG gene family: a newly identified member, NDRG4, is specifically 
expressed in brain and heart, Genomics 73 (2001) 86-97. 
65. T.Ben Yosef, O.Yanuka, D.Halle, N.Benvenisty, Involvement of Myc targets in c-myc 
and N-myc induced human tumors, Oncogene 17 (1998) 165-171. 
66. A.Thomas-Tikhonenko, I.Viard-Leveugle, M.Dews, P.Wehrli, C.Sevignani, D.Yu, 
S.Ricci, W.el Deiry, B.Aronow, G.Kaya, J.H.Saurat, L.E.French, Myc-transformed 
epithelial cells down-regulate clusterin, which inhibits their growth in vitro and 
carcinogenesis in vivo, Cancer Res. 64 (2004) 3126-3136. 
67. V.A.Van Limpt, A.J.Chan, P.G.Van Sluis, H.N.Caron, C.J.Van Noesel, R.Versteeg, High 
delta-like 1 expression in a subset of neuroblastoma cell lines corresponds to a 
differentiated chromaffin cell type, Int.J.Cancer 105 (2003) 61-69. 
68. S.Pahlman, M.T.Stockhausen, E.Fredlund, H.Axelson, Notch signaling in 
neuroblastoma, Semin.Cancer Biol. 14 (2004) 365-373. 
69. E.S.Seto, H.J.Bellen, The ins and outs of Wingless signaling, Trends Cell Biol. 14 (2004) 
45-53. 
70. A.Y.Lee, B.He, L.You, Z.Xu, J.Mazieres, N.Reguart, I.Mikami, S.Batra, D.M.Jablons, 
Dickkopf-1 antagonizes Wnt signaling independent of beta-catenin in human 
mesothelioma, Biochem.Biophys.Res.Commun. 323 (2004) 1246-1250. 
71. B.H.Hoang, T.Kubo, J.H.Healey, R.Yang, S.S.Nathan, E.A.Kolb, B.Mazza, P.A.Meyers, 
R.Gorlick, Dickkopf 3 inhibits invasion and motility of Saos-2 osteosarcoma cells by 
modulating the Wnt-beta-catenin pathway, Cancer Res. 64 (2004) 2734-2739. 
72. Y.Kawano, R.Kypta, Secreted antagonists of the Wnt signalling pathway, J.Cell Sci. 116 
(2003) 2627-2634. 



______________________________________________________________ 

 102 

73. M.Stanke, J.Stubbusch, H.Rohrer, Interaction of Mash1 and Phox2b in sympathetic 
neuron development, Mol.Cell Neurosci. 25 (2004) 374-382. 
74. K.Tsarovina, A.Pattyn, J.Stubbusch, F.Muller, W.J.van der, C.Schneider, J.F.Brunet, 
H.Rohrer, Essential role of Gata transcription factors in sympathetic neuron development, 
Development 131 (2004) 4775-4786. 
75. H.Axelson, The Notch signaling cascade in neuroblastoma: role of the basic helix-loop-
helix proteins HASH-1 and HES-1, Cancer Lett. 204 (2004) 171-178. 
76. V.Sriuranpong, M.W.Borges, C.L.Strock, E.K.Nakakura, D.N.Watkins, 
C.M.Blaumueller, B.D.Nelkin, D.W.Ball, Notch signaling induces rapid degradation of 
achaete-scute homolog 1, Mol.Cell Biol. 22 (2002) 3129-3139. 
77. D.Geerts, N.Schilderink, G.Jorritsma, R.Versteeg, The role of the MEIS homeobox 
genes in neuroblastoma, Cancer Lett. 197 (2003) 87-92. 
78. N.Spieker, P.van Sluis, M.Beitsma, K.Boon, B.D.van Schaik, A.H.van Kampen, 
H.Caron, R.Versteeg, The MEIS1 oncogene is highly expressed in neuroblastoma and 
amplified in cell line IMR32, Genomics 71 (2001) 214-221. 
79. M.Fu, C.Wang, X.Zhang, R.G.Pestell, Acetylation of nuclear receptors in cellular growth 
and apoptosis, Biochem.Pharmacol. 68 (2004) 1199-1208. 
80. K.Ranganna, Z.Yousefipour, F.M.Yatsu, S.G.Milton, B.E.Hayes, Gene expression profile 
of butyrate-inhibited vascular smooth muscle cell proliferation, Mol.Cell Biochem. 254 
(2003) 21-36. 
81. J.Joseph, G.Mudduluru, S.Antony, S.Vashistha, P.Ajitkumar, K.Somasundaram, 
Expression profiling of sodium butyrate (NaB)-treated cells: identification of regulation of 
genes related to cytokine signaling and cancer metastasis by NaB, Oncogene 23 (2004) 
6304-6315. 
82. A.Germann, S.Dihlmann, M.Hergenhahn, M.K.Doeberitz, R.Koesters, Expression 
profiling of CC531 colon carcinoma cells reveals similar regulation of beta-catenin target 
genes by both butyrate and aspirin, Int.J.Cancer 106 (2003) 187-197. 
83. Y.Tabuchi, Y.Arai, T.Kondo, N.Takeguchi, S.Asano, Identification of genes responsive 
to sodium butyrate in colonic epithelial cells, Biochem.Biophys.Res.Commun. 293 (2002) 
1287-1294. 
84. S.G.Gray, C.N.Qian, K.Furge, X.Guo, B.T.Teh, Microarray profiling of the effects of 
histone deacetylase inhibitors on gene expression in cancer cell lines, Int.J.Oncol. 24 
(2004) 773-795. 
85. D.Cecconi, A.Scarpa, M.Donadelli, M.Palmieri, M.Hamdan, H.Astner, P.G.Righetti, 
Proteomic profiling of pancreatic ductal carcinoma cell lines treated with trichostatin-A, 
Electrophoresis 24 (2003) 1871-1878. 
86. A.E.Chambers, S.Banerjee, T.Chaplin, J.Dunne, S.Debernardi, S.P.Joel, B.D.Young, 
Histone acetylation-mediated regulation of genes in leukaemic cells, Eur.J.Cancer 39 
(2003) 1165-1175. 
87. R.F.Della, V.Criniti, P.Della, V, A.Borriello, A.Oliva, S.Indaco, T.Yamamoto, V.Zappia, 
Genes modulated by histone acetylation as new effectors of butyrate activity, FEBS Lett. 
499 (2001) 199-204. 
 

 



 

 

 

CHAPTER 6 
 

Antagonistic effects of sequential administration of the histone deacetylase  

inhibitor BL1521 and gemcitabine to neuroblastoma cells 
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 ABSTRACT 

 

Additive to synergistic induction of apoptosis has been reported as a result of sequential 

incubation of cancer cells with a histone deacetylase inhibitor (HDACi) and gemcitabine 

(dFdC), a deoxycytidine analogue with proven anti-tumour activity. This study shows that 

sequential treatment of two neuroblastoma cell lines with BL1521, an HDACi, and dFdC 

resulted in strong antagonism despite a minor increase of dFdCTP incorporation into the 

DNA of one cell line. Furthermore, no difference in the deoxycytidine kinase activity was 

observed in response to BL1521. In conclusion, cancer cells that respond to HDACi with a 

cell cycle arrest and differentiation may no longer be sensitive to dFdC.  

 

Keywords: neuroblastoma, BL1521, gemcitabine, deoxycytidine, antagonism 

 

 

INTRODUCTION 

 

Neuroblastoma is one of the most common solid malignancies in children and is 

responsible for approximately 15 % of all childhood cancer deaths [1]. Despite intensive 

chemotherapeutic regimens, the survival of children from metastasized neuroblastoma 

remains poor resulting in an overall survival rate in this group of patients of approximately 

20 % [2]. Recently, histone deacetylase enzymes (HDAC) have been discovered as a 

potential target for pharmacological gene therapy in cancer. HDAC activity is essential for 

the regulation of gene expression through modulation of the chromatin structure [3]. 

Changes in gene expression, as a result of the inhibition of HDAC, were shown to lead to a 

cascade of effects such as a reduced proliferation and metabolic activity, induction of 

apoptosis and differentiation in tumour cells in vitro and in vivo [3-5]. We previously 

demonstrated that BL1521, a novel HDAC inhibitor, was able to reduce proliferation, 

induce a G1-phase cell cycle arrest, differentiation and apoptosis in a panel of 

neuroblastoma cell lines [6,7]. In order to improve the success rate of the treatment of 

advanced metastatic cancer, HDAC inhibitors have been successfully combined with the 

nucleoside analogue, 2’, 2’- difluorodeoxycytidine (gemcitabine, dFdC). In these studies an 

additive to synergistic induction of apoptosis was observed as a result of the combined 

treatment [8,9]. Recently, it has been shown that gemcitabine is a promising agent for the 

treatment of neuroblastoma cells [10]. Gemcitabine is an analogue of deoxycytidine and 

has proven anti-tumour activity in vivo against a number of solid tumours. Gemcitabine is 

a pro-drug which has to be activated to its nucleoside-diphosphate and nucleoside-

triphosphate forms to be therapeutically active. The incorporation of dFdCTP in DNA 

results in a reduction of proliferation and an induction of apoptosis. The first and rate 

limiting enzyme in the metabolism of gemcitabine is deoxycytidine kinase (dCK) [11,12]. In 

this paper, we studied the effects of sequential BL1521 and gemcitabine exposure of 

neuroblastoma cells on cell proliferation, metabolic activity, dCK activity and DNA 

incorporation of radio-labelled gemcitabine. 
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MATERIALS AND METHODS 

 

Cell Culture 

The neuroblastoma cell lines GIMEN (MYCN single copy) and SJNB8 (MYCN amplified) 

were cultured in RPMI 1640 (GIBCO) supplemented with 10 % (v/v) heat inactivated fetal 

bovine serum (GIBCO), 50 U/ml penicillin/streptomycin (GIBCO), 0.25 µg/ml fungizone 

(BioWhitacker) and 4 mM glutamine (BioWhitacker). Cells were cultured at 37 oC in a 90% 

humidified atmosphere under 6.0 % CO2. All incubations of cells with compounds (BL1521 

(Beacon Laboratories) and gemcitabine (Eli Lilly)) were carried out by preparing a fresh 

1:1000 dilution from the stock solutions in culture medium. 

 

Assessment of proliferation 

The effect of the combination of BL1521 and dFdC on proliferation was studied by counting 

the number of viable adherent cells during the course of the experiments. For the 

determination of cell number, the cells were plated in 6-wells plates at a density of 1.8 * 105 

cells per well (concentration 3.6 * 105 cells / ml cell suspension) and allowed to adhere 

overnight. The experiments were performed in triplicate and started by replacing the 

medium with medium with or without 2 µM BL1521. The BL1521 concentration of 2 µM 

was selected on the basis of previous results and approximately reflects the dose that 

results in a 20 % reduction of metabolic activity after 72 hours of treatment [6]. After 24 

hours, the medium was replaced with medium with or without dFdC for the duration of 3 

hours after which the medium was replaced with fresh medium. The number of viable cells 

was determined at the start of the experiment and after 24, 48 and 72 hours of incubation 

with the compounds using a particle counter (Coulter Z1), as described previously [13].  

 

Median-drug effect analysis 

To determine the effect of BL1521 and dFdC on the viability of the cells, the cells were 

seeded in 24-wells plates at a density of 5 * 104 cells per well and allowed to adhere 

overnight. The experiments were performed in quadruplicate and started by replacing the 

medium with fresh medium containing BL1521 (2 µM). After 24 hours the medium was 

replaced with medium containing dFdC (0-200 nM) for the duration of 3 hours after which 

the medium was replaced with fresh medium. 72 Hours after the start of the experiment 

the metabolic activity was determined using the MTT assay, as described previously [6]. In 

order to determine whether the combination of dFdC and BL1521 was synergistic, additive 

or antagonistic, the median drug effect analysis method, as described by Chou and Talalay 

[14], was used to calculate the combination index (CI) for each combination of dFdC and 

BL1521. The CI values were determined using the Calcusyn computer program (Biosoft). 

The qualitative interpretation of the CI values was made according to Peters et al. [15].  
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dCK activity assay 

Cells were seeded at 1.5 * 106 cells per T75 tissue culture flask and allowed to adhere 

overnight. The cells were incubated with BL1521 (2 µM) for 24 hours after which the cells 

were harvested using trypsin, counted with the particle counter (Coulter Z1) centrifuged at 

10 000 x g at room temperature for 2 minutes and snap-frozen in liquid nitrogen. Cell 

pellets were thawed and resuspended to a density of 10×106 cells/ml in lysis buffer 

containing 50 mM Tris–HCl pH 7.4, 200 mM NaCl, 10 mM DTT, and 2.5 mM 

phenylmethylsulphonylfluoride. Cells were sonicated three times at 40 W (Vibra-cell 

Sonificator, output control 20 %) for 10 s with intervals of 30 s. During this procedure, the 

samples were constantly kept in ice-water. After sonification, the samples were incubated 

for 15 min on ice and were then centrifuged for 15 min at 10 000 × g at 4 °C. The 

supernatant was used for dCK activity assays using Cladribine (CdA) as a substrate as 

described in [16]. The specific dCK activity is expressed as the amount of CdAMP formed 

from CdA per amount of protein per hour. 

 

Extraction and analysis of 3H-dFdC 

Cells were seeded in 6-wells plates at a density of 1 * 106 cells per well. The cells were pre-

incubated with BL1521 for 24 hours, after which the medium was replaced with medium 

containing 30 nM 3H-dFdC (Moravek Biochemicals) and 250 nM 14C-thymidine (Moravek 

Biochemicals). After 3 hours, the cells were harvested and extracted using 200 µl of ice-

cold 0.4 M perchloric acid. The resulting suspension was centrifuged at 10 000 x g at 4 °C 

for 5 minutes. The supernatant was removed, neutralized with K2CO3, and nucleotide 

profiles were determined by ion-exchange HPLC, using a Whatman Partisphere SAX 4.6 × 

125 mm column (5 µm particles) and a Whatman 10 × 2.5 mm AX guard column, as 

described previously [13]. Radioactivity was detected on-line with a Radiometric 525TR 

Flow Scintillation Analyzer with a 500 µl TR-LSC cell (Packard) using Ultima Flo AP 

(Packard) at an effluent to scintillation fluid ratio of 1:1. 

The pellet obtained after perchloric acid precipitation was dissolved in 400 µl of 0.2 M 

NaOH and precipitated again by adding an equal volume of 1.2 M perchloric acid. The 

protein- and DNA-containing fraction was obtained by centrifugation and the pellet 

dissolved in a final volume of 200 µl NaOH. An aliquot of the dissolved pellet was mixed 

with scintillation fluid and the radioactivity measured on a β-counter. The protein content 

was determined using bicinchoninic acid solution (SIGMA) containing 0.1% CuSO4, as 

described previously using BSA as a standard [17].  

In addition, the amount of 14C-thymidine uptake in the DNA, reflecting the amount of cells 

in S-phase, was determined during a co-incubation with 3H-dFdC in order to be able to 

determine the 3H-dFdC incorporation into the newly synthesized DNA. 
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RESULTS 

 

Effects of BL1521 and dFdC on the proliferation of neuroblastoma cells 

The effect of dFdC treatment alone or in combination with BL1521 on the proliferation of 

the two neuroblastoma cell lines is shown in Figure 1. Both BL1521 and dFdC 

demonstrated a cytostatic effect on SJNB8 and GIMEN cells at day 2. The effect of BL1521 

on the proliferation of SJNB8 cells was immediate while GIMEN cells required 24 hours 

before the cytostatic effect became apparent. When the neuroblastoma cells were treated 

with BL1521 (2 µM) for 24 hours followed by a 3 hour incubation period with dFdC no 

significant additional effect of the combination treatment was observed at all time points 

when compared to the treatment with BL1521 alone. 

We did not observe an increase in the amount of apoptosis (< 5 %) in response to 

sequential treatment of neuroblastoma cells with BL1521 and dFdC compared to BL1521 

treatment alone, as detected by using a PARP antibody on a western blot (data not shown).  

 

Figure 1. The number of viable cells after incubation of GIMEN and SJNB8 cells with dFdC (50 or 

100 nM for SJNB8 or GIMEN, respectively) alone or in combination with BL1521 (2 µM). The 

values shown represent the number of viable cells / ml cell suspension and are the mean of three 

experiments ± SD 
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Median-drug effect analysis of BL1521 and dFdC 

Median-drug effect analysis was used to calculate the CI for the combination of BL1521 and 

dFdC. The CI was plotted against the concentration of dFdC (Figure 2). From this plot, it 

appeared that the sequential treatment with BL1521 and dFdC of SJNB8 and GIMEN cells 

was antagonistic.  

 

Figure 2. Combination Index data for the sequential incubation of GIMEN and SJNB8 cells with 

BL1521 (2 µM) and dFdC (0-200 nM) after 72 hours. A CI < 1 indicates synergism, a CI of 1 

indicates additivity, and CI > 1 indicates antagonism (CI 1.1–1.45: slightly to moderately 

antagonistic, CI 1.45–3.3: antagonistic and CI > 3.3: strongly antagonistic [15]) 
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Effects of BL1521 on dCK activity 

In order to further investigate the underlying mechanism of the observed antagonism 

between BL1521 and dFdC, the dCK activity was determined in the neuroblastoma cells 

after 24 hours of incubation with 2 µM BL1521. The dCK activity in control GIMEN and 

SJNB8 cells was 4 pmol/µg/h and 10 pmol/µg/h, respectively. No effect on the dCK 

activity of either neuroblastoma cell line in response to BL1521 treatment could be 

determined under these experimental conditions. 

 

Effects of BL1521 on dFdCTP pools and the incorporation in DNA 

Using 3H-dFdC and 14C-thymidine we determined the effect of a 24 hour incubation of 

GIMEN and SJNB8 cells with BL1521 (2 µM) on the 3H-dFdCTP pool and on the amount of 
3H-dFdCTP and 14C-thymidine incorporated in the DNA. Figure 3 demonstrates that 

GIMEN cells responded to all the incubations with a reduction of 14C-thymidine 

incorporation in DNA suggesting a reduction in the amount of S-phase cells. No difference 

was observed between the cells that were sequentially treated with BL1521 followed by 3H-

dFdC and the cells that were treated with BL1521 alone. In SJNB8 cells no marked 
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reduction of 14C-thymidine incorporation in DNA was observed in response to the 

incubation with BL1521, dFdC or the combination of both drugs.  

 

Figure 3. Modulation of dFdC metabolism in GIMEN en SJNB8 cells by BL1521. GIMEN and 

SJNB8 cells were incubated with 3H-dFdC (30 nM, depicted by dFdC*) and 14C-thymidine with or 

without prior exposure to BL1521 (2 µM) for 24 hours. 3H-dFdC metabolites and DNA synthesis 

were measured as described in materials and methods. The results shown are the mean of three 

experiments ± SD 
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Figure 3 shows that the 24 hour treatment of SJNB8 cells with BL1521 followed by a 3 hour 

incubation of the cells with 3H-dFdC resulted in a minor increase in the cytosolic 3H-

dFdCTP pool compared to control. However, the treatment of GIMEN cells with BL1521 

resulted in a slight decrease in the 3H-dFdCTP pool compared to control. In response to 

treatment with BL1521 the amount of 3H-dFdCTP that was incorporated in the DNA of 

SJNB8 cells increased 1.6 fold compared to control whereas the amount of incorporated 
3H-dFdCTP in the DNA of GIMEN cells decreased with 13 % compared to control (Figure 

3).  

 

 

DISCUSSION 

 

In this paper, we examined the effects of the sequential exposure of neuroblastoma cells to 

the HDAC inhibitor BL1521 and the nucleoside analogue gemcitabine (dFdC). Recently, it 

was demonstrated that in Jurkat and breast cancer cells the sequential exposure to an 

HDAC inhibitor followed by gemcitabine resulted in the additive to synergistic induction of 

apoptosis [8,9]. However, in this paper we showed that an antagonistic effect on the 

metabolic activity of the neuroblastoma cells was observed after the sequential treatment 

with BL1521 and dFdC. Furthermore, no increase in the amount of apoptosis was observed 

under these conditions.  

Gemcitabine is a pro-drug which needs to be metabolized to the nucleotide level in order to 

exert its cytotoxicity. Thus, a conceivable explanation for the observed antagonism might 

be the down-regulation of dCK, the first and rate-limiting enzyme in the anabolism of 

dFdC, by BL1521. However, in both cell lines the dCK activity was not altered in response 

to BL1521 treatment.  

Furthermore, we monitored the effect of BL1521 on the 3H-dFdCTP cytosolic pool and on 

the amount of 3H-dFdCTP that was incorporated in the DNA of the neuroblastoma cells. In 

SJNB8 cells, the small increase in the 3H-dFdCTP pool and in the amount of 3H-dFdCTP 

incorporated in the DNA, did not result in a synergistic interaction of the two drugs. A 

conceivable explanation for this lack of synergism could be that the increase in 3H-dFdCTP 

incorporation in DNA of 1.6 fold is not sufficient, since synergism has been demonstrated 

in neuroblastoma cells, requiring a 6 up to 44 fold increase of 3H-dFdCTP incorporation in 

DNA using a pre-incubation with cyclopentenyl cytosine (CPEC) [10]. In GIMEN cells, a 

mild decrease in the 3H-dFdCTP pool was demonstrated in response to BL1521 treatment, 

combined with a mild reduction of the amount of 3H-dFdCTP incorporated in the DNA. 

These results suggest that the antagonistic effect of this combination of drugs was not 

associated with the size of the dFdCTP pool and the amount of dFdCTP incorporation in 

DNA which is in accordance with findings by others [8]. 

One possible explanation for the observed antagonism could be the observed effect of 

BL1521 and dFdC on the cell cycle of neuroblastoma cells. If the amount of S-phase cells is 

reduced as a result of incubation with BL1521 it will consequently lead to a reduction of the 
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amount of dFdCTP that could be incorporated in the DNA up to the point were the two 

drugs exclude each others effect [7]. This is corroborated by the fact that the Jurkat and 

breast cancer cells responded to the incubation with the HDAC inhibitors MS275 and 

LAQ824 with a significant increase in the G2/M-phase and no substantial decrease in the 

amount of S-phase cells [8,9]. The reduction of the amount of 14C-thymidine incorporation 

in the DNA of GIMEN cells is an indication that the amount of newly synthesized DNA had 

decreased in response to BL1521 treatment, as was also observed previously [7]. In 

addition, the three hour incubation with dFdC alone resulted in a reduction of the amount 

of 14C-thymidine incorporation in the DNA too. In this experimental set up the reduction of 

the amount of 14C-thymidine incorporation in the DNA by BL1521 or dFdC treatment in 

SJNB8 cells was less strong than in GIMEN cells.  

Apart from the effect of BL1521 on the cell cycle, we previously demonstrated that 

neuroblastoma cells can activate differentiation pathways in response to BL1521 resulting 

in neuronal differentiation of particularly the non-MYCN amplified cell lines [6,18]. This 

could contribute to the induction of a cell cycle arrest as well. The fact that the GIMEN 

cells showed a stronger antagonism than the SJNB8 cells is in line with the fact that 

GIMEN cells are more prone to BL1521-induced differentiation than SJNB8 [6,7]. 

However, we can not yet exclude any additional effects of BL1521 on the metabolism of a 

neuroblastoma cell. 

In conclusion, the sequential incubation of neuroblastoma cells with the HDAC inhibitor 

BL1521 followed by dFdC resulted in antagonism, suggesting that this combination of 

agents may only be functional in cancer cells where no major reduction of S-phase or 

differentiation is induced by the HDAC inhibitor.  
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FUTURE PERSPECTIVES 

 
Neuroblastoma is a childhood cancer, originating from the neural crest. Despite intensive 
treatment regimens developed over the past decade, the survival of a large group of 
neuroblastoma patients remains poor. However, a subset of neuroblastoma has the ability 
to spontaneously regress or mature into a benign ganglioneuroma, as defined in stage 4S. 
This particular feature and the fact that the genetic characteristics of neuroblastoma are 
well described rendered this type of tumour an intriguing target in the investigation of a 
new class of anticancer agents, histone deacetylase (HDAC) inhibitors. A wide variety of 
HDAC inhibitors developed to date, modulate the chromatin structure through increasing 
the acetylation of histones. This results in an enhanced accessibility of the DNA to the 
transcription machinery. In response to inhibition of HDAC the expression of a subset of 
genes is changed, consequently leading to the efficient induction of growth arrest, 
apoptosis and differentiation. 
 
In this thesis we described the effects of BL1521, a newly developed HDAC inhibitor, on a 
panel of neuroblastoma cell lines. BL1521 was able to reduce the proliferation in a panel of 
neuroblastoma cell lines in a dose dependent fashion. When compared to the currently 
available HDAC inhibitors BL1521 was considered to have an intermediate potency; a 50 % 
growth reduction was achieved in the micromolar range.  
 
In this thesis we show that at low concentrations BL1521 induced a cell cycle arrest in the 
G1-phase and differentiation in neuroblastoma cells whereas at higher concentrations 
apoptosis was induced. This indicates that BL1521 might be a promising agent in the future 
treatment of malignant neuroblastoma, however, before such clinical application could be 
considered the efficacy of BL1521 has to be evaluated in mouse studies.  
Two possible neuroblastoma mouse models are currently available. The first alternative 
consists of an immune-deficient mouse (SCID) and in which a neuroblastoma tumour was 
created by injecting cells, preferably at a neuroblastoma specific site, originating from any 
one of the currently available neuroblastoma cell lines. However, this approach has a 
number of limitations: the use of neuroblastoma cell lines with distinct malignant 
characteristics in mature mice does not faithfully reflect the actual situation of a 
neuroblastoma tumour in children. The second neuroblastoma mouse model is a 
transgenic mouse harbouring a MYCN construct behind a tyrosine hydroxylase promoter. 
Tyrosine hydroxylase is expressed during the development of primordial neural crest cells 
and in cells of the adrenal gland. This MYCN mouse develops neuroblastoma tumours at 
the correct location at the correct developmental stage, with matching morphology to 
neuroblastoma tumours in children [1,2]. We suggest using the MYCN mouse model for 
the future study of BL1521 to examine the pharmacokinetics and growth inhibitory 
capability of BL1521 in vivo. 
 
 
Cell cycle 
The induction of G1-phase cell cycle arrest in neuroblastoma cells in response to BL1521 
was the result of an increased expression of p21WAF1/CIP1, a reduction of CDK4 expression 
and subsequently an increase in hypo-phosphorylated Rb [3-6]. Several reports, describing 
the effects of other HDAC inhibitors, indicated that the induction of members of the INK4 
family of cell cycle inhibitors could also be involved in the HDAC inhibitor induced cell 
cycle arrest [3,7-10]. However, others suggested that the expression of INK4 members in 



  Chapter 7 
 

 115 

neuroblastoma may be deregulated [11]. Therefore, it would be interesting to investigate 
which members of the INK4 family are expressed in neuroblastoma and whether they are 
involved in the induction of the cell cycle arrest in neuroblastoma in response to BL1521 
treatment.  
  
 
Apoptosis 
Although caspase 8 is often silenced or deleted in neuroblastoma and the BCL2 expression 
is increased, effectively hampering the execution of death receptor mediated apoptosis, 
BL1521 proved to be a potent inducer of apoptosis [12]. In agreement with our findings, 
others have shown that, in general, the induction of apoptosis in cancer cells by HDAC 
inhibitors was caspase 8 independent, thus suggesting that the apoptosis was induced via 
the intrinsic pathway [13-16]. Recent studies reported an increase in mitochondrial injury 
resulting from HDAC inhibitor mediated generation of reactive oxygen species (ROS) [17-
20]. To determine whether this is the principal mechanism of BL1521 induced apoptosis, it 
would be interesting to study the induction of ROS in neuroblastoma cells in response to 
BL1521, as this could also be relevant for the possible combination of BL1521 with other 
ROS generating agents (see below).  
 
 
Differentiation 
In this thesis we showed that differentiation into a neuronal phenotype was induced in 
response to BL1521 in non-MYCN amplified cell lines. Moreover, the expression of a 
number of genes from the pathways that regulate neural crest cell differentiation was 
changed in response to BL1521. Since the spontaneous regression seen in stage 4S 
neuroblastoma could be a result of the regained process of differentiation or apoptosis it 
would be interesting to study the gene expression pattern in stage 4S neuroblastoma 
tumours. This may allow for the definition of a subset of key genes involved in the 
regression process. The emerging pattern of gene expression could possibly be a target in 
malignant neuroblastoma for the modulation through the inhibition of HDACs.  
 
 
Gene expression 
MYCN expression was down regulated in response to BL1521 treatment of MYCN 
amplified cell lines which may possibly suggest a decrease in malignancy [21,22]. Changes 
in a number of MYCN related and clinical outcome related genes were also observed. It 
might be that adverse gene expression patterns could be overcome by BL1521. However, 
since the downstream targets of MYCN are only just being revealed, it would be interesting 
to examine the effect of HDAC inhibition on the MYCN downstream targets [23,24]. 
 
 
Acetylation of Hsp90 
Apart from the increase in acetylation of histones as a result of inhibition of HDAC activity, 
a number of other proteins were recently reported to have an altered acetylation status 
including Hsp90, nuclear hormone receptors and p53. Hsp90 functions as a chaperone 
protein for a wide array of “client” proteins, mediating their maturation and stability. 
Many of these proteins are crucial in oncogenesis, including epidermal growth factor 
receptor (EGF-R), Her-2/neu, AKT, FLT3, Bcr-Abl, Raf, c-kit, c-src, p53, cdk9, cdk6 and 
many others. When the acetylation status of Hsp90 is increased the client proteins are 
released. This results in the accelerated degradation of the client proteins which 



______________________________________________________________ 

116 

subsequently disrupts many signal transduction pathways [25-27]. It would be interesting 
to determine the effect of BL1521 on the degradation rate of survivin, c-src, Plk1 and cdk6, 
since these proteins were slightly higher expressed in neuroblastoma cells than in the 
average cancer cell as was determined using serial analysis of gene expression (SAGE) 
(Human Transcriptome Map http://bioinfo.amc.uva.nl/HTMseq/controller).  
 
 
Combination therapy 
In this thesis we showed that the treatment of neuroblastoma cells with BL1521 in 
combination with gemcitabine (dFdC) resulted in strong antagonism which was in contrast 
to a recent report showing synergism between dFdC and the HDAC inhibitor MS275 [28]. 
A conceivable explanation for this inconsistency might be that in the report, using MS275 
(500 nM) and Jurkat lymphoblastic leukaemia cells, no cell cycle arrest was observed. In 
our experiments, using BL1521 (6 µM) and neuroblastoma cells, a G1-phase cell cycle 
arrest was observed, consequently reducing the number of cells in S-phase. To exert its 
cytotoxic effects dFdC has to be metabolized to the nucleotide level and incorporated into 
DNA (chapter 6). Therefore, in the absence of DNA synthesis the observation of an 
antagonistic effect between dFdC and BL1521 may be anticipated.  
For future research a number of interesting agents, to test in combination with BL1521, 
exist. It might be interesting to combine BL1521 with an inhibitor of DNA methylation 
(DNMT) such as 5-aza-2’-deoxycytidine (DAC). In cancer cells, tumour suppressor genes 
are often silenced through DNA methylation. This methylation can be overcome by using a 
DNMT inhibitor resulting in re-expression of a subset of genes. When used in combination 
with an inhibitor of HDAC, the subset of responsive genes may expand and possibly it may 
lead to a synergistic activation of transcription of a subset of those genes as was reported 
by others [29-33]. Interestingly, preliminary results of experiments consisting of 
simultaneous treatment of neuroblastoma cells with BL1521 and DAC showed a mild 
additive effect on the decrease of proliferation (data not shown). As a result we suggest that 
future experiments should consist of sequential incubation of the neuroblastoma cells with 
various HDAC and DNMT inhibitors. 
Another group of agents that has attracted great interest with regard to the potential use in 
neuroblastoma are the retinoids. In neuroblastoma it was demonstrated that proliferation 
decreased and differentiation and apoptosis increased in response to retinoic acid (RA), 
all-trans-retinoic acid (ATRA), 9-cis-retinoic acid (9cisRA), 13-cis-retinoic acid (13cisRA) 
and fenretinide (4-HPR) [34-39]. In a number of cancer cell types these retinoids have 
been used in combination with various HDAC inhibitors with promising results as to the 
inhibition of growth and the induction of apoptosis [40-42]. It was shown that the use of 
the HDAC inhibitor sodium phenyl butyrate was able to overcome the acquired ATRA 
resistance in a patient with leukaemia [43]. Moreover, in neuroblastoma cells a synergistic 
effect on growth inhibition was established using a combination of HDAC inhibitors and 
retinoids [44,45]. Although the precise mechanism behind these results has not been 
elucidated yet, it could possibly involve an up-regulation of retinoic acid receptors in 
response to HDAC inhibition [46,47]. Preliminary results of experiments, consisting of 
simultaneous treatment of neuroblastoma cells with BL1521 and ATRA, have revealed an 
additive effect on the reduction of proliferation (data not shown). It would be interesting to 
study the effects of sequential incubation of neuroblastoma cells with BL1521 and various 
retinoids in order to determine whether the combination of agents could be more effective 
than either of them alone.  
A third possible agent with which BL1521 treatment of neuroblastoma cells could be 
combined is radioactive MIBG. MIBG is an agent that is specifically taken up in 
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neuroblastoma cells [48]. Radio-labelled MIBG is currently in use as a diagnostic and a 
treatment modality in neuroblastoma. Recent reports showed that, when examining 
tumour growth, the combination of HDAC inhibitors with radiation resulted in a 
synergistic effect as compared to the effects of the individual agents. It was suggested that 
this could be a result of the involvement of HDACs in cell cycle checkpoint regulation, 
consequently leading to an increased sensitivity to DNA damage [49,50]. Moreover, it 
could also be a result of a reduction of DNA repair as was indicated by the prolonged 
increase in the phosphorylation status of histone H2AX following the inhibition of HDAC 
and subsequent irradiation [51]. It would be interesting to examine the outcome of 
combined exposure of neuroblastoma cells to BL1521 and radio-labelled MIBG and to 
determine which mechanism is responsible for the observed effects. 
The last agent that could form a promising combination with BL1521 is Bortezomib (alias 
PS-341 or Velcade), a protease inhibitor. Bortezomib mainly inhibits 26S proteasome 
activity resulting in the hampered breakdown of most cytosolic and short-lived proteins, 
including transcription factors leading to the disruption of many cellular processes. 
Bortezomib treatment of cancer cells resulted in the induction of apoptosis through the 
production of ROS [52,53]. Interestingly, recent reports showed a more than additive 
induction of apoptosis as a result of combined incubation of cancer cells with HDAC 
inhibitors and Bortezomib [54,55]. It would be interesting to examine the effect of a 
sequential incubation of neuroblastoma cells with Bortezomib and BL1521. 
 
 
Future of HDAC inhibitors 
HDAC inhibitors proved to be a promising anti-cancer drug with low toxicity, potent 
tumour specific growth reduction and decreased angiogenesis and little side effects. 
Moreover, inhibitors of HDAC are a helpful tool in the elucidation of the mechanism of 
regulation of transcription at a more basic level. We suggest that, besides the development 
of combination strategies with HDAC inhibitors and other anti-cancer agents, it might be 
interesting to elucidate the tissue distribution of the different HDAC isoforms in order to 
be able to develop cancer cell type specific inhibitors of HDAC. 
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SUMMARY 
 
The regulation of transcription in eukaryotes occurs within a chromatin setting, and is 

strongly influenced by the post-translational modification of histones, the building blocks 

of chromatin, such as methylation, phosphorylation and acetylation. Acetylation is 

probably the best understood of these modifications: hyperacetylation leads to an increase 

in the expression of particular genes, and hypoacetylation has the opposite effect. Many 

studies have identified several large, multi-subunit complexes containing histone 

deacetylase enzymes that are responsible for the targeted deacetylation of histones. The 

aim of chapter 1 is to give a comprehensive overview of the structure, function and tissue 

distribution of members of the classical histone deacetylase (HDAC) family, in order to 

gain insight into the regulation of gene expression through HDAC activity. SAGE (serial 

analysis of gene expression) data show that HDACs are expressed in almost all tissues. 

HDAC inhibitors have been shown to induce specific changes in gene expression and to 

influence a variety of other processes, resulting in growth arrest, differentiation, 

cytotoxicity and induction of apoptosis in a variety of cancer cell lines. This dynamic area 

of research has generated fascinating results and will continue to contribute to the 

understanding of the regulation of transcription. Moreover, the promising effects of HDAC 

inhibition will stimulate the development of novel anticancer agents. 

Neuroblastoma is a childhood tumour, which has an incidence of 1.3 cases per 100 000 

children under the age of 15 years every year. Neuroblastoma is one of the most common 

solid malignancies in children and is responsible for approximately 15 % of all childhood 

cancer deaths. Despite intensive chemotherapeutic regimens the survival of children from 

metastasized neuroblastoma remains poor and 15–25 % of all patients with neuroblastoma 

will die within 5 years after diagnosis. Neuroblastoma arises during the differentiation 

from multi-potent neural crest cells into cells of the adrenal gland and as a result 

neuroblastoma cells are arrested at different stages of maturation. This maturation process 

is orchestrated by the neurotrophin, Wnt, Bone Morphogenic Proteins (BMPs) and Notch 

signalling pathways. A striking feature of neuroblastoma is its clinical and genetic 

heterogeneity as is reviewed in chapter 2. Some genetic features have been identified to 

correlate with clinical outcome. For instance, hyper diploid karyotype and TrkA expression 

are associated with favourable 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. In this thesis we characterized the effects of a novel HDAC inhibitor, 

BL1521, in neuroblastoma cells with and without MYCN amplification.  

In chapter 3, we demonstrated a 50 % reduction of the in situ HDAC activity in a panel of 

neuroblastoma cell lines using 8 µM BL1521, thus presenting the proof of concept for 

BL1521. In response to BL1521 the proliferation and the metabolic activity of all 

neuroblastoma cell lines was greatly reduced. Visible differentiation was observed as a 

result of treatment with BL1521 in the majority of the non MYCN amplified neuroblastoma 

cell lines. BL1521 potently induced apoptosis in neuroblastoma cells regardless of MYCN 
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status. Furthermore, the expression of MYCN decreased in response to BL1521 in MYCN 

amplified neuroblastoma cell lines, possibly indicating a decrease in malignancy.  

In chapter 4 we demonstrated that BL1521 potently induced a G1-phase cell cycle arrest 

through the induction of p21WAF1/CIP1 protein, the decrease of CDK4 protein and the 

subsequent increase in hypophosphorylated retinoblastoma protein (Rb) in a panel of 

neuroblastoma cell lines with and without MYCN amplification.  

In chapter 5 the changes in gene expression in neuroblastoma cells in response to BL1521 

were observed more closely, using the Affymetrix oligonucleotide array U133A. The 

expression of a number of genes from the Wnt and the Notch signalling pathways had 

changed in response to BL1521, indicating that differentiation signalling may take place in 

all neuroblastoma cell lines regardless of MYCN status or their ability to transform into the 

characteristic neuron like phenotype. In response to BL1521, the expression of a number of 

MYCN related genes and clinical outcome related genes had changed. The oligonucleotide 

array data showed that apart from the altered expression of genes implicated in the cell 

cycle, apoptosis, transcription, growth, development, transport, structure and signalling, 

the expression of a number of genes of the pyrimidine de novo or salvage pathway for the 

synthesis of (deoxy)nucleotides had been down regulated in response to BL1521 in 

neuroblastoma cell lines.  

Interestingly, a recent paper showed a synergistic effect between a HDAC inhibitor and 

gemcitabine (dFdC), an anti-cancer drug that utilizes this pathway to induce DNA damage. 

In contrast, our studies in chapter 6 demonstrated that sequential treatment of 

neuroblastoma cells with BL1521 and dFdC resulted in a strong antagonism, which may be 

explained by the combination of the induction of G1-phase cell cycle arrest and the 

induction of differentiation pathways in response to BL1521.  

Finally, in chapter 7 recommendations for future studies are made. 
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SAMENVATTING VOOR IEDEREEN 

 

Om de resultaten van mijn onderzoek te kunnen begrijpen zal ik eerst een tweetal dingen 

uitleggen. Ten eerste hoe de kindertumor neuroblastoom ontstaat en ten tweede hoe een 

stof als BL1521 zijn werk kan doen. 

 

Tijdens de ontwikkeling van één enkele bevruchte eicel tot baby en uiteindelijk volwassen 

mens is een grote toename van cellen nodig. Elke weefsel en elk orgaan van elke mens 

bestaat uit een groot aantal cellen. Die ene bevruchte eicel gaat zich delen en naar mate er 

meer cellen komen, gaan groepjes van die cellen zich specialiseren (bepaalde functie 

uitoefenen, zoals sommige mensen bijvoorbeeld opgeleid worden tot advocaat). 

Uiteindelijk leidt die deling en specialisatie van deze cellen, dat doorgaat tot je volgroeit 

bent, tot de vorming van de weefsels en organen. Een van de weefsels die wordt aangelegd, 

gedurende de ontwikkeling van de foetus, is het zenuwstelsel. Bij de geboorte van een kind 

is dit zenuwstelsel nog niet helemaal klaar, de cellen specialiseren zich nog steeds verder 

door. Denk bijvoorbeeld maar aan alles wat baby’s nog moeten leren. Een gedeelte van het 

zenuwstelsel kunnen we niet bewust bedienen, dit wordt het autonome zenuwstelsel 

genoemd. Daar weer een gedeelte van, het sympathische zenuwstelsel, heb je nodig bij de 

reactie op gevaarlijke situaties. Dit stelsel bestaat onder andere uit de bijnier. Deze bijnier 

kan in gevaarlijke situaties zorgen voor de uitscheiding van het hormoon adrenaline. Deze 

adrenaline zorgt ervoor dat het lichaam klaar is om weg te rennen of te vechten. Je hebt dit 

vast wel eens gevoeld: je hart gaat heel snel kloppen als je ergens van geschrokken bent. De 

cellen die in de bijnier zitten hebben zich via een hele boel stappen uit die bevruchte eicel 

uiteindelijk ontwikkeld om deze functie uit te oefenen. Dit proces van ontwikkelen, ook wel 

differentiatie genoemd, is heel strak gereguleerd, er mag immers niets mis gaan. Als er wel 

iets misgaat tijdens deze differentiatie tot bijnier cel, bijvoorbeeld door het in de war of 

beschadigd raken van het DNA (een soort receptenboek waarin staat hoe alles gemaakt 

moet worden), kan dat betekenen dat een cel die had moeten stoppen met delen, toch door 

deelt. Dan heb je een tumor die we neuroblastoom noemen.  

Een neuroblastoom treedt alleen op bij kinderen omdat in kinderen dit zenuwstelsel nog 

niet is uitgedifferentieerd. Een neuroblastoom kan optreden in de bijnier, maar ook in de 

cellen die nog onderweg waren naar de bijnier en die nog langs de ruggenwervels liggen. In 

sommige kinderen, vooral als ze jonger zijn dan 1 jaar, zal de tumor spontaan weer 

verdwijnen omdat de differentiatie door een nog onbekende oorzaak ineens toch weer door 

kan gaan. Maar in de andere kinderen, vaak ouder dan 1 jaar en als het DNA erg veranderd 

is, heeft de ziekte vaak een dodelijke afloop, ondanks dat ze met de sterkste antitumor 

middelen worden behandeld (hoofdstuk 2). In dit onderzoek hebben we gewerkt met 

neuroblastoma cellijnen. Als je uit een neuroblastoom tumor een klein stukje weefsel haalt, 

kun je de cellen waaruit dat stukje weefsel bestaat in een schaaltje stoppen en met 

kunstmatige voeding in leven houden. Ze blijven zich dan altijd delen in dat schaaltje, en 

daardoor kun je steeds een klein gedeelte van die cellen gebruiken om stoffen op te testen. 
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Omdat er heel veel onderzoek is gedaan aan de veranderingen in het DNA van 

neuroblastoom cellen en omdat neuroblastoom tumoren soms spontaan kunnen 

verdwijnen dachten we dat juist deze cellen geschikt zouden zijn voor het testen van een 

nieuw ontwikkeld middel tegen tumoren, namelijk BL1521.  

Om uit te leggen hoe deze stof werkt beginnen we weer bij de cel. Elke cel bestaat uit een 

aantal onderdelen, waaronder de celkern. In deze celkern ligt het DNA. Op dit DNA staat 

alle informatie die nodig is om de cel te bouwen, onderhouden en om hem in leven te 

houden. Op een ander gedeelte van het DNA staat de informatie die bepaalt welke functies 

de cel kan uitoefenen. Gedurende de differentiatie, die we hierboven hebben besproken, zal 

telkens een ander gedeelte van het DNA gebruikt worden, omdat de functie van de cel 

steeds iets verder verandert. Het stuk informatie op het DNA, dat bijvoorbeeld het 

aanmaken van adrenaline in een bijniercel bepaalt, bestaat uit een aantal recepten; die 

recepten noemen we genen. Het feit dat sommige genen kunnen worden afgelezen en 

andere niet, wordt geregeld door de structuur van het DNA. Dit staat uitgelegd in 

hoofdstuk 1. Het DNA zit gewikkeld om een soort steiger om te zorgen dat het niet in de 

knoop raakt. Deze steiger bestaat uit 4 verschillende eiwitten (steigerpalen) die we 

histonen noemen. Deze histonen hebben een klein stukje dat uitsteekt waarop bepaalde 

enzymen (bouwvakkers) een label (soort vlaggetje) kunnen vastmaken. Er zijn 

verschillende soorten labels die samen een code vormen die bepaald, door het strakker of 

juist losser winden van het DNA om die histonen, of de genen op het DNA op die plek 

kunnen worden afgelezen of niet. Het voorkomen op de histonen van een van die labels, de 

acetyl-groep, wordt bepaald door de balans tussen histone acetyltransferases (HAT; 

bouwvakkers die acetyl-groepen erop zetten) en histone deacetylases (HDAC; bouwvakkers 

die acetyl-groepen eraf halen). Het blijkt dat je met bepaalde stoffen, zoals BL1521, deze 

HDACs kunt remmen. Dat heeft tot gevolg dat de acetyl-groepen blijven zitten en er 

onbedoeld genen worden afgelezen. Als dit in tumor cellen gebeurd is gebleken dat ze daar 

niet goed tegen kunnen; ze gaan minder snel delen en sommigen gaan hierdoor verder met 

de differentiatie, terwijl andere cellen doodgaan.  

In dit onderzoek hebben we ontdekt dat BL1521 de activiteit van de HDACs in een aantal 

verschillende neuroblastoom cellijnen kan remmen. Als gevolg van de behandeling van 

neuroblastoom cellen met BL1521 zagen we dat een gedeelte van de cellen verder ging met 

differentiëren, een gedeelte van de cellen stopte met delen en een gedeelte van de cellen 

ging op een gecontroleerde manier dood (apoptose) (hoofdstuk 3 en 4). Daarna hebben we, 

met behulp van een oligonucleotide array (soort chip waarop je van een heleboel genen 

tegelijk kunt zien of ze zijn afgelezen), gekeken welke veranderingen er plaats vonden in de 

genen die werden afgelezen voor en na behandeling van neuroblastoma cellen met BL1521 

(hoofdstuk 5). Het bleek dat een aantal genen, welke belangrijk zijn voor het uitvoeren van 

celdeling, differentiatie en apoptose, meer of juist minder werden afgelezen door de 

invloed van BL1521. Dit verklaarde de effecten die we eerder hadden gezien. Op de array 

hadden we ook gezien dat een aantal genen, welke te maken hebben met de opbouwroute 

van de bouwstenen van DNA, minder werd afgelezen. Er bestaan antitumor stoffen, 
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bijvoorbeeld gemcitabine (dFdC), die deze route gebruiken om te worden ingebouwd in het 

DNA waar ze schade aanrichten zodat de tumorcellen doodgaan. In de literatuur hadden 

we gelezen dat een andere groep had ontdekt dat, als ze dFdC tegelijk gebruiken met een 

HDAC remmer in een tumor cellijn, deze cellen sneller stopten met delen en doodgingen 

dan ze hadden verwacht aan de hand van het effect van elke stof afzonderlijk (synergisme). 

In hoofdstuk 6 laten we zien dat in onze neuroblastoom cellen na behandeling met dFdC 

en BL1521 dit, zoals verwacht aan de hand van de array resultaten, niet gebeurde maar 

juist het omgekeerde; het delen van de cellen verminderde niet en de cellen gingen minder 

snel dood dan we hadden verwacht aan de hand van het effect van elke stof afzonderlijk 

(antagonisme). In hoofdstuk 7 worden aanbevelingen voor toekomstig onderzoek aan 

neuroblastoom en HDAC remmers gedaan. 
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Je kunt het doen van het doen van een promotieonderzoek heel veel dingen zeggen. Het 

best voor mij past misschien een citaat van Frodo: “het is volbracht” (Lord of the Rings, 
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jou was er (om meer dan 1 reden ;) nooit een boekje geschreven!  

 

Er waren natuurlijk nog veel meer voor dit proefschrift onmisbare mensen. Beste André; 

bedankt voor al je hulp, steun en geduld, uiteindelijk hebben we samen de kar getrokken, 

ik hoop van harte dat er nog een vervolg op het BL1521 onderzoek komt! Beste Huib; 

bedankt voor je frisse en kritische blik op onze proeven en manuscripten. En natuurlijk 

voor de organisatie van dit geheel. Beste Ronald; ondanks dat je niet meer dan zijdelings 

betrokken bent geweest bij ons werk, ontzettend bedankt voor je input en enthousiasme! 

Beste Albert; bedankt voor je steun en enthousiasme, toch jammer dat je zo ver weg zit! 

En… zoals ik zei bij mijn sollicitatie; ik heb me aan mijn woord gehouden! Beste Krista; 

geweldig dat je een eigen artikel in elkaar hebt gezet van een paar maandjes praktisch 

werk: je hebt het echt in de vingers! Succes met je eigen promotie! Beste Chris; bedankt 

voor je hulp met het celcyclus onderzoek. Beste Rutger; ontzettend bedankt voor het 

uitvoeren van de schier oneindige reeks Northerns, zonder jouw was het nooit goed 

gekomen. Het was een leuk tripje naar Leiden toch? Beste René; bedankt voor het 

meedenken en uitvoeren van de purpyr proeven en het zo nu en dan ‘babysitten’ van mijn 

cellen. Beste Lida, Henk v. L., Eva en Jőrgen; bedankt voor jullie gezelligheid, luisterend 

oor, frisse kijk en welgemeende adviezen. Beste Roos; ik vond je enthousiaste en 

optimistische kijk op onderzoek doen erg verfrissend, heel veel succes met het proberen af 

te troeven van Penny, het gaat je vast en zeker lukken! Beste Jerry; bedankt voor je hulp 



______________________________________________________Dankwoord 

 131 

met de combination index proeven en het oppassen op mijn cellen, veel succes in het ITCC 

project. Beste Judith en Jeroen; bedankt voor jullie interesse en gezelligheid, veel succes in 

jullie GMZ loopbaan! Beste Judith K. en Gertjan; ik heb ervan genoten jullie te begeleiden, 

veel succes in jullie verdere wetenschappelijke carrière! Beste Arno en Henk O. bedankt 

voor jullie hulp, jammer dat de proeven niet lukte, aan ons lag het niet! Beste Naomi (nu 

mag ik mijn magneetje mee!), Nadia, Annemieke, Jolein, Ference (die vissen doen echt 

wonderen voor de rust, he?), Wouter (die OR was toch wel aardig he?), Marit, Saskia, 

Jasper, Daan, Pedro (When?), Robert-Jan, en Riekelt allemaal ontzettend bedankt voor 

jullie steun, luisterend oor en gezelligheid, heel veel succes allemaal, en misschien nog eens 

tot ziens? Beste Linda en Marjolein, ik vond het heerlijk om over onze gedeelde hobby te 

kletsen, die buitenritten moeten we zeker doen! Wendy d.L. (AID en SCHAAMTELOOS 

zusje, over 1 jaar kennen we elkaar 10 jaar! Succes met jou promotie he!!!) en Michelle 

(wanneer gaan we weer een spelletje doen?) bedankt voor de gezellige lunches, heerlijk om 

tussendoor even je gedachten te verzetten! Alle andere GMZ-mensen die ik nog niet 

genoemd heb: enorm bedankt voor jullie belangstelling, hulpvaardigheid en gezelligheid 

gedurende de afgelopen 4 jaar! 
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