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ABSTRACT 
 
Development of an organism requires correct spatial and temporal regulation of gene 
expression. Epigenetic regulation of gene expression has been shown to be an 
important part of many cellular events. Nucleosomes consist of two subunits of each 
core histone proteins H2A, H2B, H3, H4, and 146 base pairs of DNA, wrapped around 
the histones. In this way, DNA can be tightly packaged in the cell. The N-terminal tails, 
that protrude out from the histone surfaces can be subjected to different covalent 
modifications, including, acetylation, methylation, phosphorylation, and ubiquitination. 
These modifications take part in gene regulation by changing the structure of chromatin 
and by recruiting gene regulatory proteins. Addition of acetyl-groups to the N-terminal 
of histones is catalyzed by histone acetyltransferases (HATs) whereas removal of the 
acetyl-groups is carried out by histone deacetylases (HDACs). Increased acetylation 
has been correlated with increased gene expression, and decreased acetylation has been 
correlated with transcriptional repression. HDACs are divided into four families: class 
I, class II, and class IV histone deacetylases and the class III NAD-dependent enzymes 
of the sirtuin family. HDACs are expressed early in development and specific HDAC 
gene deletions show that they are important for many cellular events, such as 
proliferation, growth, and differentiation. Putative roles for HDACs in neural 
development come mostly from work done using inhibitors of class I and class II 
HDACs, and from the association of HDACs to protein complexes that are known to 
repress neuronal differentiation. HDACs have also been shown to play an important 
part in cancer development and HDAC inhibitors have been shown to block cell 
proliferation, promote differentiation, and induce or facilitate apoptosis. The aim of this 
thesis was to investigate the role of histone deacetylases in neural stem- and cancer 
cells. In paper I, we show that HDAC3 is an essential repressor of neuronal 
differentiation in embryonic neural stem cells, required for repression of BDNF 
expression and histone H3K9 acetylation. Paper II and III address the use of HDAC 
inhibitors in cancer treatment and their effect on apoptotic signaling pathways and 
epigenetic mechanisms. We show that trichostatin A in combination with etoposide, 
VP16, induce apoptosis via caspase-dependent pathways and the mitochondrial AIF-
dependent pathway in multi-resistant cancer cells. In addition, we show that cell death 
promoting effects of valproic acid and trichostatin A depend on the regulation of 
histone H4K16 acetylation by the histone modifying enzymes hMOF and SIRT1. In 
paper IV, we show that resveratrol inhibits neuronal differentiation of embryonic neural 
stem cells in a SIRT1-dependent fashion and that the effects of red wine on embryonic 
NSCs and cancer cells are toxic and are linked to inhibition of thioredoxin reductase in 
a resveratrol/SIRT1-independent manner. In conclusion, this thesis shows that 
chromatin modifying proteins play essential roles in neural stem cell differentiation and 
cancer cell characteristics, and contributes to the understanding of epigenetic 
mechanisms in the regulation of neural stem and cancer cell fate. 
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BACKGROUND 
 
The epigenetic regulation of gene expression is required for many cellular events and 
for the proper development of an organism. The term, epigenetics, was first used by 
Conrad Waddington in the 1940s, who defined it as the study of epigenesis: “the branch 
of biology which studies the causal interactions between genes and their products, 
which bring the phenotype into being”. Later on, epigenetics has been defined as “the 
study of mitotically and/or meiotically heritable changes in gene function that cannot be 
explained by changes in DNA sequence” (Bird, 2007). However, none of these 
definitions gives any clue to what mechanisms that are involved and the definition is 
still open for debate. DNA and the associated histone proteins carry modifications that 
are often termed “epigenetic marks”. These modifications have been shown to take part 
in the regulation of transcription as a consequence of co-regulator activity. In this 
section, I will give an overview of histone modifications and their role in transcriptional 
regulation. I will focus on histone acetylation/deacetylation and the role for histone 
deacetylases in the regulation of gene expression. 
 
 
CHROMATIN STRUCTURE AND ITS ROLE IN TRANSCRIPTION 

Each and every cell in our body contains about two meters of DNA that has to be 
packed together to fit into the nucleus. The packaging is achieved by winding of the 
DNA around nucleosomes. 146 base pairs of DNA are wrapped around one 
nucleosome that consists of two subunits of each core histones H2A, H2B, H3, and H4, 
as well as linker histone H1 (Figure 1). In this way, eukaryotic DNA is packaged into 
highly compacted chromatin. Chromatin can be present in two forms (i) euchromatin, 
that is less condensed, more accessible and generally more easily transcribed and (ii) 
heterochromatin that is highly condensed, inaccessible and highly ordered (Grewal and 
Jia, 2007). Regions in the chromosomes that contain high density of repetitive DNA, 
such as in centromeres and telomeres, are the main targets of heterochromatin 
formation. However, heterochromatin is also found at developmentally regulated loci, 
where the chromatin state can change in response to cellular signals and gene activity 
(Grewal and Jia, 2007). Once seen as a quite static structure, it is now clear that 
chromatin is dynamic and takes part in many DNA-based processes, such as regulation 
of transcription, replication and DNA repair.  
 

 

Figure 1. A schematic representation of a nucleosome. The nucleosome core consists of two copies of 
histone H2A, H2B, H3, and H4 and the N-terminal tails protruding from the surfaces. 
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Histone modifications 

The core histones are predominantly globular except for their N-terminal tails, which 
are unstructured. These histone proteins are subject to several forms of modifications, 
such as, lysine acetylation, lysine and arginine methylation, lysine ubiquitination, serine 
and threonine phosphorylation, lysine sumoylation, and ADP ribosylation (Figure 2). 
Also, methylation at lysines and arginines can occur as mono-, di-, or trimethyl forms 
for lysines, and mono- or di forms for arginines (Kouzarides, 2007). Most 
modifications have been found to be dynamic and enzymes that remove the 
modifications have been identified. Due to the almost endless combinations of histone 
modifications that can occur, it has been proposed that the modifications constitute a 
code that defines if a gene will be transcribed or not (Jenuwein and Allis, 2001; Strahl 
and Allis, 2000). 
 
There are two characterized mechanisms for the function of histone modifications. 
Firstly, histone modifications may cause local changes in the charge between the DNA 
and the histone proteins that disrupt the chromatin structure. Histone acetylation has the 
most potential to physically affect chromatin since addition of acetyl groups neutralizes 
the positive lysine residues and as a consequence, the interaction with the negatively 
charged DNA is reduced. In fact, it has been showed that acetylation of histone H4K16 
has an effect on the formation of higher-order chromatin structures (Shogren-Knaak et 
al., 2006). Secondly, histone modifications may serve as platforms for a set of proteins 
to bind, while other set proteins will be occluded from these sites. These non-histone 
proteins are recruited to the histone modifications via specific domains. For example, 
histone methylation is recognized by specific domains within proteins, such as, 
Chromo, Tudor, MBT, and PHD domains, acetylation is recognized by bromodomains, 
and phosphorylation is recognized by a specific domain within 14-3-3 proteins. Some 
non-histone proteins, such as ATP-dependent chromatin remodeling complexes as well 
as histone acetyl transferases (HATs) and histone methyl transferases (HMTs) that are 
recruited to modified histones also possess enzymatic activity. In this way, new 
modifications can be added to the chromatin and other proteins then bring additional 
enzymes to the site of modification. An example of such an event is trimethylation of 
histone H3K27 (H3K27me3), which recruits the chromodomain containing polycomb 
protein, PC2. PC2 is associated with ubiquitin ligase activity specific for H2A, and 
heterochromatin protein 1 (HP1), that binds H3K9me3 and is associated with 
deacetylase activity and methyltransferase activity (Kouzarides, 2007). 
 
The occurrence of a large number of histone modifications makes it very likely that 
they affect each other. For example, acetylation and methylation cannot occur on lysine 
residues at the same time. However, question is whether they can occur in the same 
histone or nucleosome at the same time? One modification can also disrupt the binding 
of a protein to an adjacent modification, e.g. phosphorylation of histone H3S10 that 
affects the binding of HP1 to histone H3K9me3 (Fischle et al., 2005). Also, 
methylation of histone H3R2 inhibits histone H3K4me3 by Set1 methyltransferase 
(Guccione et al., 2007; Kirmizis et al., 2007).  
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Figure 2. Schematic representation of the N-terminal tails and C-terminal tails on histone H2A, H2B, H3, 
and H4. Posttranslational modifications of histones include acetylation (A), methylation (M), and 
phoshorylation (P). Several lysine residues can be either acetylated or methylated. 

 
Histone modifications and transcription 

Histone modifications that are associated with active transcription such as acetylation 
of histone H3 and H4 and di- and trimethylation of histone H3K4, are commonly 
referred to as euchromatin marks, whereas modifications that are associated with 
inactive genes, such as histone H3K9 and H3K27 methylation are referred to as 
heterochromatin marks. Most commonly the modifications occur in the proximal 
promoter region, the 5’ end of the open reading frame (ORF) and at the 3’ end of the 
ORF (Li et al., 2007). In fact, the site of modification within a gene can have different 
effect on transcription. For example, methylation of histone H3K36 normally occurs 
within the ORF of actively transcribed genes. However if the histone methyltransferase, 
Set2, is mistargeted to the promoter region through artificial recruitment, it represses 
transcription (Li et al., 2007). Also, histone H3K9me3 occuring in promoter regions is 
associated with a repressed state, whereas histone H3K9me3 in the transcribed region 
has been associated with activation (Vakoc et al., 2005). 
 
Recent studies in mouse ES-cells, show that non-transcribed genes carry modifications 
with antagonistic outputs coexisting in the same regions, so called bivalent domains. 
Chromatin marks that are normally associated with active transcription, e.g. H3K4me3, 
occurred in the same region as H3K27me3, which is a repressive mark. However, when 
differentiation was induced, the bivalent domains tended to preserve either the 
repressive or the activating modification (Azuara et al., 2006; Bernstein et al., 2006; 
Kouzarides, 2007). 
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HISTONE ACETYLATION AND TRANSCRIPTION 

The first study suggesting a link between acetylation of histones and transcriptional 
regulation was published already in the 1960s, when it was found that acetylation and 
methylation are posttranslational modifications of histones (Allfrey et al., 1964). 
However, it was not until the mid 1990s, when several known transcriptional 
coactivators were shown to exhibit intrinsic HAT activity that the link was firmly 
established (Bannister and Kouzarides, 1996; Brownell et al., 1996; Mizzen et al., 
1996; Ogryzko et al., 1996; Yang et al., 1996b).  
 

 

Figure 3. Histone acetylation occurs on histone tails and is mediated by histone acetyl transferases 
(HATs). Acetylation of histones leads to open and transcriptionally permissive chromatin. Histone 
acetylation is a reversible modification and acetyl groups are removed by histone deacetylases (HDACs). 

 
Increased acetylation of histones in gene promoters has been correlated with increased 
gene expression, and decreased acetylation of histones at promoters has been correlated 
with histone deacetylase (HDAC) recruitment and transcriptional repression (Figure 3) 
(Khochbin et al., 2001; Kuo et al., 1996; Taunton et al., 1996). HATs are recruited to 
promoters to induce a local hyperacetylation, thereby influencing transcriptional 
activity. However, studies in yeast have shown that this targeted acetylation in 
promoter regions occurs in a background of global acetylation and deacetylation 
(Vogelauer et al., 2000). Therefore, acetylation and deacetylation seem to be rather 
global modifications, whereas local hyperacetylation occurs in a more promoter-
specific context. Moreover, hyperacetylated regions are not always associated with 
active genes. In fact, it has been suggested that histone acetylation can prime poised 
genes in a repressed state for later activation (Bulger, 2005; Shahbazian and Grunstein, 
2007). Also, studies of yeast promoters have revealed that different transcriptional 
activators induce distinct patterns of histone acetylation and that activation is not 
necessarily related to increased histone acetylation (Deckert and Struhl, 2001). 
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HISTONE ACETYLTRANSFERASES 

HATs function by transferring an acetyl group from acetyl-coenzyme A to the ε-amino 
group of lysine residues in the N-terminal tail of histone proteins. Certain HATs can 
also specifically acetylate lysine residues within transcription-related proteins. There 
are three major families of HATs: (i) Gcn5-related N-acetyl transferases (GNATs), (ii) 
the MYST family and (iii) the p300/CBP family.  
 

 The GNAT family of HAT proteins functions as coactivators for a subset of 
transcriptional activators and mainly acetylate lysines on the histone H3 tail 
(Carrozza et al., 2003). The mammalian members of this class are Hat1, Gcn5 
and p300/CREB-binding protein-associated factor (PCAF). They contain a 
HAT domain of approximately 160 residues and a conserved bromodomain at 
the C-terminal, which has been shown to recognise and bind to acetylated lysine 
residues (Shukla et al., 2008).  

 
 The MYST family is a major HAT family whose name is derived from four 

founding members: MOZ, Ybf2, Sas2, and Tip60. The human members of the 
MYST family are MOZ, hMOF, and Tip60. The MYST family members are 
grouped together based on their close sequence similarities, including a 
particular highly conserved MYST domain and can be divided into subgroups 
based on different domains, (i) MOZ and MORF contain PhD fingers, (ii) Esa1, 
dMOF, and Tip60 contain chromodomains, and (iii) HBO1 contains zinc 
fingers. The members of the MYST family are involved in a wide range of 
regulatory functions including transcriptional activation, dosage compensation 
and cell cycle progression (Shukla et al., 2008). Most MYST proteins prefer 
histone H4 as a substrate (Marmorstein and Roth, 2001). In D. melanogaster, 
dMOF, is involved in dosage compensation of the X-chromosome through 
transcriptional upregulation of male X-linked genes. Transcriptional 
upregulation correlates with specific acetylation of histone H4K16 on the male 
X chromosome by dMOF. Recently, it was shown that the human variant, 
hMOF is required for histone H4K16 acetylation in mammalian cells (Taipale 
et al., 2005). 

 
 p300 and the close homolog CREB-binding protein (CBP) are global regulators 

of transcription and acetylate all histone proteins in vitro. They contain large 
HAT domains and other protein domains such as a bromodomains and three 
cysteine-histidine rich domains (TAZ, PHD and ZZ) that are believed to 
mediate protein-protein interactions. p300/CBP are widely expressed and 
regulate a variety of cellular processes, including, cell cycle control, 
differentiation, and apoptosis. Mutations in p300 and CBP are associated with 
certain cancers and other human diseases. p300/CBP stimulates transcription by 
interacting with transcription factors such as, CREB and nuclear hormone 
receptors, but also through interactions with other cofactors such as PCAF 
(Sterner and Berger, 2000). 

 
In addition to these three groups, HAT activity has also been attributed to other 
proteins, such as, TATA-binding protein associated protein (TAFII) as well as steroid 
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receptor coactivator-1 (SRC-1) and pCIP/ACTR/SRC-3 that interact with nuclear 
hormone receptors (Sterner and Berger, 2000). 
 
 
HISTONE DEACETYLASES 

The mechanism of action of HDACs involves removal of acetyl groups. The catalytic 
domain comprises of a 390 amino acid conserved sequence. Removal on an acetyl 
group occurs via a charge-relay system consisting of two adjacent histidine residues, 
two aspartic residues, and one tyrosine residue. A Zn2+ ion is bound to the bottom of 
the catalytic pocket and functions as a cofactor for the reaction. During binding of 
HDAC inhibitors the Zn2+ ion is often displaced thereby making the charge-relay 
system dysfunctional (de Ruijter et al., 2003). 
 
HDACs are divided into four main families depending on their sequence similarity and 
cofactor dependency: The classical class I, class II, and class IV histone deacetylases 
and the class III NAD-dependent enzymes of the Sir family (Table 1). 
 

Table 1. Classification of histone deacetylases in 
mammals and yeast. 

Class Mammals Yeast 
I HDAC1-3, 8 Rpd3 
II HDAC4-7,9,10 Hda1 
III sirtuin1-7 Sir2 
IV HDAC11 Rpd3 

 
 
Classical HDACs 

The classical HDACs can be divided into three classes depending on the sequence 
similarity to yeast histone deacetylases.  
 
Class I HDACs show high sequence similarity to yeast Rpd3 and are considered to be 
ubiquitously expressed (de Ruijter et al., 2003). This family comprises of HDAC1, 
HDAC2, HDAC3, and HDAC8. HDAC1 and HDAC2 are highly similar with about 
80% sequence similarity. HDAC1 was originally purified using a trapoxin affinity 
column and subsequently cloned and shown to have HDAC activity (Glozak and Seto, 
2007; Taunton et al., 1996). HDAC2 was cloned on the basis of its interaction with the 
transcriptional regulator ying yang 1 (YY1) and was shown to have transcriptional 
repressor activity (Yang et al., 1996a). The catalytic domain is situated in the N-
terminal and the C-terminal contains two casein-kinase 2 (CK2) phosphorylation sites 
(Yang and Seto, 2008). HDAC1 and HDAC2 do not contain a nuclear export signal 
while HDAC3 has both a nuclear import signal and a nuclear export signal (de Ruijter 
et al., 2003) The C-terminal of HDAC3 shows no apparent similarity to other HDACs 
(Karagianni and Wong, 2007). Also, HDAC3, as compared to HDAC2, only contains 
one CK2 phosphorylation site (Yang and Seto, 2008). HDAC8 is most similar to 
HDAC3 when compared to other members of class I (de Ruijter et al., 2003).  



7 

 
Mammalian class II HDACs are similar to yeast Hda1 HDAC and include HDAC4, 
HDAC5, HDAC6, HDAC7, HDAC9, and HDAC10. As compared to class I HDACs, 
class II HDACs show tissue specific expression and are known to shuttle between the 
nucleus and the cytoplasm (de Ruijter et al., 2003). The deacetylase domain is located 
in the N-terminal part of the amino acid sequences. In addition to the deacetylase 
domain, HDAC4, HDAC5, HDAC7, and HDAC9 also contain a N-terminal extension 
and therefore form a subgroup within class II, IIa (Yang and Seto, 2008). This 
extension includes binding sites for myosite enhancer factor-2 (MEF2), C-terminal 
binding proteins, and 14-3-3 proteins (de Ruijter et al., 2003). HDAC6 and HDAC10, 
form an additional subgroup, class IIb. HDAC6 differs from all other HDACs because 
it contains two catalytic domains and has a zinc finger that can interact with ubiquitin. 
So far two substrates have been identified in vivo, α-tubulin and HSP90 (Boyault et al., 
2007). The other class IIb member, HDAC10, does not show any deacetylase activity 
on its own, but has been shown to interact with many of the other HDACs (de Ruijter et 
al., 2003), and very little is actually known about its biological function. 
 
HDAC11 belongs to a separate class IV but is sometimes referred to as a class I 
member. So far very little is known about its function and regulation (Yang and Seto, 
2008). 
 
There are two ways in which HDACs can be recruited to the histone tail. Firstly, 
HDACs can be recruited to DNA by interaction with sequence-specific DNA binding 
proteins. Secondly, the histone tail may contain preexisting modification that makes it 
more susceptible to HDACs. For example histone H3K4me3 attracts histone 
acetylation and deacetylation (Clayton et al., 2006). 
 
The precise roles of histone deacetylation in transcriptional repression are not fully 
understood. For instance, analysis of cells treated with the histone deacetylase inhibitor 
trichostatin A (TSA) revealed that the expression of only 2% of cellular genes changed, 
despite an increase in core histone acetylation (Jepsen and Rosenfeld, 2002). 
 
 
Sirtuins 

Sirtuins (SIRTs) have a catalytic domain that is characterized by its requirement for 
nicotine adenine dinucleotide (NAD) cofactor. The deacetylation reaction generates 
three products: acetyl-ADP-ribose, nicontinamide, and the deacetylated peptide 
substrate. Class III HDACs are homologues to the yeast transcriptional repressor Sir2, 
and have no sequence similarity to class I, or class II HDACs. They are not directly 
affected by conventional HDAC inhibitors, but can be inhibited by nicotinamide. Sir2 
has been shown to increase lifespan of yeast, Caenorhabditis elegans and Drosophila 
melanogaster, and deletion of Sir2 has resulted in much shorter lifespan in yeast. It is 
known that calorie restriction extends lifespan, and it has been shown that Sir2 is 
required for lifespan extension by calorie restriction in yeast, C. elegans, and D. 
melanogaster (Blander and Guarente, 2004). The small molecule resveratrol activates 
SIRT1 in vitro and can promote survival in yeast (Borra et al., 2005; Howitz et al., 
2003).  
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Mammals have seven Sir2 homologues, SIRT1-7. The mammalian sirtuins SIRT1, 
SIRT6, and SIRT7 are localized in the nucleus, SIRT2 is localized in the cytoplasm and 
SIRT3-SIRT5 in the mitochondria. SIRT1 is the most exhaustively studied sirtuin in 
mammals. SIRT1 deacetylates a large number of non-histone substrates, including p53, 
Ku70, NF-κB, and forkhead proteins. Deacetylation of K382 of p53 by SIRT1 
decreases the activity of p53, represses p53-dependent apoptosis and increases cell 
survival under stressful conditions (Luo et al., 2001; Vaziri et al., 2001). SIRT1 also 
regulates nuclear receptors, peroxisome proliferators activated receptor γ (PPARγ) and 
PGC-α, influencing the differentiation of muscle cells, adipogenesis, fat storage in 
adipose tissue, and liver metabolism. It has been demonstrated that SIRT1 has 
neuroprotective effects in several systems (Kim et al., 2007; Qin et al., 2006), for 
example, it is involved in the axonal protection observed in the Wallerian strain of 
mice, which harbours a mutation that increases the levels of the NAD biosynthetic 
enzyme nicotinamide mononucletide adenylyl-transferase 1 (Nmnat1) (Araki et al., 
2004). The SIRT1 activator resveratrol also protects against cell death in striatal 
neurons with the Huntingtons disease allele htt (Parker et al., 2005). SIRT1 was 
reported to interact with the transcriptional repressors Hes1 and Hey2 (Takata and 
Ishikawa, 2003). Hes1 is a transcriptional repressor of Mash1, which is responsible for 
the activation of a neuron-specific transcription program. Recently it was shown that 
SIRT1 and Hes1 form a complex that binds to the Mash1 promoter, and thereby 
represses neuronal differentiation (Prozorovski et al., 2008). In addition, it has been 
shown that SIRT1 in mammals and Sir2 in yeast have a preference for histone H4K16 
acetylation (Braunstein et al., 1993; Vaquero et al., 2004). The cytoplasmic sirtuin 
SIRT2 was also shown to deacetylate histone H4K16 during mitosis (Vaquero et al., 
2006).  
 
 
HDAC COMPLEXES 

HDACs do not operate alone but are members of large multiprotein complexes that 
interact with DNA sequence-specific transcription factors and other chromatin 
modifiers to repress transcription. In mammals, HDAC1 and HDAC2 interact with one 
another and form the catalytic core of several multisubunit complexes. Three 
complexes containing HDAC1 and HDAC2 have been characterized so far: (i) Sin3, 
(ii) nucleosomal remodeling and deacetylation (NuRD), and (iii) corepressor of RE1-
silencing transcription factor (CoREST). The Sin3 complex consists of the histone 
binding proteins RbAp46/48, SAP18 and SAP30, which stabilize protein associations, 
and mSin3A, which is important for the interaction with DNA binding proteins. The 
NuRD complex also contains a core consisting of RbAp46/48, MTA2 and CHD3 and 
CHD4, which possess chromatin-remodelling domains. The CoREST complex contains 
a protein termed CoREST, which can recruit HDAC1 and HDAC2 via its SANT-
domain (Grozinger and Schreiber, 2002). 
 
Investigation of active repression by retinoic acid (RAR) and thyroid hormone 
receptors (T3R) led to the identification of the nuclear receptor corepressor (NCoR) and 
the related factor, silencing mediator for retinoic acid and thyroid hormone receptors 
(SMRT) (Chen and Evans, 1995; Horlein et al., 1995). Later it was found that HDAC3 
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form a stable complex with NCoR and SMRT and at least one additional protein, 
transducin β-like 1 (TBL1) (Jepsen and Rosenfeld, 2002). NCoR and SMRT are also 
necessary for the activation of HDAC3 (Guenther et al., 2001). HDAC1, HDAC2, 
HDAC4, HDAC5, HDAC7, and HDAC9 and Sin3 have been reported to interact with 
NCoR/SMRT although these interactions are not as strong as the 
NCoR/SMRT/HDAC3 complex (Karagianni and Wong, 2007). Although, NCoR and 
SMRT are highly similar, they are not redundant. Embryonic NSCs from NCoR 
deficient mice spontaneously differentiate into astrocytes in the presence of FGF2 
(Hermanson et al., 2002), whereas SMRT seems to be a repressor of both astroglial and 
neuronal fate (Jepsen et al., 2007). 
 
Class II HDACs, HDAC4, HDAC5, and HDAC7 interact directly with the myocyte 
enhancing factor (MEF) family of transcription factors. HDAC3 can also associate 
directly with HDAC4 and HDAC5 (Grozinger and Schreiber, 2002). 
 
The existence of different HDACs and HDAC complexes may suggest different 
specificity in their activities and functions. Early studies showed that mammalian 
HDAC1, HDAC2, and HDAC3 can deacetylate both histone H3 and H4 in free 
histones. In later in vitro work, Sin3/HDAC complexes were reported to deacetylate 
both histone H3 and H4, whereas the NCoR/SMRT/HDAC3 complex displayed 
preferential activity on histone H3. However, work from other groups showed HDAC3 
mediated deacetylation of lysines in histone H4 tails (Karagianni and Wong, 2007). 
 
 
EMBRYONIC NEURAL STEM CELLS 

The mammalian central nervous system (CNS) develops from a population of stem 
cells. Early studies led to the isolation of stem cells from the embryonic mammalian 
CNS (Cattaneo and McKay, 1990; Kilpatrick and Bartlett, 1993; Temple, 1989). To 
date, NSCs have been isolated from various parts of the developing CNS such as, the 
cerebral cortex, hippocampus, cerebellum, basal forebrain, and the spinal cord (Temple, 
2001). Embryonic NSCs have also been isolated from parts of the peripheral nervous 
system (PNS) e.g. the neural crest (Hjerling-Leffler et al., 2005). The embryonic NSCs 
can be identified by the intermediate filament protein, nestin (Lendahl et al., 1990). 
Mature cell lineages, can be characterized by cell lineage markers: the neuronal marker 
β-tubulin type III and the astrocytic marker, glial fibrillary acidic protein (GFAP) and 
the oligodendrocytic marker myelin basic protein (MBP). Embryonic NSCs can be 
isolated and cultured in vitro as adherent or floating cultures (Gage, 2000; Johe et al., 
1996). In adherent cultures the cells form large colonies of stem cells, neurons, and 
glia. In vitro, the proliferation of stem cells is favoured due to the addition of mitogen 
fibroblast factor 2 (FGF2). In the absence of FGF2, the cells spontaneously differentiate 
mainly into neurons and astrocytes, and to some extent oligodendrocytes (Hermanson 
et al., 2002; Johe et al., 1996). Also, exposure to extrinsic factors for example, platelet-
derived growth factor (PDGF), ciliary neurorophic factor (CNTF), and thyroid 
hormone (T3), can steer the cells into different fates (Johe et al., 1996).  
 
 



10 

HDACS IN DEVELOPMENT 

Genetic studies have been performed in order to elucidate the biological function of 
individual mammalian HDACs. Mouse embryos deficient in HDAC1 die before 
embryonic day 10.5. Moreover, HDAC1-deficient embryonic stem cells exhibit 
reduced proliferation that could be due to increased levels of cyclin-dependent kinase 
inhibitors p21 and p27. HDAC2 and HDAC3 are upregulated in HDAC1 null mice, 
however their presence cannot compensate for the loss of HDAC1 (Lagger et al., 
2002). Specific deletion of HDAC1 in various tissues, such as cardiac, skeletal, smooth 
muscle, neural crest, and the central nervous system, has no effect on viability 
(Montgomery et al., 2007). Recently three independent HDAC2 mutants were 
generated (Montgomery et al., 2007; Trivedi et al., 2007; Zimmermann et al., 2007). 
Whereas two of them where reported to be viable the third one was found to be lethal. 
The reported discrepancies are probably due to differences in the generation of the 
mutants. Zimmerman et al reported that the generated HDAC2 mutant showed a 
general reduction in body size and a specific reduction of the brain, testes, and thinner 
intestinal mucosa. Trivedi et al found hypertrophy of the heart associated with 
inactivation of glycogen synthase kinase 3β (Gsk3β). Montgomery et al found that 
specific cardiac deletion of either HDAC1 or HDAC2 showed no apparent effect on 
cardiac development, whereas deletion of both genes in the heart resulted in lethal 
cardiac abnormalities.  
 
Class II HDACs seem to be dedicated to the control of tissue growth and development. 
Both HDAC5 and HDAC9 appear to be negative regulators of cardiac growth, since 
their respective mutants spontaneously develop cardiac hypertrophy with age (Chang et 
al., 2004; Zhang et al., 2002). HDAC4 is expressed in chondrocytes of the developing 
skeleton and determines the timing and extent of endochondral bone formation. 
HDAC4-null mice display premature ossification of developing bones due to ectopic 
and early onset of chondrocyte hypertrophy, whereas ectopic expression of HDAC4 in 
chondrocytes inhibits hypertrophic growth and differentiation (Vega et al., 2004). 
HDAC7 is expressed specifically in the developing vascular endothelium, and HDAC7 
null mice die at midgestation from vascular dilatation and rupture caused by loss of 
adhesion between endothelial cells (Chang et al., 2006). 
 
Different defects have been reported in SIRT1-deficient mice, such as delay in eyelid 
opening, cardiac defects, sterility, and increased levels of p53 acetylation (Blander and 
Guarente, 2004). 
 
HDACs in neural development and plasticity 

Putative roles for HDACs in neural development come mostly from work done using 
inhibitors of class I and class II HDACs. HDAC inhibitors can mediate neuronal 
differentiation of embryonic day 18 cortical cells and adult hippocampal neural 
progenitor cells (Hao et al., 2004; Hsieh et al., 2004). In addition, HDAC activity has 
been shown to be important for oligodendrocyte progenitor cells to progress into 
mature oligodendrocytes (Marin-Husstege et al., 2002).  
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HDACs can be recruited to the promoter of neuronal genes in order to repress these 
genes in non-neuronal cells. These promoters share a 21-23 base pair DNA response 
element, known as repressor element 1 or neuron restrictive silencer element 
(RE1/NRSE) (Schoenherr and Anderson, 1995). The NRSE is a binding site for the 
RE-1 silencing transcription factor/neuronal restricted silencing factor (REST-NRSF). 
REST-NRSF can mediate repression, through association with the mSin3A/B complex, 
with NCoR and with the CoREST/HDAC2 complex (Ballas et al., 2001; Jepsen et al., 
2000; Naruse et al., 1999). Hsieh et al have showed that adult multipotent neural 
progenitor cells differentiate predominantly into neurons in the presence of valproic 
acid (VPA). The VPA-mediated neuronal differentiation was correlated with the 
upregulation of REST/NRSF-regulated genes, including the neurogenic bHLH 
transcription factor, NeuroD (Hsieh et al., 2004). 
 
Changes in histone acetylation have been shown to occur as a response to neural 
plasticity and memory in correlation with regulation of gene expression. Ballas et al 
have showed that RE1-containing genes, such as CREB and BDNF, can be 
upregulated, by depolarization and the HDAC inhibitor TSA in cortical neurons (Ballas 
et al., 2005). Moreover, Tsankova et al studied the effect of electroconvulsive seizures 
on histone H3 and H4 acetylation. They found that histone H4 acetylation correlated 
with the expression of c-fos, BDNF and CREB mRNA levels. Histone H4 acetylation 
selectively increased at the BDNF II promoter. Also, histone H3 acetylation showed a 
specific increase after chronic electroconvulsive seizures and this increase was specific 
for BDNF III and IV (Tsankova et al., 2004). 
 
 
HISTONE MODIFICATIONS IN DISEASE 

Histone modifications and methylation of CpG dinucleotides in the DNA control 
accessibility of chromatin to the transcriptional machinery. Dysregulation of these 
modifications has been shown to take part in several diseases such as the 
neurodevelopmental disorders Rubinstein-Taybi syndrome and Rett syndrome as well 
as different cancers. 
 

 Rubinstein-Taybi syndrome is a rare autosomal-dominant disease characterized 
by severe mental retardation, retarded growth, skeletal abnormalities, and an 
increased risk of cancer. It is caused by heterozygous mutations in HAT CBP 
(Hong et al., 2005; Murata et al., 2001; Petrij et al., 1995). Mice carrying one 
allele of a truncated CBP protein that lacks the carboxy-terminal HAT domain 
exhibit a severe Rubinstein-Taybi syndrome-like phenotype (Oike et al., 1999). 
Different Rubinstein-Taybi mouse models also exhibit defects in learning and 
memory tasks. Gene rescue experiments suggest that these defects are partly 
due to impaired CREB-dependent transcription. Administration of HDAC 
inhibitors has been shown to transiently rescue memory deficit, which implies a 
role for HAT activity in memory consolidation alternatively activation of 
compensatory mechanisms induced by HDAC inhibitors (Hong et al., 2005). 

 
 Rett syndrome is a progressive childhood neurodevelopmental disorder that is 

characterized by mental retardation and cognitive decline. It is an X-linked 
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disorder caused by mutations in MeCP2 gene, which belong to a family of four 
methyl-CpG binding domain (MBD) proteins (Hong et al., 2005). MeCP2 binds 
to methylated CpG dinucleotides, whereupon it recruits HDACs and 
transcriptional repressors such as mSin3A. MeCP2 null mutants, as well as 
conditional deletion of MeCP2, recapitulate the syndrome in mice. The MeCP2 
deletion results in subtle changes in gene expression. Two reports have 
demonstrated that MeCP2 regulates BDNF, which is known to play an 
important role in brain development, learning, and memory. MeCP2 has been 
found to be bound to the promoter region of exon III in cortical neurons, and 
following depolarization MeCP2 dissociates from the promoter (Chen et al., 
2003; Martinowich et al., 2003).  

 
 
HISTONE DEACETYLASE INHIBITORS IN CANCER THERAPY 

HDACs, like many other genes that are important for gene regulation, have been shown 
to play important roles in cancer development. For example, HDAC1 has been shown 
to be overexpressed in prostate cancer, HDAC2 is overexpressed in various 
carcinomas, and HDAC3 is overexpressed in colon cancer. Also, specific changes in 
modifications of histones have been found in many cancers. For example, Fraga et al 
have reported that loss of histone H4K16 acetylation and H4K20 trimethylation is 
common in regions that undergo DNA hypomethylation in cancer cells. The 
hypoacetylation of histone H4K16 is caused at least in part by diminished recruitment 
of the MYST family of HATs (Fraga et al., 2005). Also, histone H3K18 acetylation 
coupled with histone H3K4 dimethylation has been proposed to indicate a lower risk 
for prostate cancer recurrence (Seligson et al., 2005). 

 
Research demonstrating that inappropriate recruitment of HDACs contributes to cancer 
development initiated the use of HDAC inhibitors in cancer treatment. HDAC 
inhibitors can affect transcription by inducing acetylation of histones, transcription 
factors, and other proteins, and thereby block cell proliferation, promote differentiation 
and induce apoptosis. 
 
HDAC inhibitors with different structural characteristics have been discovered and can 
therefore be divided into different groups: (i) short-chain fatty acids, (ii) epoxides, (iii) 
cyclic peptides, (iv) hydroxamic acids, (v) benzamides and (vi) hybrid compounds. 
Hydroxamic acids are the most common form of HDAC inhibitors. The general 
structure of these compounds consists of a hydrophobic linker that allows the 
hydroxamid acid moiety to bind the cation at the base of the HDAC catalytic pocket, 
while the hydrophobic part blocks the entrance to the active site. Members of this 
family of inhibitors are for example TSA and SAHA, and they reversibly inhibit 
HDACs in nanomolar to micromolar concentration in vitro. VPA and butanoic acid 
belong to the short-chain fatty acids. This group has much lower potency because of 
their short side chains, limiting the contact with the catalytic pocket of HDACs. VPA is 
used in the clinic as an anti-convulsant and inhibits HDACs in vitro at millimolar 
concentrations. VPA has been shown to selectively inhibit class I HDACs (Gottlicher et 
al., 2001). In contrast to other HDAC inhibitors, trapoxin and depudecin from the 
epoxide family, irreversibly bind to HDACs (Kim et al., 2006). 
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Treatment with HDAC inhibitors activates the expression of epigenetically silenced 
genes by inducing hyperacetylation of histones. For example, several HDAC inhibitors 
have been shown to activate the expression of the tumour suppressor gene p21. p21 
inhibits cell cycle progression, blocking cyclin-dependent kinase activity and causing 
cell cycle arrest in G1. Induction of p21 leads to either cell cycle arrest or differentation 
(Marks et al., 2001).  
 
HDAC inhibitors have also been shown to activate both the extrinsic and the intrinsic 
apoptotic pathways. For example, recent studies showed that VPA can induce 
transcriptional reactivation of death receptor proteins, such as TRAIL, Fas, and FasL in 
leukemic cells, leading to apoptotic cell death (Kim et al., 2006). The intrinsic 
apoptosis pathway is mediated by mitochondria, with release of mitochondrial proteins 
such as cytochrome c, apoptosis inducing factor (AIF) and Smac, with the consequent 
activation of caspases. Other important players are pro- and anti-apoptotic proteins of 
the bcl-2 family. HDAC inhibitors can alter the regulation of the intrinsic pathway, by 
upregulating proapoptotic proteins of the Bcl-2 family, such as Bim, Bmf, Bax, Bak 
and Bik, by decreasing antiapoptotic proteins of the Bcl-2 family, such as Bcl-2 and 
Bcl-XL and by causing the release of cytochrome c, AIF, and Smac from the 
mitochondria (Xu et al., 2007). There are several more examples of HDAC inhibitor 
effects, such as induced cell death, as a result of accumulation of reactive oxygen 
species (ROS), and inhibition of angiogenesis. 
 
HDAC inhibitors have been shown to preferentially induce cell death in cancer cells. A 
reason for this could be that at a transcriptional level, HDAC inhibitors preferentially 
upregulate pro-death genes or downregulate pro-survival genes in cancer cells. 
Although, it is unlikely that this only happens in cancer cells, the affected genes might 
be deregulated in cancer cells, and thus the effect caused by HDAC inhibitors could be 
more profound. Also, gene regulation by HDAC inhibitors might have different 
consequences in cancer cells compared to normal cells, if the downstream pathway of 
the affected gene is already aberrant in cancer cells. Finally, the cell death-inducing 
effect of HDAC inhibitors might not be only due to histone deacetylation and 
subsequent transcriptional regulation, because the inhibitors can also block 
deacetylation of other important proteins.  
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AIM OF THE THESIS 
The aim of this thesis was to investigate the role of histone deacetylases in neural stem 
and cancer cells. 
 
Specific aims were to: 
 

 Elucidate any roles for histone deacetylases in the regulation of gene 
expression, and differentiation of neural stem cells and to investigate target 
specificity of individual histone deacetylases on specific promoters. 

 
 Investigate the effect of histone deacetylase inhibition on the activation of 

different apoptotic signaling pathways in non-small cell lung cancer cells. 
 

 Investigate common mechanisms underlying histone deacetylase inhibitor 
sensitization of non-small cell lung cancer cells and neuroblastoma cells, 
with focus on chromatin, histone modifications and putative histone 
modifying enzymes. 

 
 Elucidate the role of SIRT1 in mediating the effects of resveratrol on 

embryonic neural stem and cancer cells. Also, to investigate the effects of 
resveratrol, red wine, and white wine, on oxidative stress and cell viability 
in embryonic NSCs and various cancer cells. 
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RESULTS AND DISCUSSION 
PAPER I  

HDAC3 mediates selective repression of H3K9 acetylation and neuronal 
differentiation in embryonic neural stem cells 
 
Histone deacetylases can be recruited to DNA-regulatory elements by transcriptional 
regulators, as members of multiprotein complexes. Members of class I HDACs have 
been associated with the corepressors NCoR and SMRT. These two co-repressors 
exhibit distinct knockout phenotypes in embryonic neural stem cells (NSCs). However, 
no studies have in detail elucidated a function of individual HDACs in embryonic 
neural stem cell differentiation.  
 
The aim of paper I was to elucidate HDAC function in gene expression, histone 
modifications, and differentiation. 
 
Treatment of embryonic NSCs with the class I HDAC inhibitor VPA at 1mM resulted 
in an increased neuronal differentiation, compared to non-treated cells within 48 hours. 
We did not observe any increase in glia markers. Treatment with higher doses of VPA 
as well as the pan HDAC inhibitor TSA resulted in increased cell death. We further 
analysed the acetylation level of various lysine residues of histone proteins. Histone 
H4K5, H4K8, H4K12, and H4K16 all displayed high acetylation levels and treatment 
with VPA for 3 hours had no effect. On the other hand, histone H3K9 and H3K14 were 
hypoacetylated in embryonic NSCs. Treatment with TSA caused an increased 
acetylation level of histone H3K14, whereas VPA had no effect. Histone H3K9 
displayed an increased acetylation after treatment by either VPA or TSA, suggesting 
that histone H3K9 is regulated by class I HDACs, whereas histone H3K14 is regulated 
by class II HDACs. Further monitoring of histone H3K9 and H3K14 over 72 hours 
treatment showed that H3K9 acetylation seems to be specifically associated with 
neuronal differentiation.  
 
To further elucidate the effects of VPA treatment in embryonic NSCs we performed a 
microarray study investigating the changes in gene expression 3 hours after VPA 
treatment. About 800 genes showed increased expression (>1.5 fold). VPA treatment  
induced a specific increased expression of genes associated with neuronal identity. 
Genes showing decreased expression included those associated with stem cell state as 
well as various corepressors and chromatin-modifying proteins. This indicates that 
VPA stimulation of NSC induces a rapid alteration of gene expression and suggests that 
effects seen at later timepoints might be secondary.  
 
One of the genes that was found to be upregulated in the microarray was brain-derived 
neurotrophic factor (BDNF) which, previously has been shown to enhance neuronal 
differentiation (Vicario-Abejon et al., 1998). In order to determine if BDNF was 
required for VPA induced neuronal differentiation we analysed mice harbouring 
targeted gene deletion of BDNF. NSCs isolated from BDNF+/- mice showed less 
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neuronal differentiation after VPA treatment compared to VPA treated wildtype NSCs, 
indicating that BDNF is required for VPA induced neuronal differentiation of NSCs.  
 
The BDNF gene is built up by several non-coding exons and one coding exon. The 
non-coding exons have specific independent promoter regions and can be spliced to the 
coding exon (Timmusk et al., 1993). We therefore analysed the acetylation status on the 
BDNF promoter by chromatin immunoprecipitation. Histone H3K9 acetylation was 
highly increased promoter IV after VPA treatment whereas, histone H3K14 and histone 
H4 residues were unaffected. Interestingly, the GFAP promoter also showed increased 
acetylation of histone H3K9. This suggests that acetylation of histone H3K9 is not 
always sufficient for increased gene expression and that the GFAP promoter seems to 
be regulated by other means in the embryonic NSCs.  
 
Gene regulation requires a combination of different histone modifications. Recently, it 
has been shown that histone modifications normally associated with antagonistic gene 
regulation can occur in the same promoter region, such as histone H3K4me3 and 
histone H3K27me3 (Azuara et al., 2006; Bernstein et al., 2006). These “poised” regions 
would allow for a quick regulation of gene expression. We found that BDNF IV 
promoter, as well as other neuronal genes, have high basal levels of histone H3K4 
trimethylation in embryonic NSCs. It was recently published that demethylation of 
histone H3K27 is an important event in neuronal regulation (Jepsen et al., 2007). 
Therefore, we can conclude that demethylation of histone H3K27 in combination with 
histone H3K4me3 and histone H3K9ac are important for the expression of neuronal 
genes.  
 
Whereas there is literature on VPA induced neuronal differentiation (Hsieh et al., 
2004), no investigations have been carried out to determine which HDACs that are 
mediating this effect. Class I HDACs are expressed early in development (Lagger et al., 
2002), which makes it rather complicated to generate traditional gene deficient mice. 
We therefore developed siRNA against HDAC2 and HDAC3, which are highly 
expressed in embryonic NSCs, to target them individually. We found that siHDAC3 
alone caused increased neuronal differentiation, whereas siHDAC2 had no effect. Also, 
siHDAC3 caused increased acetylation of histone H3K9 in NSCs, as well as specific 
acetylation on the BDNF IV promoter, whereas acetylation of histone H3K14 was not 
affected. Analysis of gene expression showed that siHDAC2 had no effect on BDNF, 
whereas siHDAC3 was sufficient to induce BDNF expression in NSC. Further, 
chromatin immunoprecipitation experiments revealed that both HDAC2 and HDAC3 
are situated at the BDNF IV promoter. Therefore, it appears that HDAC3 performs 
non-redundant repression on the BDNF IV promoter.  
 
Although siHDAC3 resulted in increased neuronal differentiation, VPA was more 
efficient in inducing neurogenesis. Interestingly, additional analysis of the microarray, 
in order to find HDAC3 independent mechanisms that could be involved in the VPA 
mediated differentiation, revealed the upregulation of Numb. Numb is a negative 
regulator of Notch signaling and Notch signaling inhibits neuronal differentiation and 
maintains NSCs in a proliferative state (Gaiano and Fishell, 2002). We also found an 
upregulation of the closely related Numblike by VPA treatment. Simultaneous 
knockdown of Numb and Numblike by siRNA resulted in a small reduction of neuronal 
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differentiation by VPA treatment. Both HDAC2 and HDAC3 occupied the Numb 
promoter. Whereas siHDAC3 had no effect on Numb or Numblike gene expression or 
histone H3K9 acetylation, siHDAC2 increased both Numb and Numblike gene 
expression. siHDAC2 had however no effect on acetylation of histone H3K9 or 
H3K14. This would suggest that HDAC2 exerts non-redundant repression of Numb, 
but unlike HDAC3 knockdown, HDAC2 knockdown is not sufficient to increase 
neuronal differentiation.  
 
As previously mentioned, HDAC3 can be part of a co-repressor complex together with 
the co-repressors NCoR and SMRT (Jepsen and Rosenfeld, 2002). NCoR and SMRT 
have important roles in repressing neural differentiation and to maintain neural stem 
cell state (Hermanson et al., 2002; Jepsen et al., 2007). The effects of siHDAC3 in 
NSCs have similarities with SMRT deletion (Jepsen et al., 2007), and indeed, SMRT 
expression was downregulated by VPA treatment. Midgestation embryonic NSCs from 
NCoR-/- mice fail to maintain a stem cell state and spontaneously differentiate in 
astrocytes, but not to neurons (Hermanson et al., 2002). However, at this timepoint the 
NSCs are proceeding from a neurogenic state to a more gliogenic state. In order to find 
out if NCoR has any function in the repression of neuronal differentiation, we isolated 
early neuronal progenitors that do not differentiate into astrocytes. The early neuronal 
progenitors from NCoR-/-, did not spontaneously differentiate to neither neurons nor 
astrocytes but remained undifferentiated in the presence of FGF2. This suggests that 
NCoR is not a repressor of neuronal differentiation, and that the HDAC3 mediated 
repression of neuronal differentiation is associated with SMRT repressor complexes. 
 
BDNF gene expression has previously been shown to be regulated by REST (Ballas et 
al., 2005) and Hsieh et al have showed VPA mediated neuronal differentiation 
correlated with an upregulation of REST regulated genes. However, we found few 
REST targets in the microarray analysis after 3 hours of VPA treatment, and our 
analysis of the BDNF gene does not contain any REST regulatory elements. Also, since 
Hsieh et al studied the effect at much later timepoints it is very likely that the displayed 
effects are secondary. 
 
We show that knockdown of HDAC3 can mimic the effect of VPA on embryonic 
neural stem cells. Further analysis of Hypoxia-inducible factor 1 α (HIF1α), that was 
found to be downregulated in the microarray, showed that TSA and VPA caused a 
dose-dependent inhibition of HIF1α expression. However, individual knockdown of 
HDAC2, HDAC3, or HDAC7 by siRNA did not show any conclusive regulation of 
HIF1α. Therefore, it is important to be aware of that HDAC inhibitors can have very 
specific effects but that they are not always dependent on HDACs. Also, as HDACs 
cause a general increase in acetylation one would expect most genes to be upregulated 
after VPA treatment, however the fact that some genes are downregulated might be due 
to indirect effects. 
 
In summary, we show that HDAC3 represses neuronal differentiation in embryonic 
neural stem cells and that HDAC3 specifically and non-redundantly represses histone 
H3K9 acetylation and BDNF expression.  
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PAPER II 

Combinatorial action of the HDAC inhibitor trichostatin A and etoposide induces 
caspase-mediated AIF-dependent apoptotic cell death in non-small cell lung 
carcinoma cells 
 
Based on histology, lung cancers can be divided into small cell lung carcinoma (SCLC) 
and non-small cell lung carcinoma (NSCLC). SCLC and NSCLC can also be 
characterized by their different sensitivity to radio- and chemotherapy, to which a 
subset of NSCLC exhibit an intrinsic resistance (Joseph et al., 2001). Induction of 
apoptosis is an important mechanism in the elimination of tumor cells. It has previously 
been shown that two different apoptotic pathways are hampered in NSCLC cells, 
thereby hindering cell death via apoptosis, by blocking the cytochrome c/caspase 
dependent pathway and by the absence of the apoptosis inducing factor (AIF) pathway.  
 
The goal of anticancer treatments is to selectively eradicate tumour cells. It is clear that 
tumour cells, even though they exhibit inappropriate cell proliferation and cell death 
pathways, still keep their potential to undergo differentiation and apoptosis under 
certain conditions. In the last couple of years it has become evident that HDAC 
inhibitors can restore this potential in tumour cells and thereby promote differentiation 
and induce apoptosis (Marks et al., 2001).  
 
The aim of paper II was to investigate the effect of HDAC inhibition on the activation 
of different apoptotic signaling pathways in NSCLC cells. 
 
NSCLCs have previously been shown to be resistant to apoptosis induced by DNA-
damaging agents, such as etoposide (VP16), an inhibitor of topoisomerase II (Joseph et 
al., 2001). This led us to investigate the effect on cell death with the HDAC inhibitors 
VPA and TSA, or in combination with VP16. Treatment of the NSCLC cell line H157 
with VPA had no effect on cell death, and in combination with VP16 only a minor 
effect on cell survival. While neither TSA nor VP16 alone promoted cell death, the 
combination of TSA and VP16 on the other hand resulted in substantial cell death. 
Since the resistance of NSCLCs to conventional cancer treatments has been linked to 
an absence of translocation of active caspase-3 to the nucleus, as well as the absence of 
PARP cleavage, we analysed the cytochrome c release into the cytosol, the activation 
of caspase-3 and the processing of PARP. VP16-induced cytochrome c release was 
increased by combined treatment with VPA/VP16 or TSA/VP16. Also, VP16-induced 
caspase-3 activity, was elevated by combined treatment. Finally, PARP cleavage, that 
is not seen by VP16 treatment, was induced by the combined treatment of TSA and 
VP16.  
 
It has previously been shown that NSCLCs are sensitive to the broad kinase inhibitor 
staurosporine, via caspase activation and mitochondrial dysfunction associated with 
AIF release (Gallego et al., 2004; Joseph et al., 2002). To further characterize the 
TSA/VP16 induced cell death, we evaluated the putative involvement of the AIF-
dependent pathway. To this end, we investigated the loss of mitochondrial trans-
membrane potential, mitochondrion-nuclear translocation of AIF and large-scale DNA 
fragmentation were investigated. We found depolarization of the mitochondrial trans-
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membrane potential only upon combined treatment with TSA/VP16. AIF is normally 
localized in the mitochondria, however, after combined treatment with TSA/VP16, AIF 
was redistributed in the cytoplasm and a large portion was also found in the nucleus. 
TSA/VP16 combined treatment also resulted in large-scale DNA fragmentation, which 
confirmed the nuclear translocation of AIF. 
 
To understand the role of caspases in the TSA/VP16 induced cell death, we 
investigated the effect of the pan-caspase inhibitor zVAD-fmk. We found that 
preincubation with zVAD-fmk completely inhibited caspase-3 activity, showed less 
PARP cleavage and abolished cell death induced by TSA/VP16. Preincubation with 
zVAD-fmk also resulted in less drop of mitochondrial trans-membrane potential, with 
AIF kept in the typical mitochondrial localization. These set of experiments revealed 
that caspase activation is required not only for the processing of nuclear proteins such 
as PARP, but also for the release of AIF from mitochondria. To further elucidate the 
importance of AIF in TSA/VP16 induced apoptosis in NSCLC cells we transiently 
knocked down AIF with siRNA. We found that siRNA-mediated knockdown of AIF 
inhibited PARP cleavage and nuclear fragmentation observed upon TSA/VP16 
treatment. So even though, TSA/VP16-induced apoptosis acts in a caspase-dependent 
manner, the AIF-dependent mitochondrial apoptotic pathway is required for apoptosis 
in NSCLC cells. 
 
Pro- and anti-apoptotic members of the Bcl-2 family control mitochondrial outer-
membrane permeabilization and subsequential release of AIF. The anti-apoptotic 
members Bcl-2 and Bcl-xL block release of apoptosis promoting proteins from the 
mitochondria, whereas pro-apoptotic proteins, such as Bax, promote it. TSA/VP16 co-
treatment caused activation of Bax and relocalization to the mitochondria. Expression 
analysis of Bcl-2 and Bcl-xL revealed that Bcl-2 protein levels were reduced by VPA 
and TSA, however VPA/VP16 co-treatment did not induce apoptosis in NSCLC cells. 
This indicates that Bcl-2 downregulation was not enough to sensitize the cells to the 
VP16-killing effect. VP16 treatment alone led to an increase in Bcl-xL that was 
reduced by TSA/VP16 but not by VPA/VP16. Transient siRNA mediated knockdown 
of Bcl-xL was by itself able to induce cell death and promote VP16-induced apoptosis.  
 
In summary, we have shown that HDAC inhibitors can help to restore the apoptotic 
pathway in NSCLC cells and thereby sensitize the cells to DNA damaging agents. Both 
TSA and VPA treatments showed increased histone H4 acetylation, however, while 
TSA in combination with VP16 was successful in inducing apoptosis in NSCLC cells, 
VPA in combination with VP16 was not. The HDAC inhibitors TSA and VPA are two 
unrelated compounds and might therefore show cell-type specific effects. This should 
be kept in mind when introducing HDAC inhibitors as therapeutic agents for cancer 
disease. 
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PAPER III 

Opposing effects of hMOF and SIRT1 on H4K16 acetylation control the 
sensitivity to topoisomerase II inhibition 
 
A number of HDAC inhibitors have been characterized that can inhibit tumour growth, 
block cell proliferation, promote differentiation and induce apoptosis. Several 
mechanisms have been proposed to explain the action of HDAC inhibitors, but there is 
still much to learn about these specific mechanisms. Since the effect of HDAC 
inhibitors, in general, results in an increased level of acetylated histones, paper III 
aimed to investigate common mechanisms underlying HDAC inhibitor sensitization of 
cancer cells with the focus on chromatin structure, histone modifications and putative 
histone modifying enzymes. Our main model system was NSCLC cells that are highly 
resistant to conventional anticancer treatments. 
 
To test the hypothesis that HDAC inhibitors increase chromatin accessibility and 
thereby increase the efficiency of DNA damaging agents such as VP16, an etoposide 
that specifically inhibits topoisomerase II, we treated NSCLC cells with TSA, or VPA 
alone or in combination with VP16. TSA and VPA induced chromatin relaxation, and 
when combined with VP16 also increased DNA damage and could be associated with 
γ-H2AX nuclear foci. By pre-treatment with TSA, followed by removal of TSA, we 
also found that the enhancing effect of TSA on VP16-induced DNA damage was 
abolished. The HDAC inhibitor mediated sensitization to topoisomerase II inhibition 
does not seem to be dependent on protein synthesis, as seen by similar levels of DNA 
damage in cycloheximide-treated and untreated samples. Acetylation of specific 
histone lysines has been associated with cancer cells and cancer recurrence (Fraga et 
al., 2005; Seligson et al., 2005), which led as to analyse the level of acetylation on a 
number of histone lysines. Remarkably, histone H4K16 acetylation was low in NSCLC 
cells when compared to a high level in embryonic NSCs. Treatment with either TSA or 
VPA resulted in a strong increase of acetylated histone H4K16 in NSCLC cells.  
 
Since histone acetylation levels are balanced by the action of HATs and HDACs the 
question is what HAT is responsible for the acetylation of histone H4K16? hMOF 
belongs to the MYST1 family of HATs and has previously been associated with 
histone H4K16 acetylation (Smith et al., 2000; Taipale et al., 2005). In fact, 
overexpression of hMOF in NSCLCs resulted in an increase of histone H4K16 
acetylation as well as enlarged nuclei. Overexpression of hMOF and co-treatment with 
VP16 caused an increased cell death. From siRNA knockdown experiments of hMOF, 
we also found that endogenous hMOF is required for the promoting effects of 
TSA/VP16 mediated cell death.  
 
The histone deacetylase SIRT1 has been reported as a histone H4K16 deacetylase 
(Vaquero et al., 2004), implying that SIRT1 could be a counteracting deacetylase on 
histone H4K16. Indeed, inhibition of SIRT1 with nicotinamide or siRNA resulted in a 
robust increase of histone H4K16 acetylation. Furthermore, nicotinamide or siSIRT1 in 
combination with VP16 resulted in a significant increase in cell death. To assess the 
importance of SIRT1 downregulation for HDAC inhibitor induced cell death, we 
overexpressed SIRT1. It resulted in a selective decrease in histone H4K16 acetylation 
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specifically in SIRT1 transfected, TSA-treated cells. Overexpression of SIRT1 by itself 
did not have an apparent effect on cell death but reduced TSA/VP16-induced cell 
death.  
 
Shoegren-Knaak et al have showed that acetylation of histone H4K16 is an important 
mark for the regulation of higher order chromatin. Such relaxed chromatin could 
constitute an environment that would allow for increased transcriptional activity. 
However, we could conclude from our experiments that the TSA/VP16-induced cell 
death was not a result of altered gene expression. Rather, specific acetylation of histone 
H4K16 causes a global relaxation of the chromatin, which in turn makes it more 
accessible for the topoisomerase II inhibitor VP16. In paper II we could show that TSA 
in combination with VP16 induced apoptotic cell death in a caspase-dependent manner 
accompanied by a decrease in BclxL expression and initiation of AIF-dependent death 
pathway. However, VPA in combination with VP16 could not induce apoptosis in the 
same manner. In this study we have found that treatment with TSA or VPA in 
combination with VP16 caused an increased cell death in NSCLC cells as assessed by 
fragmented, damaged, or condensed nuclei. Therefore, it appears that both HDAC 
inhibitors, VPA and TSA, in combination with VP16 both can cell death of NSCLC 
cells, but through different mechanisms. 
 
Fraga et al have reported a specific loss of histone H4K16 acetylation in malignant 
cancer cells that was associated with loss of trimethylated histone H4K20 and 
hypomethylation of DNA repetitive sequences, which is in agreement with our results 
of low acetylation level of H4K16 in all NSCLCs analysed. While the NSCLC cells 
exhibited low levels of histone H4K16 acetylation, NSCs have high levels of histone 
H4K16 acetylation. Since cancers arise due to genetic and epigenetic changes, it is 
tempting to believe that the observed difference seen at the level of histone H4K16 
acetylation is an epigenetic difference due to cancer development.  
 
We found that SIRT1 silencing in combination VP16 treatment resulted in a significant 
increase in cell death. However, SIRT1 reduction alone was also sufficient to increase 
cell death in NSCLCs. This indicates that SIRT1 may play multiple roles in cell death 
and survival. In fact, SIRT1 has been shown to deacetylate p53 and thereby repressing 
p53-dependent apoptosis (Vaziri et al., 2001). 
 
To summarize, we have shown that TSA and VPA induce chromatin relaxation and 
sensitization to the etoposide, VP16. The HDAC inhibitor sensitization was associated 
with a specific increase in histone H4K16 acetylation. Also, hMOF activation and 
SIRT1 inhibition were sufficient and required for mediating the effect of HDAC 
inhibitors on sensitization, chromatin relaxation, and histone H4K16 acetylation. 
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PAPER IV 

Red wine triggers cell death and thioredoxin reductase inhibition: effects beyond 
resveratrol and Sirt1 
 
As mentioned previously, the small molecule resveratrol has been shown to activate 
SIRT1 in vitro (Borra et al., 2005). Resveratrol is a phytoestrogen with antioxidant 
properties, and is produced by various plants, such as grapes and peanuts, as a response 
to stress. Moreover, resveratrol has positive effects on mature neurons and it has been 
speculated that the positive effects of red wine on the cardiovascular system are due to 
the resveratrol content. 
 
The aim of paper IV was to elucidate any potential role for SIRT1 in mediating the 
effects of resveratrol on embryonic neural stem and cancer cells. Also, to investigate 
the effects of resveratrol, red wine, and white wine on oxidative stress and cell viability 
in embryonic NSCs and cancer cells. 
 
We first tested the effect of resveratrol on embryonic NSCs, and found that high 
concentrations of resveratrol caused increased cell death, while lower concentrations 
inhibited neuronal differentiation. The inhibition of neuronal differentation was 
dependent on SIRT1, as siSIRT1 abolished the effect. This is in agreement with a work 
just recently published by Prozorovski et al, in which it was reported that resveratrol 
exerts a SIRT1 dependent inhibitory effect on neuronal differentiation in embryonic 
NSCs (Prozorovski et al., 2008). siSIRT1 had no effect on the resveratrol induced cell 
death. In addition, we investigated the effect of resveratrol on the human neuroblastoma 
cell line SH-SY5Y, because it has previously been shown to induce apoptosis in 
various cancer cell lines (de la Lastra and Villegas, 2007; Shankar et al., 2007). We 
found that SH-SY5Y cells were much more resistant to resveratrol compared to the 
NSCs, and that only a small effect was seen on cell viability. In agreement with the 
results observed in NSCs, siSIRT1 had no effect on cell viability in SH-SY5Y cells.  
 
Since resveratrol is found in the skin of grapes, it is also a component of red wine and 
to some extent also white wine, we treated NSCs and SH-SY5Y cells with red wine. 
We found that small amounts of red wine caused a massive cell death of the NSCs 
within 24 hours. Control samples, treated with white wine or ethanol with the same 
alcohol content showed no sign of cell death and were kept in culture for a week. SH-
SY5Y cells were more resistant to the red wine compared to NSCs, and neither the 
white wine nor ethanol had any effect. Treatment with siSIRT1 had no effect on the red 
wine-mediated cell death in NSCs or SH-SY5Y cells. As the effects of resveratrol were 
seen at concentrations that exceed the concentration of resveratrol in the red wine we 
can conclude that the red wine mediated cell death is neither dependent on SIRT1 nor 
resveratrol. Furthermore, to study if the effect of red wine was restricted to cells of 
neuroectodermal origin we treated various cell lines, from different origins, such as 
HeLa, COS7, A549, HCT116, H157, and HEK293 with red wine. All these cell lines 
showed increased cell death in the presence of red wine whereas the white wine had no 
effect.  
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Oxidative stress can occur as a consequence of disturbances in the balance between the 
generation of reactive oxygen species (ROS) and the antioxidant defence mechanisms. 
Excessive amounts of ROS can lead to disruption of cellular integrity. Resveratrol has 
not only been shown to exhibit antioxidant properties, but also prooxidative effects (de 
la Lastra and Villegas, 2007). In fact, exposure to red wine or resveratrol caused 
increased ROS formation in NSCs and SH-SY5Y cells, while white wine had no effect 
on ROS formation.  
 
The selenoprotein thioredoxin reductase (TrxR) is, together with thioredoxin (Trx) and 
NADPH, part of a defense mechanism against oxidative stress in the cell. It has 
previously been shown that flavonoids that are present in red wine, such as quercetin or 
myricetin, can inhibit TrxR and induce cell death (Lu et al., 2006). Therefore, we 
investigated TrxR targeting in the red wine mediated cell death. We found that red 
wine, but not white wine nor resveratrol, inhibited TrxR in NSCs and SH-SY5Y cells. 
Also, the inhibition of TrxR correlated in time with the production of ROS. The effect 
of red wine on pure TrxR was also examined by analysing a variety of different red 
wines, produced from different grapes and from different geographic origins. All red 
wines showed an inhibitory effect on pure TrxR, whereas white wines or resveratrol 
had no effect. Interestingly, rosé wines displayed an intermediate effect and the 
inhibitory effects from the different red wines could be correlated to their respective 
absorbance of red color wavelength. These experiments distinguish between the red 
wine induced cell death from the cell death caused by resveratrol and also suggest that 
components contributing to the red wine color exert inhibitory effect on TrxR activity. 
 
What is it in the red wine that causes this toxic effect in vitro? We have seen a 
correlative effect of TrxR activity with the red color absorbance at 520 nm. Flavonoids 
and especially anthocyanins contribute to the red color in red wine. Malvidine, an 
anthocyanin present in red wine, has previously been shown to induce cell death of 
various cancer cell lines (Hou, 2003). In a pilot study, we failed to detect any increased 
cell death after exposure of NSCs to malvidine. The toxic effects of red wine treatment 
might be due to a cocktail of different flavonoids and possibly other compounds present 
in the red wine. One way to pinpoint these factors would be to test different 
fractionations of the red wine on the cells.  
 
Since our study is strictly in vitro based, animal studies are necessary to determine any 
possible effect in vivo. In vivo experiments would take into consideration metabolism 
and bioavailability of the compounds in the red wine. Also, if one considers possible 
effects on a developing fetus, passage over the placenta must be regarded. As we have 
shown that red wine is highly toxic to various cancer cell lines in vitro, it would be of 
interest to study any possible effect specifically on in vivo tumour development. 
 
In summary, we could show that resveratrol inhibits neuronal differentiation of 
embryonic NSCs in a SIRT1-dependent fashion and that the effects of red wine on 
embryonic NSCs and cancer cells are toxic and are linked to inhibition of thioredoxin 
reductase in a resveratrol/SIRT1-independent manner. 
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An endogenous SIRT1 activator? 

In paper IV we showed that resveratrol inhibits neuronal differentiation of embryonic 
neural stem cells by activation of SIRT1. Resveratrol is a phytoestrogen and is 
produced by plants as a response to stress. The fact that resveratrol from plants can 
activate mammalian SIRT1 indicates that there might be an endogenous activator of 
SIRT1 in mammalian cells. 17-β-estradiol is an estrogen and its molecular structure is 
highly similar to that of resveratrol (Figure 4). Resveratrol has been reported to act as 
an estrogen receptor agonist and antagonist (Bowers et al., 2000; Gehm et al., 1997). 
We therefore hypothesized that 17-β-estradiol could bind and possibly activate SIRT1. 
We investigated binding of 17-β-estradiol and resveratrol to SIRT by computational 
docking methods. Since, there is no available structure of SIRT1 in the public protein 
database (PDB) we used the structure of the yeast ortholog Sir2 (PDB number: 1yc5) 
(Avalos et al., 2002). Theoretical simulations predicted that resveratrol and 17-β-
estradiol can interact with the active site of Sir2 (Figure 4). However, treatment of 
NSCs with 1-10µM of 17-β-estradiol did not show any obvious effect on NSC 
differentiation. We therefore conclude that 17-β-estradiol can interact with Sir2, 
however it does not seem to have any effect in NSCs.  
 
 

 

Figure 4 Left: molecular structure of resveratrol (top) and 17-β-estradiol (bottom). Right: Protein 
structure of yeast Sir2. Acetylated p53 peptide (blue), 17-β-estradiol (green), and resveratrol (yellow). 
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SUMMARY 
The work presented in this thesis can be summarized as follows: 
 

 HDAC3 is an essential repressor of neuronal differentiation in embryonic 
neural stem cells, repressing BDNF expression and histone H3K9 acetylation. 

 
 the HDAC inhibitor TSA in combination with the etoposide VP16 exerts a pro-

apoptotic effect on multiresistant non-small cell lung cancer cells via the 
mitochondrial AIF-dependent apoptotic pathway. 

 
 the effects of VPA and TSA on multi-resistant cancer cells depend on opposing 

activites of hMOF and SIRT1 on histone H4K16 acetylation and higher order 
chromatin structure. 

 
 resveratrol inhibits neuronal differentiation of embryonic neural stem cells in a 

SIRT1-dependent fashion. 
 

 the effects of red wine on embryonic neural stem and cancer cells are toxic and 
can be dissociated from those of resveratrol and SIRT1  

 
We conclude that HDACs play a crucial role in the regulation of gene expression and 
neuronal differentiation in neural stem cells and that HDAC inhibitors can exert anti-
cancer activities in several ways.  
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